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Abstract

 

Patients with tienilic acid hepatitis exhibit autoantibodies

that recognize unalkylated cytochrome P450 2C9 in humans

but recognize 2C11 in rats. Our aim was to determine whether

the immune reaction is also directed against neoantigens.

Rats were treated with tienilic acid and hepatocytes were iso-

lated. Immunoprecipitation, immunoblotting, and flow cytom-

etry experiments were performed with an anti-tienilic acid

or an anti-cytochrome P450 2C11 antibody. Cytochrome

P450 2C11 was the main microsomal or plasma membrane

protein that was alkylated by tienilic acid. Inhibitors of ve-

sicular transport decreased flow cytometric recognition of

both unalkylated and tienilic acid-alkylated cytochrome

P450 2C11 on the plasma membrane of cultured hepato-

cytes. Tienilic acid hepatitis sera that were preadsorbed on

microsomes from untreated rats (to remove autoantibodies),

poorly recognized untreated hepatocytes in flow cytometry

experiments, but better recognized tienilic acid-treated

hepatocytes. This recognition was decreased by adsorption

with tienilic acid or by preexposure to the anti-tienilic acid

or the anti-cytochrome P450 2C11 antibody. We conclude

that cytochrome P450 2C11 is alkylated by tienilic acid and

follows a vesicular route to the plasma membrane. Tienilic

acid hepatitis sera contain antibodies against this tienilic

acid adduct, in addition to the previously described anti-

cytochrome P450 autoantibodies. (

 

J. Clin. Invest. 

 

1996. 98:

1471–1480.) Key words: cell traffic
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Introduction

 

The uricosuric diuretic, tienilic acid (TA), was withdrawn from
clinical use in the United States after more than 500 cases of
hepatic injury and 25 fatalities were reported to the manufac-
turer (1). The prompt recurrence of the disease in the patients

that were rechallenged suggested an immune mechanism (1).
TA is transformed by cytochrome P450

 

1

 

 (P450) 2C9 into a re-
active metabolite, presumably the thiophene sulfoxide (2–4).
When yeast microsomes expressing P450 2C9 were incubated
with TA, nicotinamide adenine dinucleotide (NADPH), and
glutathione (to trap the reactive metabolite that migrates away
from P450 2C9), the only protein that was alkylated by TA me-
tabolites was P450 2C9 (3, 4). In the sera of patients with TA
hepatitis, there are type 2 anti-liver kidney microsome (anti-
LKM

 

2

 

) autoantibodies that react with liver and kidney sections
from untreated rats (5). These autoantibodies recognize P450
2C9 in humans (2–6), but recognize P450 2C11 in rats (a major
isoform in adult male liver that exhibits 85% sequence identity
with P450 2C9) (7).

P450s are cotranslationally inserted into the endoplasmic
reticulum (ER) membrane, where they remain anchored by a
noncleaved signal-anchor sequence (8, 9). A cytosolic domain
may serve as an ER retention signal (10). There is an extensive
flow of vesicles that migrate along microtubules, from the ER
to the plasma membrane (PM), via the Golgi apparatus, and
transport endoluminal or membrane-bound proteins to the
PM, with a mean transit time of 15 to 30 min (11). P4502B in
part follows this vesicular route to reach the PM of rat hepato-
cytes (12). Likewise, several other P450s are present on the
PM of rat and human hepatocytes, and are oriented, at least in
part, on the outer surface of this membrane (13, 14). These PM
P450s may serve as antigenic targets for the anti-P450 2D6,
2C9, or 1A2 autoantibodies (13, 14) that develop, respectively,
in patients with type-2 idiopathic autoimmune hepatitis, TA
hepatitis, or dihydralazine hepatitis (15).

Dihydralazine is transformed by rat and human P450 1A2
into reactive radicals that covalently bind to rat and human
P450 1A2 proteins (16). Subjects with dihydralazine hepatitis
exhibit anti-liver microsome autoantibodies that recognize
human and rat liver P450 1A2 (17). Therefore, both with TA
and with dihydralazine, metabolic activation by a particular
P450 and covalent binding to this P450 lead to the appearance
of autoantibodies that recognize the unalkylated P450 protein
(15). However, in several other instances of drug-induced
hepatitis, there are antibodies that recognize the alkylated
parts of hepatic proteins (18). Thus, reactive metabolites ap-
parently cause an immune attack that is directed against the
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“unmodified Self” in the cases of TA and dihydralazine, but
against the “modified Self” in the cases of several other drugs
(18–22). Whether this dichotomy is absolute or only partial,
however, remains to be demonstrated. Indeed, most anti-
LKM

 

2

 

 sera showed higher cytotoxicity than control sera in an
antibody-dependent cell-mediated cytotoxicity assay that was
performed with hepatocytes from rabbits treated first with

 

b

 

-naphthoflavone and then TA (23). However, the nature of
the suspected neoantigens was not studied (23).

In the present study, we used immunoprecipitation, immuno-
blot and flow cytometry techniques to demonstrate (

 

a

 

) that
TA administration to rats causes the formation of TA-alky-
lated P450 2C11 in the ER, (

 

b

 

) that this alkylated P450 follows
a microtubule-dependent vesicular route from the ER to the
PM, and (

 

c

 

) that anti-LKM

 

2

 

 sera recognize TA-alkylated P450
2C11 on the PM of TA-treated rats.

 

Methods

 

Materials.

 

Tienilic acid was a gift of Anphar-Rolland Laboratories
(Chilly-Mazarin, France). Cobaltous chloride and paraformaldehyde
were from Merck, (Darmstadt, Germany). Sodium pentobarbital was
from Centravet, (Plancoët, France). Hydrocortisone was from Roussel-
Uclaf, (Paris, France). Streptomycin and penicillin were from GIBCO
BRL Life Technols., Inc., (Gaithersburg, MD). Brefeldin A, caffeine,
colchicine, cycloheximide, vinblastine, and acetaminophen were pur-
chased from Sigma Chemical Co., (St. Louis, MO). Piperonyl butox-
ide was from Koch-Light Laboratories, (Coinbrook Bucks, England).

 

Animals and treatments.

 

Male or female Sprague-Dawley CDCrl:
CD(SD)BR rats were purchased from Charles River Laboratories
(Cléon, France). The rats were fed ad libitum and were used when
they weighed 

 

z

 

 160–200 g. The rats received humane care (24), and
the study was approved by our Institutional Review Board.

The rats were either untreated or were treated with a single dose
of TA (100 mg/kg: body weight) administered intraperitoneally in 4
mM Tris buffer, 30 min to 36 h before death. Some of these rats also
received piperonyl butoxide (400 mg/kg i.p.) or colchicine (2.5 mg/
kg i.p.) administered either before or after TA administration.
Other animals were pretreated with cobaltous chloride (35 mg/kg
s.c. twice daily for 3 d). TA was administered 17 h after the last dose
of CoCl

 

2

 

.

 

Isolation of hepatocytes.

 

Nonfasted rats were anesthetized with
pentobarbital, and hepatocytes were isolated by a two-step in situ
perfusion, as described (12). Briefly, the liver was perfused with
Hepes buffer, followed by single-pass perfusion with 0.025% collage-
nase A (Boehringer Mannheim, Mannheim, Germany). The liver was
dissociated in Leibovitz L-15 medium (GIBCO BRL) containing
0.2% bovine serum albumin (Sigma). Hepatocytes were centrifuged
twice with Hepes buffer and once with William’s E medium (Euro-
bio, Les Ulis, France). Cell viability, estimated by trypan blue exclu-
sion, averaged 90%.

 

Preparation of microsomes and PM.

 

Isolated hepatocytes were
washed with PBS, scraped in PBS, centrifuged, resuspended in 0.1 M
phosphate buffer, pH 7.4, sonicated on ice for 45 s with a 80W sonica-
tor, and used to prepare microsomes, as described (25).

PM-coated beads were prepared from isolated hepatocytes as de-
scribed (12). The technique is based on the electrostatic attachment of
hepatocytes to polyacrylamide beads (Biogel P-2, fine; Bio-Rad Labora-
tories, Richmond, CA) coated with polyethyleneimine (12–14). Poly-
glutamate is then added to cover the bare regions remaining between
attached hepatocytes, thus preventing the binding of non-plasma
membrane fractions during homogenization. After disruption of
hepatocytes by vortex mixing, sedimentation, and several washings,
PM-coated beads are obtained (13, 14). A 50% (vol/vol) suspension
of beads is then prepared in 10 mM Tris-HCl buffer, pH 7.4. The PM

proteins are then obtained by solubilization in 3% sodium dodecyl
sulfate and concentrated if necessary (

 

,

 

 1 mg/ml). Microsomal con-
tamination of this PM fraction is less than 1%, as judged from the
specific activities of several marker enzymes in the PM and microso-
mal fraction, respectively (13, 14).

 

Cell culture.

 

Hepatocytes (8 

 

3

 

 10

 

6

 

 cells) were seeded in 100 mm
Petri dishes containing William’s E medium with 0.1 mg/ml insulin
(Sigma), 100 IU/ml penicillin, 0.1 mg/ml streptomycin, 0.07mM hy-
drocortisone, and 10% fetal calf serum (Dominique Dutscher, Bru-
math, France) (12). Hepatocytes were maintained at 37

 

8

 

C in a humid-
ified incubator under 5% CO

 

2

 

 in air for 3 h (12).
After cell attachment, the medium was removed and replaced by

a medium that differed by the absence of fetal calf serum and the
presence or not of various agents. Caffeine, cycloheximide, and vin-
blastine were prepared in William’s E medium, and used at final con-
centrations of 10 mM, 10 

 

m

 

M, and 11 

 

m

 

M, respectively (12). Brefeldin
A and piperonyl butoxide were dissolved in methanol, and added at a
final concentration of 18 

 

m

 

M and 0.5 mM, respectively; the final con-
centration of methanol in the culture medium was 0.2%. Hepatocytes
treated with 0.2% methanol served as controls for these experiments;
methanol had no effect on the PM expression of unalkylated or TA-
alkylated P450 2C11.

 

Human sera.

 

Serum samples containing anti-LKM

 

2

 

 autoantibod-
ies were obtained from patients suffering from tienilic acid-induced
hepatitis. The presence of anti-LKM

 

2

 

 autoantibodies in these sera
had been detected and titrated by immunofluorescence as described
(5). Control sera were obtained from blood donors who had never
taken tienilic acid.

These anti-LKM

 

2

 

 or control sera were used either without pread-
sorption or after they had been preadsorbed on rat liver microsomes
from untreated rats (2 ml of a 1–in–10 dilution were preadsorbed on 4
mg microsomal proteins before use). Some sera were first reacted
with TA (1 mM) or acetaminophen (as a control) before being used.

 

Purified P450 2C11, anti-P450 2C11, and anti-TA-protein adducts

antibodies.

 

Preparation and characterization of purified cytochrome
P450 2C11 has been described (26). Polyclonal antibodies against
P450 2C11 were raised in rabbits (13).

To prepare anti-TA-protein adducts antibodies (subsequently abbre-
viated as anti-TA antibodies), bovine serum albumin-TA adducts were
prepared as described (3, 15). In these adducts, the TA molecule is bound
through its thiophene moiety, thus mimicking the binding of the TA reac-
tive metabolite (3, 15). Rabbits were immunized with these bovine serum
albumin-TA adducts, and the immune sera were collected (3, 15).

The anti-TA antibody was used without preadsorption for immuno-
blots. For flow cytometric analysis, however, the anti-TA antibody
was first preadsorbed on untreated rat hepatocytes. 1 ml of the anti-
TA serum diluted 1:100 was adsorbed on 50 

 

3

 

 10

 

6

 

 cells and recovered
by centrifugation. This preadsorption totally suppressed the nonspe-
cific labeling of untreated hepatocytes that was otherwise observed
(possibly as a consequence of the presence of anti-albumin antibodies
in the unadsorbed anti-TA antibodies).

 

Immunoblots.

 

PM proteins (20 

 

m

 

g) and microsomal proteins (10

 

m

 

g) were subjected to electrophoresis on sodium dodecyl sulfate-9%
polyacrylamide gels and transferred to nitrocellulose sheets (12). The
nitrocellulose sheets were incubated with the anti-P450 2C11 or the
anti-TA antibody (both diluted 1:100 in PBS containing 10% new-
born calf serum), and then to peroxidase-conjugated swine immuno-
globulins raised against rabbit immunoglobulins G and diluted 1:1000
(Dakopatts, Copenhagen, Denmark). Other blots were first exposed
to an anti-LKM

 

2

 

 serum (diluted 1:50) for 45 min at room tempera-
ture, and then to peroxidase-conjugated rabbit immunoglobulins
raised against human immunoglobulins A, G, M, kappa, and lambda,
and diluted 1:1000 in PBS (Dakopatts).

Peroxidase staining was revealed with 3,3

 

9

 

-diaminobenzidine and
H

 

2

 

O

 

2

 

, in the presence of 0.015% CoCl

 

2

 

 and 0.015% NiCl

 

2

 

 (25). Quan-
tification of the protein bands was performed on an LKB Ultroscan
XL enhanced laser densitometer (Pharmacia Fine Chemicals, Upp-
sala, Sweden) (25). In preliminary experiments, the linearity of densi-



 

Alkylated Cytochrome P450 as a Neoantigen

 

1473

 

tometry measurements was verified by depositing various amounts of
microsomal (2.5, 5, and 10 

 

m

 

g) or PM proteins (5, 10, and 20 

 

m

 

g).

 

Immunoprecipitation.

 

Microsomes from rats killed 4 h after TA ad-
ministration were resuspended in 1% Nonidet P40 (BDH Lab Chemi-
cals Ltd., Poole, England), 150 mM NaCl, 1 mM EDTA, 20 mM Tris/
HCl lysis buffer, pH 8 (27). After protein measurement, microsomes
were diluted to a microsomal protein concentration of 0.2 mg/ml, in
0.1% bovine serum albumin, 1% Nonidet P40, 150 mM NaCl, 1 mM
EDTA, 10 mM Tris/HCl lysis buffer, pH 8 (27). 1 ml was incubated
with the anti-TA antibody (20 

 

m

 

l) for 1 h at room temperature. 10 mg
of protein A-Sepharose CL-4B (Pharmacia, Freiburg, Germany)
were added to the mixture and rotated end-over-end overnight at
4

 

8

 

C. Beads were pelleted by centrifugation and washed six times, ex-
actly as described (27). The immunocomplexes were then resus-
pended in 100 

 

m

 

l of 5% sodium dodecyl sulfate, 20% glycerol, 10%
mercaptoethanol, 0.025% pyronin Y, and 1.5 M Tris/HCl buffer, pH
6.8, containing 1 mM TA. Immunoprecipitated proteins were eluted
from protein A-Sepharose by heating at 95

 

8

 

C for 3 min, and 2 

 

m

 

l were
subjected to sodium dodecyl sulfate-9% polyacrylamide gel electro-
phoresis as described above. After transfer, the nitrocellulose sheet
was cut and revealed with either Coomassie blue (to stain proteins)
or the anti-2C11 antibody as described above.

 

Flow cytometry.

 

Isolated or cultured hepatocytes were analyzed
by flow cytometry (12). When cultured hepatocytes were used, the
cells were detached with 3 mM EDTA, and resuspended in Hanks’

balanced salt solution (12). Hepatocytes (500,000) were exposed to
nonimmune rabbit serum (diluted 1:100) as a control, or to the anti-
P450 2C11 antibody (diluted 1:100), or the anti-TA antibody (diluted
1:100) that had been preadsorbed on untreated hepatocytes as de-
scribed above. After 30 min of incubation at 4

 

8

 

C, hepatocytes were
washed, and incubated at 4

 

8

 

C for 30 min with fluorescein isothiocya-
nate (FITC)-labeled anti–rabbit immunoglobulins (Institut Pasteur
Production, Marnes-la-Coquette, France) diluted 1:50 (vol/vol) in PBS.

Other hepatocytes were incubated with control human sera or
anti-LKM

 

2

 

 sera (both diluted 1:10 in Hanks’ balanced salt solution)
for 1 h at 4

 

8

 

C, and then exposed to FITC-labeled antibodies raised
against human immunoglobulins G, A, and M (H

 

1

 

L) (Institut Pas-
teur Production) for 30 min at 4

 

8

 

C. In some experiments, either the
anti-P450 2C11 or the anti-TA antibody was added before the human
serum. These antibodies, which are both raised in rabbits, are not rec-
ognized by the FITC-anti-human immunoglobulin. Therefore PM fluo-
rescence only detects the human antibodies.

Propidium iodide (10 

 

m

 

g/ml) was added for 15 min to label dead
cells (12). Hepatocytes were fixed with 2% paraformaldehyde for 20 min
(12). Cells were analyzed on an ATC 3000 (ODAM, Wissembourg,
France) flow cytometer equipped with an Innova 90-6 argon ion laser
(Coherent, Palo Alto, CA) tuned to 488 nm and delivering 400 mW out-
put power, exactly as previously reported (12). The sheath medium
was 0.9% NaCl, and the flow rate was about 1,000 events/s. 5,000 cells
were analyzed for each sample. All signals were recorded in a linear
mode, except for the green fluorescence of FITC which was recorded in
a log mode (12). Gates were placed both on the scattergram to exclude
debris and aggregates, and on the cytogram of forward angle light scat-
ter versus propidium iodide fluorescence to exclude dead cells (12).

The logarithmic mean channel number of each histogram was
converted into relative linear fluorescence intensity (12). The linear
fluorescence intensity for the histogram obtained with the control se-
rum (unspecific fluorescence) was subtracted from that for the histo-
gram obtained with the anti-TA, anti-P450 2C11, or anti-LKM

 

2

 

 anti-
bodies. The difference, an index of the specific labeling of the plasma
membrane (12), was then compared, in control and in variously
treated hepatocytes, by analysis of variance and Dunnett’s t-test.

 

Confocal scanning microscopy.

 

Cells were exposed to the anti-
TA antibody and the FITC-labeled anti-rabbit immunoglobulin as
described above. Cells were placed on a slide in Glycergel (Dako-
patts), and analyzed on an ACAS 570 (Meridian Instruments, Inc.,
Okemos, MI) as described (12).

 

Results

 

Unless otherwise indicated, experiments were performed on
male rats.

 

Flow cytometric assessment of the presence of TA-contain-

ing structures on hepatocytes from TA-treated rats.

 

The anti-TA
antibody did not recognize the PM of untreated rat hepato-
cytes (Fig. 1 

 

A

 

), but produced marked fluorescence with hepa-
tocytes that were isolated 4 h after TA administration (Fig. 1 

 

B

 

).
This is shown by the rightward shift (i.e., higher fluorescence)
of the black histogram (exposure to the anti-TA antibody)
compared to the white histogram (exposure to non-immune rab-
bit serum) (Fig. 1 

 

B

 

). PM labeling was confirmed by confocal
scanning microscopy (Fig. 2).

Addition of TA (1 mM) to the anti-TA antibody prior to
use, suppressed this PM fluorescence (Fig. 1 

 

C

 

), showing that
the anti-TA antibody specifically recognized TA-containing
structure(s).

Plasma and hepatic TA levels were much higher 30 min
than 4 h after TA administration (28). If the anti-TA antibody
had recognized unbound TA on the PM, then this antibody
should have recognized the PM at early times after TA admin-

Figure 1. Flow cytometry analysis of TA-alkylated proteins on the 
PM of isolated hepatocytes exposed either to nonimmune rabbit se-
rum or to the anti-TA antibody, and then to an FITC-labeled anti–
rabbit immunoglobulin. (A) Untreated rat hepatocytes; (B) Rats 
killed 4 h after TA administration (100 mg/kg); (C) Same hepatocytes 
but exposed to an anti-TA antibody that had been first reacted with 
TA (1 mM); (D) Rats killed 30 min after TA administration. The his-
tograms show the number of cells (arithmetic scale) with a given fluo-
rescence (log scale). The white histograms correspond to hepatocytes 
incubated with the nonimmune rabbit serum (unspecific fluores-
cence). The black histograms correspond to hepatocytes incubated 
with the anti-TA antibody. The difference in the relative linear fluo-
rescence intensity derived from the logarithmic mean channel num-
ber for the black histogram and the white histogram represents an in-
dex of the specific labeling of PM proteins. This difference (mean 
6SEM for four experiments, each in duplicate) was: (A) 0.060.2 fluo-
rescence units; (B) 6.060.5; (C) 0.360.1*; (D) 0.760.1*. *P , 0.01 as 
compared to (B).
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istration. However, the anti-TA antibody did not recognize the
PM of hepatocytes prepared 30 min after TA administration
(Fig. 1 

 

D

 

). This indicated that the structures that were recog-
nized at later times were TA-protein adducts rather than un-
bound TA. Probably, most of TA and its non-covalently
bound metabolites were removed by the perfusion procedure
(750 ml) and the multiple washings during the isolation of
hepatocytes.

 

Demonstration by immunoprecipitation that P450 2C11 is

the main protein alkylated by TA.

 

Hepatic microsomes were
prepared 4 h after TA administration, and TA-containing pro-
teins were immunoprecipitated with the anti-TA antibody
(Fig. 3). Immunoprecipitated proteins were eluted and ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Coomassie blue staining showed a single protein
band that comigrated with the band recognized by the anti-
2C11 antibody (Fig. 3). This indicated that P450 2C11 is the
main protein alkylated by TA in the ER.

 

Immunoblotting assessment of the effects of various

treatments on the expression of TA-alkylated P450 2C11 in mi-

crosomes and PM.

 

Microsomal and PM fractions were pre-
pared from hepatocytes that were isolated 4 h after TA admin-
istration. The anti-TA antibody recognized a main protein
band (as well as several very weakly labeled bands) in immu-
noblots of microsomal and PM proteins (Fig. 4). This main
band comigrated with microsomal, PM, or purified P450 2C11
(Fig. 4), confirming that P450 2C11 was the main protein alky-
lated by TA.

Diverse treatments were performed to modify the forma-
tion or transport of TA-alkylated P450 2C11 (Fig. 5). The anti-
TA antibody did not recognize P450 2C11 (or any other pro-
tein) in microsomes or PM from untreated rats (Fig. 5). The
1,3-benzodioxole derivative, piperonyl butoxide, forms an in-
active iron–carbene complex with P450 (29). Pretreatment
with piperonyl butoxide should decrease metabolic activation
of TA and thus TA-alkylated P450 2C11 in hepatocytes from
TA-treated rats. Indeed, this pretreatment markedly de-
creased the band that was recognized by the anti-TA antibody
in microsomes and PM (Fig. 5). In contrast, posttreatment with
piperonyl butoxide (1 h before killing) had no effect (Fig. 5).

CoCl

 

2

 

 inhibits ferrochelatase and this may have several ef-
fects (30). A major, initial effect is to decrease the formation of
the P450 holoenzymes (30). Second, the P450 apoproteins may
then undergo enhanced proteolysis (30), and, possibly, may be
less transported to the PM. Diminution of the active holoen-
zyme should markedly decrease the metabolic activation of
TA, whereas only the latter effects should decrease P450 2C11
levels in microsomes or PM. These differences may explain
why CoCl

 

2

 

 markedly decreased the band recognized by the
anti-TA antibody in microsomes and PM, whereas it barely de-
creased the band recognized by the anti-2C11 antibody in mi-
crosomes but still decreased it in the PM (Fig. 5).

Colchicine prevents the polymerization of microtubules
(31), thus interrupting the flow of vesicles that migrate along
microtubules from the ER to the PM, and the transport of
P450 2B from the ER to the PM (12). Due to the relatively
long half-life of P450 in the ER and its rapid turnover in the

Figure 4. Immunoblots of microsomal and PM proteins of hepato-
cytes from TA-treated rats. Hepatocytes were isolated 4 h after TA 
administration. Microsomal fractions (MIC/TA) and PM fractions 
(PM/TA) were prepared. Sodium dodecyl sulfate-9% polyacrylamide 
gels were loaded with 2.5 ml of Rainbow colored protein molecular 
weight markers (Amersham), 1.5 pmol of the purified P450 2C11 
(lane 1), 10 mg of microsomal proteins (lane 2) and 20 mg of PM pro-
teins (lane 3). After transfer to nitrocellulose, the blots were devel-
oped with the anti-TA or the anti-P450 2C11 antibody, each diluted 
1:100.

Figure 3. Immunoprecipitation 
of TA-alkylated P450 2C11 by 
the anti-TA antibody. Hepatic 
microsomes were prepared 
from rats killed 4 h after TA 
administration (100 mg/kg). 
Microsomal proteins (0.2 mg) 
were exposed to 20 ml of the 
anti-TA antibody and then to 
protein A–Sepharose beads. 
After washings, beads were re-

suspended in a volume of 100 ml. Immunoprecipitated proteins were 
eluted by heating and aliquots (2 ml) of the supernatant were sub-
jected to sodium dodecyl sulfate-9% polyacrylamide gel electro-
phoresis. The nitrocellulose sheets were cut and exposed either to 
Coomassie blue (to reveal proteins) or to the anti-2C11 antibody di-
luted 1:100. Lane 1: 2.5 ml of Rainbow colored protein molecular 
weight markers (Amersham). Lane 2: immunoprecipitated proteins.

Figure 2. Confocal scanning microscopy analysis of the PM localiza-
tion of TA-alkylated proteins. Isolated hepatocytes were prepared 
4 h after administration of TA (100 mg/kg). Uncut, nonpermeabilized 
hepatocytes were exposed to the anti-TA antibody diluted 1:100 and 
then to an FITC-labeled anti–rabbit immunoglobulin. Hepatocytes 
were fixed, and analyzed by confocal scanning microscopy. Marked 
labeling of the PM is observed.
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PM (12), colchicine should have little effect on the level of
P450 2C11 in the ER but should markedly decrease it in PM.
Indeed, pretreatment with colchicine did not modify the P450
band that was recognized by the anti-P450 2C11 antibody in
microsomes, but markedly decreased it in the PM (Fig. 5).
Colchicine slightly decreased the band recognized by the anti-
TA antibody in microsomes (Fig. 5), suggesting that colchicine
may also inhibit the metabolism of TA. Colchicine essentially
supressed the band recognized by the anti-TA antibody in the
PM (Fig. 5).

 

Confirmation by flow cytometry of the effects of these treat-

ments on the expression of TA-alkylated P450 2C11 in the PM.

 

To confirm these results (and validate the flow cytometry tech-
nique), the effects of these various treatments were assessed
by flow cytometry analysis (Table I). Pretreatment with piper-
onyl butoxide slightly decreased (by 27%) the PM fluores-

cence mediated by the anti-P450 2C11 antibody (labeling P450
2C11), but markedly decreased (by 83%) the PM fluorescence
that was mediated by the anti-TA antibody (labeling TA-alky-
lated P450 2C11) (Table I). In contrast, posttreatment with
piperonyl butoxide (1 h before killing) had no effect (Table I).
Pretreatment with CoCl

 

2

 

 decreased PM labeling with both the
anti-P450 2C11 and the anti-TA antibodies (Table I). Pretreat-
ment with colchicine, which decreases P450 transport to the
PM, decreased the PM fluorescence that was mediated by both
the anti-P450 2C11 and the anti-TA antibodies (Table I).

Because P450 2C11 is a major isoform of the adult male rat
liver, but is not expressed in the adult female liver (26), we also
compared male and female hepatocytes. Whereas the anti-TA
antibody produced marked PM fluorescence in male rats, it
barely recognized the PM of female hepatocytes (Fig. 6).

 

In vivo time course of the levels of TA-alkylated P450 2C11

in microsomes and PM.

 

Immunoblots of microsomes and PM,
and flow cytometric analysis of the PM, were performed 0, 2, 6,
12, or 36 h after TA administration (Fig. 7). Whereas the mi-
crosomal and PM expression of P450 2C11 (measured with the
anti-P450 2C11 antibody) remained stable throughout the ex-
periment, TA-alkylated P450 2C11 (measured with the anti-
TA antibody) was absent at time 0 in microsomes, increased to
reach a plateau from 2 to 6 h after TA administration and then
exhibited a progressive decline (Fig. 7). TA-alkylated P450
2C11 exhibited a similar time course in the PM with, however,
a slight rightward shift (Fig. 7).

 

Vesicular transport of both P450 2C11 and TA-alkylated

P450 2C11 from the ER to the PM.

 

In a previous study, P450
2B was found to have a short half-life in the PM (possibly be-
cause of PM reinternalization through endocytosis), and the
addition of agents that interrupted its vesicular transport from
the ER to the PM markedly decreased its presence in the PM
after 2 h of culture (12). In the present study, hepatocytes were
isolated 12 h after TA administration (to allow for the in vivo

Figure 5. Assessment of the effects of various treatments on the mi-
crosomal and PM expression of total and TA-alkylated P450 2C11 by 
immunoblotting. Hepatocytes were isolated and both microsomes 
and PM were prepared after various treatments: UT, untreated rats; 
TA, rats treated with TA 4 h before killing; TA/PipB, rats that re-
ceived TA and then piperonyl butoxide, 4 h and 1 h before death, re-
spectively; PipB/TA, piperonyl butoxide and then TA, 5 and 4 h be-
fore death; CoCl2/TA, rats that were pretreated with CoCl2 for 3 d 
and then treated with TA 4 h before death; TA/colch, rats receiving 
TA and then colchicine, 4 and 3 h before death, respectively. Sodium 
dodecyl sulfate-9% polyacrylamide gels were loaded with 2.5 ml of 
Rainbow colored protein molecular weight markers (Amersham), 10 
mg of microsomal proteins (lanes 1–6) and 20 mg of PM proteins 
(lanes 7–12). After transfer to nitrocellulose, blots were developed 
with the anti-TA or the anti-P450 2C11 antibody, each diluted 1:100.

 

Table I. Flow Cytometry Assessment of the Effects of Various 
In Vivo Treatments on the PM Expression of TA-alkylated and 
Unalkylated P450 2C11

 

Specific fluorescence

In vivo treatments (time before death) Anti-TA Anti-2C11

 

(Fluorescence Units)

 

TA (4 h) 6.6

 

6

 

0.4 8.4

 

6

 

0.5

TA (4 h) 

 

1

 

 piperonyl butoxide (1 h) 7.9

 

6

 

0.4 7.160.7

Piperonyl butoxide (5 h) 1 TA (4 h) 1.160.2* 6.160.2*

CoCl2 (3 d) 1 TA (4 h) 1.060.4* 0.660.04*

TA (4 h) 1 colchicine (3 h) 1.360.3* 0.760.1*

Hepatocytes were isolated after various in vivo treatments, as indicated.

Flow cytometry analysis was performed after exposure either to nonim-

mune rabbit serum or to the anti-TA or anti-P450 2C11 antibody, each

diluted 1:100. The logarithmic mean channel number of each histogram

was converted into relative linear fluorescence intensity. The linear

fluorescence intensity for the histogram obtained with the control se-

rum (unspecific fluorescence) was subtracted from that for the histo-

gram obtained with either the anti-TA or the anti-P450 2C11 antibod-

ies. The difference, an index of the specific labeling of the plasma

membrane, is set in the Table (means 6SEM for three experiments, each

in triplicate). *P , 0.05, as compared to TA.
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formation of the P450 2C11-TA metabolite adduct in the ER)
and were then cultured for 2 h (to allow for the in vitro trans-
port of ER P450 to the PM and its turnover in the PM). The
PM expression of both P450 2C11 and TA-alkylated P450
2C11 was then studied by flow cytometry (Table II). As indi-
cated above, the perfusion of the liver with collagenase and the
several washings to prepare isolated hepatocytes may remove
most unbound TA, thus interrupting the in vitro formation of
TA-alkylated P450 2C11. Indeed, addition of the P450 inhibi-
tor, piperonyl butoxide to the culture medium barely de-
creased (not significant) this PM expression (Table II). Never- theless, to further ensure that no P450 alkylation would occur

in vitro, all studies on the transport of TA-alkylated P450 2C11
were performed in the presence of piperonyl butoxide (Table
II). These experiments therefore studied the in vitro transport
of adducts that had been formed in vivo.

Cycloheximide, an inhibitor of protein synthesis, caffeine
at 208C, which decreases vesicular flow from the ER to the
Golgi apparatus (32), brefeldin A, which redistributes Golgi
structures back into the ER (33), and colchicine and vinblas-
tine, which both inhibit the assembly of microtubules and the
flow of vesicles along microtubules (31, 34), all decreased the

Figure 6. Flow cytometry comparison of the PM expression of TA-
alkylated P450 2C11 in male and female rats. Hepatocytes were iso-
lated 4 h after administration of TA. Flow cytometry analysis was 
performed after exposure either to non-immune rabbit serum (white 
histograms) or to the anti-TA antibody (black histograms), each di-
luted 1:100. The difference in the linear fluorescence intensity for the 
black and white histograms (means6SEM for three experiments, 
each in triplicate) was 6.660.4 fluorescence units for male rats, but 
1.360.3* for female rats (*P , 0.01, as compared to male rats).

Figure 7. Assessment of 
the time course of TA-
alkylated and total P450 
2C11 by immunoblot-
ting and flow cytometry. 
Hepatocytes were pre-
pared at various times 
after TA administra-
tion. Some hepatocytes 
were used to prepare 
microsomes and PM. 
Sodium dodecyl sulfate-
9% polyacrylamide 
gels were loaded with 
10 mg of microsomal 
proteins and 20 mg of 
PM proteins. Nitrocel-
lulose blots were devel-
oped with the anti-TA 

or the anti-P450 2C11 antibody, each diluted 1:100. The sum area ab-
sorbance of the protein peak (means6SEM for three to four immu-
noblots) was quantitated by laser densitometry. Other hepatocytes 
were exposed either to nonimmune rabbit serum, or to the anti-TA 
or anti-P450 2C11 antibody, and were studied by flow cytometry. The 
specific fluorescence (means6SEM for three experiments, each in 
duplicate) was calculated as the difference between the relative linear 
fluorescence intensity derived from the logarithmic mean channel 
number with the test serum and that with the nonimmune rabbit 
serum.

Table II. Flow Cytometry Assessment of the In Vitro Effects of 
Various Inhibitors of Vesicular Transport on the PM 
Expression of TA-alkylated and Unalkylated P450 2C11

Specific fluorescence

In vitro treatments Anti-TA Anti-2C11

(Fluorescence Units)

Control, 378C 8.260.6 6.860.2

Piperonyl butoxide (0.5 mM) alone, 378C 7.260.2 6.560.3

Cycloheximide (10 mM)6Piperonyl, 378C 2.660.3* 1.360.2*

Low temperature6Piperonyl, 208C 6.060.4* 4.960.2*

Caffeine (10 mM)6Piperonyl, 208C 4.760.5* 2.460.2*

Brefeldin A (18 mM)6Piperonyl, 378C 4.460.5* 2.260.2*

Colchicine (10 mM)6Piperonyl, 378C 3.260.5* 3.160.2*

Vinblastine (11 mM)6Piperonyl, 378C 3.360.4* 2.460.3*

Hepatocytes were isolated 12 h after TA administration and cultured

for 2 h with or without inhibitors of vesicular transport. The latter were

added either with piperonyl butoxide, to study the transport of TA-

alkylated P450 2C11, or alone, to study the transport of P450 2C11.

Hepatocytes were exposed to non-immune rabbit serum or to the anti-

TA or anti-P450 2C11 antibody and analyzed by flow cytometry. The

linear fluorescence intensity with the control serum (unspecific fluores-

cence) was subtracted from that obtained with either the anti-TA or the

anti-P450 2C11 antibodies. The difference, an index of the specific la-

beling of the plasma membrane, is set in the Table (means 6SEM for

three experiments, each in triplicate). *P , 0.05, as compared to the

corresponding control (piperonyl butoxide for TA-alkylated P450; con-

trol, 378C for P450 2C11).

Figure 8. Western blot 
analysis of microsomal 
and PM fractions from 
untreated and TA-
treated rat hepatocytes 
after exposure to an 
anti-LKM2 serum. 
Hepatocytes were iso-
lated from untreated 
rats (UT) or rats treated 
with TA 4 h before 

death (TA). Sodium dodecyl sulfate-9% polyacrylamide gels were 
loaded with 10 mg of microsomal proteins (MIC) and 20 mg of PM 
proteins. The nitrocellulose blots were developed with an anti-LKM2 
serum (patient 3 in Table IV) that was used either unchanged or after 
it had been reacted with 1 mM TA (anti-LKM2 1 TA). This experi-
ment was repeated five times and the densitometric quantitations are 
set out in Table III.
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expression of both P450 2C11 and TA-alkylated P450 2C11 on
the PM (Table II).

Immunoblotting assessment of the presence of antibodies

against P450 2C11-TA metabolite adducts in an anti-LKM2 se-

rum. Anti-LKM2 human sera have been shown to recognize
unalkylated P450 2C11 in untreated rat microsomes (7). To de-
termine whether these human sera also contain antibodies
against TA metabolite-protein adducts, immunoblots of micro-
somal and PM proteins were prepared from hepatocytes of ei-
ther untreated or TA-treated rats, and were revealed with an
anti-LKM2 serum (Fig. 8, Table III). With proteins from TA-
treated rats, the recognition of the P450 2C11 band was signifi-
cantly higher than with proteins of untreated rats (Table III).
Prior reaction of the anti-LKM2 serum with TA (a procedure
that should suppress recognition of TA-alkylated proteins) de-
creased the labeling of TA-treated rat proteins to the lower
levels that were observed, without adsorption, in untreated rat
proteins (Table III). This provided a preliminary indication of
the presence of anti-P450 2C11-TA metabolite adducts among
the antibodies that are present in anti-LKM2 sera.

Flow cytometric demonstration of the recognition of TA-

alkylated P450 2C11 by anti-LKM2 sera. To confirm these re-
sults, flow cytometry analysis was then performed with five
anti-LKM2 sera (Table IV). We first used unadsorbed sera.
Because these sera recognize unalkylated P450 2C11 and this
protein is present on the surface of untreated rat hepatocytes,
they should recognize the PM of untreated cells. As expected,
all five sera gave strong fluorescence on the PM of untreated
rat hepatocytes and this recognition was unaffected by the ad-
dition of TA (1 mM) to the anti-LKM2 sera (Table IV). How-
ever, this PM labeling was higher with hepatocytes from
TA-treated rats (Table IV). With these treated hepatocytes,
labeling was decreased when the sera were first reacted with
TA prior to their addition to hepatocytes (Table IV), suggesting
that anti-LKM2 sera also contain antibodies against TA-alky-
lated proteins.

To eliminate the anti-P450 2C11 autoantibodies, and selec-
tively study the antibodies recognizing TA, the anti-LKM2 sera
were then preadsorbed on untreated rat liver microsomes be-
fore being added to the hepatocyte suspensions. These ad-

Table III. Densitometric Quantitation of the P450 2C11 Band Recognized by an Anti-LKM2 Serum in Microsomal and PM 
Fractions from Untreated and TA-treated Rat Hepatocytes

Densitometric quantitation of the P450 2C11 band

Untreated microsomes TA-treated microsomes Untreated PM TA-treated PM

(Area sum of the absorbance of the protein peak: S absorbance·mm)

Anti-LKM2 0.2160.01 0.2960.02* 0.3960.04 0.5160.05*

Anti-LKM2 with TA 0.2260.04 0.2360.03‡ 0.3560.02 0.3560.01‡

Five successive immunoblots were performed with an anti-LKM2 serum, as indicated in Fig. 8, and the P450 2C11 band (means 6SEM) was quanti-

tated by laser scanning. *Significant difference from the same fraction in untreated rats, P , 0.01 (Student’s t test for paired data). ‡Significant differ-

ence from anti-LKM2 alone, P , 0.05 (Student’s t test for paired data).

Table IV. Flow Cytometric Analysis of the Recognition of Rat Hepatocytes by Anti-LKM2 Sera

Patient’s serum Hepatocytes

Specific fluorescence

Unadsorbed
anti-LKM2

Unadsorbed
anti-LKM2 1TA

adsorbed
anti-LKM2

adsorbed anti-LKM2

1acetaminophen
Adsorbed

anti-LKM2 1TA
Adsorbed anti-LKM2

preceded by anti-TA
Adsorbed anti-LKM2

preceded by anti-2C11

(Fluorescence Units)

1 UT 8.561.5 7.361.2 0.460.3* 0.560.1 1.160.3 1.460.1 1.060.2

TA 13.160.3‡ 11.260.6* 4.260.4*‡ 3.360.7 2.260.6§ 1.260.1§ 1.060.2§

2 UT 10.061.3 9.361.8 0.2560.04* 1.161.3 0.260.1 0.460.3 0.560.5

TA 12.560.4‡ 11.260.7 2.560.2*‡ 3.060.4 1.560.4§ 1.060.2§ 1.460.5§

3 UT 8.061.1 6.961.1 2.060.5* 3.060.7 1.960.4 1.860.1 2.160.8

TA 11.360.6‡ 7.561.0* 3.260.2*‡ 3.860.4 2.260.2§ 1.160.3§ 1.060.2§

4 UT 10.860.4 11.960.9 0.860.1* 1.361.1 0.760.2 0.960.7 1.060.3

TA 12.460.6 10.560.6* 1.460.1*‡ 1.560.2 1.160.2 0.0560.02§ 0.860.1§

5 UT 10.160.4 10.862.0 2.160.9* 2.160.7 3.060.1 2.360.8 2.560.4

TA 12.660.5‡ 10.560.8* 2.460.3* 3.360.3 1.060.3§ 1.260.4 0.8960.02§

Hepatocytes were prepared from untreated rats (UT) or rats treated with TA 4 h before sacrifice. Hepatocytes were exposed to control sera or anti-

LKM2 sera. The latter were either unadsorbed or previously adsorbed on untreated rat liver microsomes. Some sera were first reacted with TA or acet-

aminophen (1 mM, each). In other tests, hepatocytes were first exposed to the anti-2C11 or anti-TA antibodies before adding the anti-LKM2 serum.

The linear fluorescence intensity with the control serum was subtracted from that with the anti-LKM2 serum. The difference (specific fluorescence) is

set out in the Table. Results are means 6SEM for three experiments, each in triplicate. *Significant difference from same hepatocyte suspension after

exposure to the unadsorbed anti-LKM2 (P , 0.01). ‡Significant difference from untreated hepatocytes in the same system (unadsorbed or adsorbed

anti-LKM2) (P , 0.05). §Significant difference from TA-treated hepatocytes exposed to the adsorbed anti-LKM2 (P , 0.05).
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sorbed sera did not recognize (sera 1 and 2) or poorly recog-
nized (sera 3–5) the PM of untreated rat hepatocytes (Table
IV). Except for serum 5, these adsorbed sera better recognized
the PM of TA-treated hepatocytes (Table IV). This recogni-
tion was decreased when the sera were first reacted with TA
(whereas acetaminophen had no effect), or when the anti-
LKM2 sera were preceded by the addition of the anti-TA anti-
body (Table IV), indicating that the adsorbed sera recognized
TA-containing structures. This PM labeling was also markedly
decreased by preexposure to the anti-P450 2C11 antibody (Ta-
ble IV), indicating that TA and P450 2C11 were present on the
same structure, i.e., TA-alkylated P450 2C11. In contrast, none
of these additional treatments modified the reactivity of the
adsorbed anti-LKM2 sera towards untreated rat hepatocytes
(Table IV).

Discussion

TA-induced hepatitis is associated with anti-P450 (anti-LKM2)
autoantibodies (5, 6). With other drugs, however, the immune
reaction is directed, at least in part, against neoantigens (19–22).
The aim of the present study was to determine whether the im-
mune reaction in TA-induced hepatitis would also include
antibodies against neoantigens.

The P450 isoform involved in both the metabolic activation
of TA and the recognition of microsomes by anti-LKM2 auto-
antibodies, is P450 2C9 in humans (2–4), but P450 2C11 in rats,
a rat isoform that has 85% sequence identity with P450 2C9
(7). Indeed, anti-LKM2 sera and anti-P450 2C11 antibodies
gave similar immunofluorescence patterns on rat liver and kid-
ney sections (7). Immunoblot testing of anti-LKM2 sera with
liver microsomes from rats that received various treatments or
with purified rat P450s 1A1, 1A2, 2B1, 2B2, 2C6, 2C11, and
4A1 showed that anti-LKM2 sera mainly reacted with P450
2C11 (7). Anti-LKM2 sera inhibited the metabolic activation
of tienilic acid by rat liver microsomes (7). Because of these
close analogies, the rat model was selected to study the in vivo
formation, transport, and PM expression of TA-derived
neoantigens.

We used an antibody raised against TA-albumin adducts (3),
and immunoprecipitation and immunoblot experiments to deter-
mine which ER protein(s) were alkylated by TA in TA-treated
rats. P450 2C11 was the only protein that was immunopreci-
pated by the anti-TA antibody in microsomes from TA-
treated rat hepatocytes (Fig. 3) and the main protein recog-
nized by the anti-TA antibody in immunoblots (Fig. 4). Both
immunoblotting (Figs. 4 and 5) and flow cytometry experi-
ments (Table I) showed that TA-alkylated P450 2C11 was
present in the plasma membrane of TA-treated male rats. In
contrast, the anti-TA antibody poorly recognized the PM in fe-
male rats (Fig. 6), which do not express P450 2C11 (26). Thus,
P450 2C11 was the main protein that was alkylated by TA in
both the ER and PM of TA-treated male rats. Similarly, when
P450 2C9-expressing yeast microsomes were incubated with
TA and NADPH, P450 2C9 was the main protein that was
alkylated (3). These observations suggest that the reactive TA
metabolite is so highly unstable that it mainly reacts with the
protein that forms it.

There is an extensive flow of vesicles that migrate along
microtubules from the ER to the Golgi and then the PM (11).
In a previous study, P450 2B in part followed this vesicular
route from the ER to the PM (12). In the present study, we de-

termined the in vitro effects of various inhibitors of vesicular
transport on the PM expression of both P450 2C11 and TA-
alkylated P450 2C11 (Table II). The transport of the latter was
studied in the presence of piperonyl butoxide. Together with
the probable removal of most unbound TA by liver perfusion
and the washings involved in the preparation of isolated hepa-
tocytes, the addition of this cytochrome P450 inhibitor should
prevent further in vitro alkylation of P450 2C11. Cyclohexi-
mide, which may interrupt the synthesis of proteins involved in
vesicular transport (12), caffeine at 208C, which decreases ve-
sicular flow from the ER to the Golgi apparatus (32), brefeldin
A, which redistributes Golgi structures back into the ER (33),
and vinblastine or colchicine, which both inhibit the assembly
of microtubules and the flow of vesicles along microtubules
(31, 34), all decreased the expression of both P450 2C11 and
TA-alkylated P450 2C11 in the PM (Table II). Colchicine had
similar effects in vivo (Table I), showing that the same vesicu-
lar transport was operating. Thus, both P450 2C11 and TA-
alkylated P450 2C11 follow a microtubule-dependent, vesicu-
lar route from the ER to the PM.

As 2 h were enough to decrease the PM expression of both
P450 2C11 and TA-alkylated P450 2C11 in these in vitro ex-
periments (Table II), this P450, like P450 2B (12), seems to
have a rapid turnover in the PM. This is probably due to the
rapid reinternalization of the PM due to endocytosis. It is esti-
mated that most cells will capture, by endocytosis, the equiva-
lent of their volume per day and internalize the equivalent of
their PM per hour (35).

In contrast, the PM expression of TA-alkylated P450 2C11
exhibited a much more prolonged time course after TA ad-
ministration in vivo (Fig. 7). This may be due to the persistence
of TA in the liver (and the prolonged activation of TA by P450
2C11, in vivo) and/or to the possible recycling of endocytosed
P450 back to the PM.

PM fractions of hepatocytes exhibit NADPH-cytochrome c
reductase activity, and these PM fractions can support mono-
oxygenase activities in the presence of NADPH in vitro (13).
Therefore, the PM expression of TA-alkylated P450 2C11 in
TA-treated rats in vivo may result from two pathways: (a) the
migration of unalkylated P450 2C11 to the PM and then its
alkylation by TA in the PM; or (b) the alkylation of P450 2C11
in the ER and its migration to the PM. Administration of TA
(to allow the formation of TA-alkylated P450 2C11) and then
piperonyl butoxide 1 h before killing (to stop any new forma-
tion of adducts, while allowing the turnover of P450s in the
PM) should discriminate between these two alternatives. If
metabolic activation occurs last, piperonyl butoxide should de-
crease TA-alkylated P450 in the PM; if transport occurs last,
piperonyl butoxide should have no effect. The results (Fig. 5,
Table I) support the latter alternative (alkylation in the ER
and migration of alkylated P450 2C11 to the PM). Similarly, after
administration of isaxonine, a drug transformed by several
P450s into reactive metabolites that produce immunoallergic
hepatitis, the PM expression of alkylated proteins was due to
proteins that had been alkylated in the ER and had migrated
to the PM (36). Although PM P450s are catalytically active in
PM fractions incubated with NADPH (13), they may be inac-
tive in vivo, if they are mainly located on the external side of
the PM, where NADPH may be unavailable.

The use of nonpermeabilized hepatocytes in flow cytome-
try experiments prevents the entry of the antibodies into the
cells. Therefore, recognition of the PM by both the anti-P450
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2C11 and the anti-TA antibody shows that at least some of the
P450 2C11 molecules are outside the PM. Similarly, other
P450s were, at least in part, oriented on the outside of the PM
(12–14). This was demonstrated by: (a) the labeling of fixed
hepatocytes (12–14), as performed in the present study; (b) the
observation of a capping phenomenon when anti-P450 anti-
bodies were added to unfixed hepatocytes (14); and (c) the PM
labeling of hepatocytes when human liver fragments were per-
fused with anti-LKM1 sera before liver sections were prepared
for electron microscopy (14). Thus, PM P450s are, at least in
part, oriented on the external surface of the PM (12–14).

How this occurs remains unknown. P450s are cotransla-
tionnally inserted into the ER membrane, where they remain
anchored by a non-cleaved signal-anchor sequence, which, for
most P450s, starts immediately at the N-terminal methionine
(8). It is believed that ER P450s are exclusively (or mainly?)
oriented as follows. No part of the molecule (except the N-ter-
minal methionine) protrudes into the ER lumen (9). Except
for the transmembrane segment, the molecule is located on the
cytosolic side of the ER membrane (9). Vesicular migration of
this cytosolic form to the PM should lead to a cytosolically ori-
ented form in the PM (unless P450 switches to the opposite to-
pology during its transport from the ER to the PM, which
seems unlikely) (12).

We have therefore suggested that P450s may adopt two to-
pologies during their synthesis in the ER (12). Dual topologies
have been described for other ER proteins (37, 38). The
known, cytosolically oriented form of P450 would be retained
and predominant in the ER (12), due to the cytosolic domain
serving as an ER retention signal (10). We have suggested that
a hypothetical luminal form of P450 may also be formed dur-
ing P450 synthesis in the ER (12) and this hypothesis is sup-
ported by ongoing experiments in our laboratory. This luminal
form of P450 would not be retained in the ER (the retention
signal would be in the lumen), and would therefore quickly fol-
low, by default, bulk vesicular flow to the PM, to finish on the
external surface of this membrane (12). Due to its rapid migra-
tion to the PM, this endoluminal form would only be a minor
form in the ER, explaining why it was not noticed in previous
studies.

Because human P450 2C9 is also alkylated by TA (2–4),
and unalkylated P450 2C9 is also expressed on the PM of hu-
man hepatocytes (14), human subjects who were treated with
TA probably expressed TA-alkylated P450 2C9 on the outer
surface of their hepatocytes. We therefore determined whether
the immune reaction was also directed against these neoanti-
gens in patients with TA-induced hepatitis. Both immunoblots
and flow cytometry indicated that anti-LKM2 sera contained
two types of antibodies (Tables III and IV). A first and major
type of antibodies recognized the unalkylated P450 2C11 of
the PM of untreated rats (Tables III and IV). However, anti-
LKM2 sera gave slightly higher labelings with hepatocytes
from TA-treated rats (Tables III and IV), suggesting that they
may also contain anti-TA antibodies. After adsorption of the
anti-P450 autoantibodies on untreated rat liver microsomes,
this second type of antibodies could be selectively studied (Ta-
ble IV). The residual antibodies poorly recognized the PM of
untreated rats, but better recognized the PM of TA-treated
rats (Table IV). This PM labeling was decreased when sera
were first reacted with TA, or following the addition of the
anti-TA antibody, showing that the sera recognized TA-con-
taining structures (Table IV). Because P450 2C11 is the main

protein that is alkylated by TA (Figs 3 and 4), these observa-
tions suggested that the antibodies recognized TA-alkylated
P450 2C11. Indeed, the PM labeling was also decreased follow-
ing preexposure to the anti-P450 2C11 antibody (Table IV),
suggesting that TA and P450 2C11 were present on the same
structure, i.e., TA-alkylated P450 2C11. Taken together, these
observations indicated that this second type of antibodies rec-
ognized the TA moiety of TA-alkylated P450.

Thus, the immune reaction in TA-induced hepatitis is di-
rected both against unalkylated P450 (anti-P450 2C autoanti-
bodies) and against TA-alkylated P450. Similarly, both auto-
antibodies (39, 40) and antibodies against trifluoracetylated
proteins (19, 20) have been detected in halothane hepatitis.
Thus, with both drugs, the immune reaction is directed both
against the Self and against the modified Self. The same initial
mechanism (modification of Self due to the covalent binding
of reactive metabolites) has been suggested to account for
both types of immune reactions (18). Therefore, their concom-
itant occurrence is not unexpected. Both genetic metabolic
factors and the individual set of human leukocyte antigen mol-
ecules might be involved in the susceptibility of a few subjects
to develop drug-induced immune reactions (18).

In summary, TA administration leads to the selective alky-
lation of hepatic P450 2C11 in rats. This alkylated P450 follows
a vesicular route from the ER to the PM. It is at least in part
oriented on the external surface of the PM. In addition to the
previously demonstrated anti-P450 2C9/11 autoantibodies,
anti-LKM2 sera also contain antibodies against the TA moiety
of TA-alkylated P450. Therefore, the immune reaction is di-
rected both against the Self and against neoantigens.
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