
INTRODUCTION

Cytochrome P450s (CYPs) are thio-haemoproteins classified into
families and subfamilies according to similarities in their amino
acid sequences, yet each member exhibits a distinct substrate
specificity, catalytic activity and immunological identity. Certain
CYPs may be irreversibly modified during catalysis because of 
the binding of reactive metabolites, produced during drug or
chemical biotransformation, to the protein or haeme moiety [1,2].
Usually this leads to the loss of CYP enzymatic activity. Subse-
quent catabolism of the modified CYP may lead to the presenta-
tion by the MHC of modified and native peptides that could lead
to the breakdown of tolerance.

Neoepitopes generated by covalent modification of peptides
during drug metabolism, although likely to initiate an auto-
immune response, are not necessarily the direct target of self-
reactive effector T and B cells. Autoantibodies from only a subset
of patients actually recognize specific adducts derived from drug
exposures to tienilic acid (anti-CYP2C9) [3]. CYP autoantibodies

that show no detectable binding to adducts often bind to native
protein sequences, as in the case with dihydralazine-associated
hepatitis (anti-CYP1A2) [4], hypersensitivity reactions to aro-
matic anti-convulsants (anti-CYP3A) [5], and dislufiram toxicity
(anti-CYP1A2) [6]. Autoantibodies to native CYP epitopes in
CYP2D6 are found in type II chronic autoimmune hepatitis and
in 5% of patients with virus C hepatitis [7], and to CYP1A2 are
found in autoimmune polyendocrine syndrome type I [8] CYP21
in Addison’s disease [9,10].

It has become evident that hepatic CYP3A4 and extrahepatic
CYP3A activities in addition to the MDR P-glycoprotein are
important for intestinal drug absorption and metabolism and are
the major determinants of the highly variable bioavailability 
and toxicity of CyA and FK506 observed between and within 
individuals [11].

Prompted by our recent finding of IgG autoantibodies against
native CYP3A4 sequences among alcoholics [12], we set out to
investigate if patients dependent on extensive treatments with
immunosuppressants known to be CYP3A substrates had anti-
bodies directed against the enzyme.

Cyclosporin and FK506 have serious nephrotoxic, hepato-
toxic and neurotoxic side-effects [13,14] that have been correlated
with CYP3A4 activity [15,16]. We reasoned that it would be
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advantageous to study formation of CYP autoantibodies in 
paediatric patients because careful monitoring of both dosage and
blood trough values for individual children is required to avoid
the risk of organ rejection due to under-dosage and toxic organ
damage due to over-dosage and accumulation of metabolites
[17,18].

In the present study, sera of paediatric patients undergoing
treatment with the immunosuppressants cyclosporin A (CyA) or
FK506 were examined for autoantibodies against the major drug-
metabolizing human CYPs using ELISA, immunoprecipitation
and immunoblot techniques. We demonstrate an increased fre-
quency of anti-CYP antibodies among children on drug treatment
over control groups that correlates with age at onset of drug expo-
sure. The antibodies exhibit a consistent binding pattern to spe-
cific CYP enzymes and recognize epitopes within the C-terminal
domain of CYP3A4.

MATERIALS AND METHODS

Patients and control subject recruitment
Sera of three distinct groups of paediatric patients were used. The
first group consisted of 68 kidney transplanted children (31 boys
and 35 girls; age range 0·5–17 years; mean age 7·5 years); 48 were
treated with CyA, 16 were treated with both CyA and FK506 and
four were treated with FK506. Patients were admitted, primarily
for renal failure due to hereditary or congenital malformations,
to the Department of Paediatrics, Huddinge Hospital and treated
with prednisone (5–10 mg), azathioprine (10–50 mg) and either
twice daily neoral CyA (Sandoz) mean dosage 5 mg/kg per day,
range 2–7 mg/kg per day or FK506 (Prograf, Fujisawa) mean
dosage 0·14 mg/kg per day, range 0·05–0·2 mg/kg per day.

In a second group of 14 nephrotics (nine boys and five girls;
age range 2–13 years, mean age 6 years), nine were treated with
CyA mean dosage 5 mg/kg per day, dosage range 2·5–8 mg/kg per
day, three with prednisone alone 10–25 mg/day and two with no
drug treatment. The third group of 20 liver transplanted children
(13 boys and seven girls; age range 0·3–23 years, mean age 9
years), diagnosed as a1-trypsin deficiency (n = 2), extrahepatic
biliary atresia (n = 5), chronic cholestasis (n = 1), acute fulminant
hepatitis (n = 2), glycogenosis (n = 3), Budd–Chiari syndrome with
hepatic vein occlusion (n = 1) and other congenital or inherited
hepatic dysfunction (n = 6), were given postoperative treatments
of either CyA, mean dosage 5 mg/kg per day, dosage range 3–9
mg/kg per day, or FK506, mean dosage 0·13 mg/kg per day, dosage
range 0·05–0·23 mg/kg per day, to maintain 12 h trough values in
the range of 100–300 ng/ml and 4–9 ng/ml, respectively. The sera
of the 24 control paediatric subjects had no drug treatments and
were normal donors (13 boys and 11 girls; age range 0·5–3 years,
mean age 2 years).

The sera of 30 kidney transplant recipients (24 males and 
eight females), age range 15–62 years (mean 38 years), on post-
operative CyA, mean dose 7 mg/kg per day (range 2·7–16 mg/kg
per day), to maintain mean trough values of 187 ng/ml (range
42–316 ng/ml) or FK506 mean 0·12 mg/kg per day (range 0·03–0·2
mg/day) and mean trough values of 12 ng/ml were kindly provided
by Professor M. I. Lorber (Section of Organ Transplantation 
and Immunology, Department of Surgery, Yale University School 
of Medicine, New Haven, CT). Sera of eight adult primary 
biliary cirrhosis (PBC) patients without immunosuppressive
treatments were kindly provided by Dr U. Broome (Department

of Medicine, Huddinge Hospital, Karolinska Institutet) and 
Dr E. Eliasson (Division of Molecular Toxicology, Karolinska
Institutet).

This study was carried out with consent of the human subjects
and approval by the Swedish Ethics Committee.

Human proteins
The human recombinant CYP2E1, CYP3A4, CYP1A2 and
CYP2C9 were produced from over-expressing plasmid in
Escherichia coli at Panvera Ltd (Madison, WI). The N-terminal
modifications were as previously described [19,20]. Microsomes
derived from AHH-1 TK+/- human lymphoblastoid B cell 
line co-expressed full-length cDNA of human CYPs: CYP2E1,
CYP3A4, CYP1A2, CYP2C9 or CYP2D6 and the human
cytochrome P450 reductase. Microsomes derived from bac-
ulovirus-infected insect cell system co-expressed cDNA of
CYP3A4 or CYP3A5 with cytochrome P450 reductase or the
cytochrome P450 reductase alone. All microsome preparations
were produced from GENTEST Corp. (Woburn, MA). The
human recombinant FK-binding protein 12 (FKBP12) was
expressed in E. coli (Sigma Chemical Co., St Louis, MO).

Antigens
Rat CYP3A1 and NADPH reductase-cytochrome P450 was 
purified from microsomal fractions of rat liver, and human liver
microsomes were from frozen stocks prepared as described 
previously [21].

Functional assays
Studies of drug bioactivation were performed by additions of
CyA in DMSO or FK506 in ethanol at final concentrations of 
100 mM drug and 0·5% v/v solvent to baculovirus microsomes 
containing 50 pmol of either CYP3A4 or CYP3A5 in 50 mM

potassium phosphate buffer and 50 mM KCl pH 7·4 as described
previously [22]. The above reaction mixtures were incubated for
1 h at 37°C in the presence of NADPH generating system; 1 mM

NADP+, 50 mM glucose-6-phosphate and 0·5 U/ml glucose-6-
phosphate dehydrogenase. CYP3A-dependent 6 b hydroxylation
of 14C testosterone was monitored as described previously [21].
The activity of NADPH-cytochrome P450 reductase was mea-
sured spectrophotometrically using cytochrome c as an electron
receptor [23].

ELISA
ELISA was performed in polystyrene microwell plates (Sigma) as
described previously [12].

In vitro coupled transcription-translation of human
CYP3A4his6

Full-length human 35S-CYP2C9 his6, 35S -CYP3A4 his6 and N-
terminal truncated 35S-7Asp123 CYP3A4his6 were produced in
vitro from their respective cDNAs in pGEM-4Z using a TnT 
T7-Quick coupled reticulocyte lysate system (Promega, Madison,
WI). Plasmid DNA (1·5 mg was incubated for 90 min at 30°C in 
40 ml rabbit reticulocyte lysate, 2 ml 10 mCi/ml 35S-methionine 
and nuclease-free water added to final volume of 50 ml reaction
mixture. The reaction mix was stored at –70 mCi until needed 
and the percent incorporation of 35S-methionine in the reaction
mixture was determined according to standard procedure
(Promega Corporation Technical Manual no. 045, revised edition
9/99).

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 127:293–302



Autoantibodies against cytochrome P450s 295

Immunoprecipitation of 35S-methionine-labelled 
cytochrome P450s
For each immunoprecipitation assay a 5-ml aliquot of in vitro
translation reaction mixture (equivalent to 400 000–780 000 ct/min
of TCA precipitable material) was suspended in 100 ml immuno-
precipitation buffer containing 20% glycerol, 0·5% NP40 in
NaH2PO4 0·3 M NaCl, 10 mM imidazole, 4 mM PMSF, 2 mg/ml 
leupeptin (pH = 7·9). Preclearing of the reaction mix was done 
by addition of 50 ml Protein A Sepharose (Pharmacia Biotech,
Uppsala, Sweden) prepared according to the manufacturer, and
incubated for 2 h under gentle shaking at 4°C. After 2000 g ¥ 3 min
centrifugation the supernatant was transferred to clean Eppen-
dorff tubes. Human serum was then added to the precleared 
reaction mix at a final dilution of 1:100. After 4 h incubation 
with shaking at 4°C, 50 ml of Protein A Sepharose were added as
described previously and incubated at 4°C for 12 h with shaking.
The protein A Sepharose–antibody complexes were then col-
lected by centrifugation and washed five times in 1·5-ml volumes
of immunoprecipitation buffer at 4°C. Immunoprecipitated
radioactivity was dissolved in 1 ml of Hydrofluor scintillation fluid
and evaluated in a liquid scintillation analyser. For analysis by
SDS–PAGE, the protein A Sepharose antibody complexes 
were resuspended in 50 ml SDS sample buffer, boiled and cen-
trifuged, and 30 ml of the recovered supernatant were loaded for
electrophoresis.

SDS–PAGE electrophoresis and immunoblotting
SDS–PAGE was performed using 4% stacking gel and 8·7% 
separating gels [24]. Human liver microsomal preparations and rat
and human proteins were solubilized in SDS gel loading buffer 3%
SDS (w/v), 0·2 M Tris–HCl pH 6·8, 26% glycerol (w/v) with 
2 M 2-mercaptoethanol and heated for 2 min at 100°C. Blots were
probed with 1 : 5000 diluted rabbit anti-CYP2E1 or rabbit anti-
CYP3A1 sera or different human sera diluted at either 1 : 300,
1 : 600 or 1 : 2500 in blocking buffer for 4 h with shaking. Following
repeated washes, immunoblots were incubated with peroxidase-
linked goat anti-rabbit IgG diluted 1 : 2000 or goat anti-human 
IgG Fc, goat anti-human IgM m-chain and goat anti-human IgA 
a-chain diluted 1 : 20000 (Sigma Immunochemicals, Israel) for 
2 h with shaking. For immunoblot re-probing experiments, the
antibodies were removed from filters in stripping buffer 63 mM

Tris, 2% SDS, 100 mM 2-mercaptoethanol by incubation at 65°C
for 25 min. Following repeated washes in TBS–Tween buffer the
filters were placed in blocking solution for 1 h at room tempera-
ture with shaking and then incubated with human sera and specific
peroxidase-linked antibody as described above.

Statistical analysis
The graphed and tabulated values presented in this work are
mean and standard error (s.e.m.). Unless mentioned otherwise 
all statistical analysis was performed with StatMost program 
using parametric unpaired Student’s t-test:
t = (X1 - X2)/s.d. ÷ (1/N1 + 1/N2).

RESULTS

Immunoblotting assessment of anti-CYP autoantibodies in sera
of paediatric and adult patients on immunosuppressants
Sera of adult and paediatric drug exposures, OLT group, and 
paediatric controls were assessed for their immunoblot reactivi-

ties. We observed that 11 of 67 (16%) sera tested of paediatrics
on CyA, five of 16 (31%) sera tested of paediatrics on CyA and
switched to FK506 and three of 14 (21%) sera tested of paedi-
atrics on FK506 gave positive reactions against human CYPs. By
contrast, only two of 30 (7%) sera tested from adults on CyA or
FK506 and four of 47 (8·5%) sera tested of paediatrics not on
CyA or FK506 treatments gave positive reactions (Table 1). The
positive sera reactions for each CYP450 isoform given in Table 1
show that the greatest number of positive reactions were among
the Kid Tx group.

Densitometric evaluation of the mean band intensities re-
vealed reactions that were significantly stronger against CYP3A4
and CYP1A2 among the children on drug treatments CyA or
switched from CyA to FK than the reactive sera from the paedi-
atric control group or adult sera (Table 1). CYP3A4 reaction
intensities of £50 arbitrary units (a.u.)/pmol were present in the
controls and four of the 20 positive sera of children on drug treat-
ments. Strong immunoblot band intensities of CYP2C9 for
KidTx2023, 245 a.u/pmol, and patient with nephrotic syndrome
7817, 135 a.u./pmol, both on CyA, and of CYP2E1 for KidTx5349,
240 a.u/pmol, and KidTx 2167, 28 a.u./pmol both on FK, are in
contrast to no reactivity against anti-CYP2C9 or anti-CYP2E1
reactivity found among the control groups. Among patients
treated with CyA and switched to FK506, two patients gave 
positive immunoblots: KidTx with nephrotic syndrome 1384
against CYP3A4 and KidTx 7159 against CYP1A2. Both of 
these individuals had elevated serum transaminases and abnor-
mal liver function tests and histological findings of fibrosis and
inflammation in liver biopsies.

Paediatric patients in this study showed no clinical evidence
of cytomegalovirus (CMV) or Epstein–Barr virus (EBV) and
serological tests and polymerase chain reactions (PCR) of liver
DNA were negative for hepatitis C (data not shown), that have
been implicated as triggers for development of autoimmune
hepatitis (AIH) [25].

Demonstration by immunoprecipitation that IgG
autoantibodies in children with liver disease on CyA 
recognize CYP2C9 and CYP3A4 sequences
To verify that the sera reactive with purified recombinant human
CYP2C9 and CYP3A4 (Table 1) were in fact representative of the
presence of autoantibodies, the sera of children on drug exposures
and controls were tested for their capacity to form immune 
complexes with 35S-methionine-labelled CYP2C9 and N-terminal
truncated CYP3A4 produced by in vitro translation (Fig. 1).
Serum from a paediatric kidney transplant patient on CyA
(KidTx 2023) of high anti-h2C9 ELISA reactivity, A492 = 0.968 and
serum from a liver transplant patient on FK506 (LivTx 621) A492

= 0.611, were both able to precipitate strongly the CYP2C9 and
truncated CYP3A4 (Fig. 1a, lanes 7 and 8). Anti-h2C9-reactive
sera from two paediatric nephrotics on CyA (Neph7817 and
Neph7572) gave similar strong immunoprecipitation (Fig. 1, right
upper bar graph), whereas control sera of low ELISA reactivity
(A492 < 0·15) gave weak immunoprecipitation (Fig. 1a, lanes 9 and
10). Sera of paediatric liver disease patients displaying anti-3A4
reactivity (LivTx441, A492 = 0·58) gave immunoprecipitable band
intensities of N-terminal truncated Asp123-CYP3A4 that were
proportional to their reactivity in ELISA (Fig. 1a, lanes 1 and 2),
whereas controls gave only weak immunoprecipitation (Fig. 1a,
lanes 3 and 4). Immunoprecipitation experiments of these same
sera using full length 35S-CYP3A4 his6 produced even stronger
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band intensities, but because hydrophobic 3A4 N-terminus
sequences undergo self-aggregation and form precipitate outside
the microsomal or lipid environment, the background in buffer
elutions from Sepharose beads was higher than for the truncated
Asp123-CYP3A4 construct (Fig. 1).

The anti-CYP reactions of the liver disease patients were not
accompanied by autoantibodies to FK506 immunophilin binding
protein (FKB12), a candidate autoantigen previously investigated
among liver transplant patients on FK506 [26].

Anti-human CYP autoantibodies of paediatric patients on
FK506 or CyA recognize specific P450 isoforms
The IgG immunoblots seen with purified human recombinant
CYP2E1, CYP3A4, CYP1A2 and CYP2C9 were specific because
the reactivity was, with one exception (sera 7159), exclusively
against one CYP isoform (Fig. 2). The sera showing positive 
reactions with purified recombinant CYPs were subjected to
immunoblotting against a test panel of microsomal prepara-
tions of recombinant human CYPs produced commercially
(GENTEST): CYP2E1, CYP3A4, CYP1A2, CYP2C9 and
CYP2D6. The specific pattern of anti-CYP reactivity was con-
firmed and gave no anti-2D6 reactions, thus making it unlikely
that these individuals express anti-LKM type I autoantibodies
(results not shown). Sera of LivTx 5718 against CYP3A4 and
KidTx 2023 against CYP2C9 were tested on four preparations 
of human liver microsomes. LivTx 5718 produced a distinct
immunoblot band corresponding to CYP3A4 in liver microsome
preparations (Fig. 2c) and KidTx 2023 produced two specific
bands, reaction towards CYP2C9 and CYP2C19, all microsomal

preparations (Fig. 2d). This indicates that the sera have specific
anti-CYP autoreactivity in complex mixtures of proteins. Fur-
thermore, the LivTx 5718 serum against CYP3A4 only reacted
with CYP3A4 in microsomes from lymphoblastoid cells hetero-
logously expressed with CYP3A4, CYP2E1, CYP1A2 or CYP2C9
(Fig. 2a,c). Similarly, KidTx 2023 serum did not react with
CYP3A4, CYP1A2 or CYP2E1 (Fig. 2a,d).

The presence of anti-CYP3A4 antibodies is consistent with
the fact that CYP3As are the major P450s responsible for metab-
olism of tacrolimus and cyclosporins. Kidney CYP3A5 constitutes
a major source of extrahepatic CYP3A [27,28] and this CYP
isoform might be a target for autoantibodies among renal trans-
plant patients on postoperative immunosuppressive treatments or
among patients with nephrotoxicity. Immunoblots were per-
formed with CYP-positive sera on preparations of baculovirus
microsomes containing either recombinant human CYP3A5 or
recombinant human CYP3A4 under co-expression of human
NADPH-cytochrome P450 reductase. Immunoblot reactivity of
several sera was obscured by non-specific binding to denatured
microsomes; however, the anti-CYP3A4+ sera of CyA KidTx 6235
(Fig. 2a) produced a strong band corresponding to CYP3A4, a
weak reaction against CYP3A5, but no reaction against CYP3A1
(Fig. 2b). The identical pattern was observed using sera of FK506
LivTx 5718 (result not shown).

Because the catalysis of CyA or FK506 generates reactive
metabolites that can bind to CYP enzyme or microsomal proteins
[29,30], patient sera were examined for immunoblot reactivity
against CYP3A4 and CYP3A5 in baculovirus microsomes that
had been incubated with drugs under conditions favourable 
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(lane 6) and immunoprecipitations with 1:150 dilution of human sera: drug treatments (lanes 1,2 and lanes 7,8) and controls (lanes 3,4 and
lanes 9,10). Paediatric liver transplants on FK506: LivTx 441 (lane 1) and LivTx 621 (lanes 2 and 8); paediatric kidney transplant on CyA
KidTx 2023 (lane 7) and control sera C5 (lanes 3 and 9) and C6 (lanes 4 and 10). The bar graphs (b) represent mean and s.d. of immuno-
precipitated bands quantified by laser scanning of the autoradiographs and densitometric analysis using Molecular Dynamics Image Quant
software version 3.2. Differences in reactivity between eight control subjects (�) and four patients on drug treatments (�) is statistically
significant at **P < 0·01 and *P < 0·05, Student’s unpaired t-test. The graphed values represent arbitrary units (a.u.) of band intensities taken
from immunoprecipitations in two independent experiments.
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Fig. 2. Immunoblots of human CYP450s with patient sera. Preparations of the purified recombinant human CYPs were loaded at 2·8 pmol
CYP per lane (a), insect microsomal preparations of CY3A4 and CYP3A5 from baculovirus expression or purified rat CYP3A1, a = human
CYP3A5, b = human CYP3A4, c = ratCYP3A1 were loaded at 5 g per lane (b), human liver microsomal samples (HL20, 21 and 28) and
recombinant microsomal samples from lymphoblastoid cells were incubated with sera from Liver Tx patient 5718 (c) and Kidney Tx patient
2023 (d). Immunoblots were made with sera from the indicated paediatric patients (Pt) at 1:600 dilution in Tris-buffered saline and the
ECL reactions were developed for 1 min on the same strip of Kodak X-omat photographic film (a). Immunoblot was made with rabbit
anti-3A and Protein A–HRP or Pt 6235 and anti-human IgG–HRP with ECL reactions developed after 15-s and 2-min film exposures,
respectively. Immunoblots for sera 5718 (c, 3A4-reactive) and 2023 (d, 2C-reactive) were made from gels loaded with 40 mg of microsomes
in each lane.

for drug bioactivation and in microsomes without NADPH gen-
erating system. The microsomes demonstrated enzymatic activity
in hydroxylation of 5-OH testosterone and were capable of
NADPH consumption, yet exposure to CyA or FK506 did not
alter either the pattern or intensity of the patient sera reactivity

in immunoblots (result not shown). Although no direct measure-
ments were made to detect adduct formation per se, this finding
suggests that the patient IgG CYP autoantibodies are not 
likely to bind protein adducts derived from CyA or FK506
metabolites.
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Correlation between immunoblot reactivity of paediatric sera
and age at onset and duration of FK506 or CyA exposure
In order to examine the relationship between immunoblot 
reactivities and drug exposure, the percentage of positive im-
munoblots was evaluated as function of age at onset of drug 
treatment, patient age on date of organ transplant, or record indi-
cating date of first administration of immunosuppressant as well
as duration of FK506 and CyA treatments, calculated as the time
elapsed between age at onset and dates of individual sera dona-
tion (Table 2 and Fig. 3). The immunoblot reactivities demon-
strate age-specific occurrence, and there is a significant bias of
positive reactions among children < 3 years old (Fig. 3). Incidences
of positive reactivity were found among children only after 6
months drug exposure at peaks of > 6 months and < 2 years and 
> 3 years and < 6 years (Fig. 3). The limitation inherent in this ret-
rospective study is that patients were not randomized in their
assignment to groups according to age and treatments, and for 
the paediatric kidney transplant patients we do not have data
on the activity of individual reference sera taken prior to drug
exposure.

Monitoring of the drug dosage, trough levels (TL) and meta-
bolic index (MI) in the serum at 12 h reveal that the patients of
positive immunoblot reactivity showed slightly lower trough
values and MI (CyA TL = 93 ± 55 ng/ml, MI = 24 ± 10) than the
total patient population (CyA TL = 103 ± 32, MI = 26 ± 13). Inter-
estingly, this trend is also seen for the one CYP2C9 immunoblot-
positive nephrotic 7817 on CyA, TL = 77, MI = 12 that is 1 s.d.
below the nephrotic population in general (Table 3). The extent
to which these indices of drug clearance and/or metabolism are
associated with CYP autoantibodies in patients of younger age at
the onset of drug treatment (Fig. 3a) is supported by the finding
that metabolic indices (MIs) of CyA and FK506 in the age group
± 5 years are 25–50% lower than the CyA and FK MIs in age
groups 6–12 years and 13–23 years (Table 3). The CYP autoanti-
bodies show no correlation to the administration of calcium
blockers, b blockers and loop diuretic furosemide used for man-
agement of nephrotic syndrome and renal function, and there

were no drug interactions that affect bioavailability of immuno-
suppressants (result not shown).

DISCUSSION

There are to our knowledge no previous reports of antibodies to
intact CYPs among subjects on immunosuppressive drugs. The
results presented here indicate that postoperative CyA or FK506
treatment and use of CyA in autoimmune nephrosis are associ-
ated with IgG reactions against CYP2E1, CYP3A4, CYP1A2 and
CYP2C9. The reactivity of IgG antibodies to CYP3A4 and
CYP2C9 sequences in immunoblots were confirmed by im-
munoprecipitation experiments of 35S-Asp123-CYP3A4his6 and
35S-CYP2C9his6 produced by in vitro translation reactions.

Our findings of anti-CYP reactivities in patients suffering
from transplant rejection and CyA toxicities support the previ-
ously proposed hypothesis that CYP autoantibodies, not neces-
sarily against the major drug-metabolizing isoform, are associated
with episodes of delayed and prolonged organ rejection that are
unresponsive to steroids and immunosuppressive therapy [31].
The significance of CYP autoantibodies in this setting is indicated
by the specific presence among paediatric transplant patients and
the fact that although these patients are on immunosuppressive
drugs known to interact with the target autoantigen, the CYP
autoantibodies do not appear to bind protein adducts derived
from CyA or FK506 metabolites.

Developmental ‘break points’ exist for many drug-metaboliz-
ing enzymes, and awareness of the ontogeny of specific CYP iso-
forms across the paediatric age range is of increasing importance
in the appropriate pharmacologic management of children. The
lower metabolic indices and trough values, indicating higher CyA
and FK506 biotransformation for 0–3 and 4–8-year age groups
relative to adolescents provide clinical data that are consistent
with the rapid increase of CYP3A activities during infancy and
the unstable pharmacokinetics of neonates and children < 5
years of age compared with adults [17,32]. A recent report of
cyclosporin-induced remission of AIH in children emphasizes the

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 127:293–302

Table 2. Treatment of children with immunosuppressive drugs and formation of autoantibodies against cytochrome P450s

Age at onset of  Duration of treatment

Serum transaminases

treatment (years) (years)
Pos. population Total population

ALAT ASAT g GT ALAT ASAT
Pos. pop. Total pop. Pos. pop. Total pop. (U/l) (U/l) (mkat/l) (U/l) (U/l) (GT (mkat/l)

Kidney transplant *5 ± 4 8 ± 5 4 ± 3 4 ± 3 720 800 1·6 230 400 0·24
70–2480 270–1980 0·18–10 60–2820 180–1280 0·15–9·6

Nephrotic/kidney 1·3 ± 0·5 9 ± 5 4·5 ± 2 5 ± 3
transplant

Nephrotic/ 2 6 ± 3 5·5 3 ± 2
Liver disease 3·8 ± 1·3 8·6 ± 7 1 ± 0 3·7 ± 2·5 NA

transplant
Total 4·5 ± 3·5 7·6 ± 6 4 ± 2·7 4 ± 3·2

The data shown were obtained from the children described in Table 1. Total = total patient population for which data were available. Age at onset of
drug treatments between the patients of positive sera reactivity and the total patient population is statistically significant at *P = 0·1, Student’s unpaired
t-test. The values of laboratory tests for serum transaminase are given as the mean and range. NA, Values not available.
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CYP450 antibodies. Although clinical events such as release of
intracellular autoantigens by renal injury could challenge the
immune system for the production of autoantibodies, the present
study can not discern if the CYP autoantibody formation is a 
consequence of renal injury due to alloreactivity or chronic
cyclosporin and tacrolimus treatments that are known to up-
regulate transforming growth factor-beta and promote a persis-
tent profibrogenic state that is closely associated with drug renal
toxicity [38,39].

Our findings offer strong support to the conclusion that CYP
autoantibody formation among children on immunosuppressants
is correlated mainly to age at onset of drug treatment and, to a
lesser extent, the duration of the treatment. Because cyclosporins
and tacrolimus can cause serious nephrotoxic, hepatotoxic and
neurotoxic side-effects associated with variations in CYP3A
protein levels and activity, careful monitoring of both dosage 
and blood trough values in children is required to avoid the risk
of organ rejection through under-dosage and toxic organ damage
through over-dosage and accumulation of metabolites. Atypical
autoantibodies, such as those against CYPs recognizing sequences
restricted to a specific isoform, can serve as diagnostic markers of
hepatic or renal dysfunction associated with cyclosporin or FK506
toxicity. However, the CYP autoantibodies among children on

need for only short-term treatment of 6 months duration to avoid
lymphoproliferative disorders and renal complications [33], in
keeping with therapeutic drug monitoring of neonates and chil-
dren [17,34]. This recommendation is consistent with the age-
specific efficacy of cyclosporin in vitro, which shows two-fold
lower drug concentrations to inhibit peripheral blood monocyte
cultures and seven-fold lower concentrations to inhibit IL-2 pro-
duction among infants and 2–4-year-old children than among
preadolescents (5–12 years) and adults (> 12 years) [35].

The CYP autoantibodies we found have no reactivity against
human CYP2D6 in microsomal preparations and thus differ in
origin from anti-LKM antibody type I found in AIH [25] as well
as that of LKM1+ sera in hepatitis C viral infections of adults and
children [36,37].

Annual monitoring of patient titres to CMV, EBV, Varicella
and hepatitis C virus revealed no significant changes and none 
of the paediatric patients received blood transfusions. Because
hereditary and congenital malformations were the underlying
cause of kidney disease among the CYP450+ patients, and the 
few cases of acquired diseases, IgA nephropathy and glomerular
nephritis, were CYP450- with the exception of one CYP3A4+

paediatric kidney transplant patient, autoimmune background
and viral infection are unlikely factors to affect production of

Table 3. Increased drug metabolism of paediatric kidney and liver disease patients on immunosuppressants is age-dependent

Dosage
Trough

MI-Trough/Dosage

mg/kg mg/m2 ng/ml 5 years 6–12 years 13–23 years

0

10

20

30

40

50

0

25

50

75

100

125

CyA
Kid Tx CyA 4·6 ± 2 146 ± 48 103 ± 32

Nephrotic CyA 4 ± 1·8 136 ± 46 97 ± 38

Liv Tx CyA 5 ± 2 154 ± 53 181 ± 71

FK506
Kid Tx CyA/FK506 0·11 ± 0·05 NA 7 ± 3

Kid Tx FK506 0·13 ± 0·05 NA 6 ± 2

Liv Tx FK506 0·13 ± 0·06 4 ± 1·6 7·8 ± 3·8

The values shown are mean and s.d. of data that were available for kidney transplant patients on cyclosporin A (Kid Tx CyA,
n = 50), nephrotics on CyA (n = 9), kidney transplants switched to FK506 after withdrawal from CyA (FK switch, n = 15), liver
transplants on CyA (Liv Tx CyA, n = 6), liver transplants on FK506 (Liv Tx FK, n = 7). 

*The duration of drug treatments in this group switched to FK506 were CyA: mean 3·7 years, range 0·5–9 years; and FK506:
mean 1 year, range 0·3–2·5 years. 

MI, Metabolic index; where dosage = mg drug/kg body weight and trough = drug concentration in serum at 12 h.
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immunosuppressants are unlikely to be pathogenic or directly
inhibit enzymatic activity. Concern should be that variability of
individual P450 drug metabolism and CYP autoantibody forma-
tion under suppressed T-cell function may be an indicator for
autoimmune or iatrogenic risk during paediatric immunosup-
pressive therapy.
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Fig. 3. Effect of age and drug exposure on CYP450 autoantibodies. The
percent of positive immunoblot reactions is plotted according to age at
onset of FK506 or CyA treatments (a) and duration of drug exposure (b)
determined from the difference in time between the date of organ trans-
plant or first treatment and the date of sera sample donation. **P = 0·03;
*P = 0·1, Pearson’s c 2 non-parametric analysis.
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