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Fumarylacetoacetate hydrolase
A59 (MHV-A59) triggers various pathologies in several mouse strains, including
hypergammaglobulinaemia, hepatitis and thymus involution. We reported previously the presence of
autoantibodies (autoAb) to liver and kidney fumarylacetoacetate hydrolase (FAH) in sera from mice infected
with MHV-A59.
Long-term MHV-infected mice represented a good model of non-pathogenic autoimmune response since the
animals were apparently healthy in spite of the presence of autoAb. The aim of this work was to see whether
a severe liver injury, which releases endogenous adjuvants, i.e. danger signals, could elicit a broader
spectrum of autoAb and perhaps signs of autoimmune hepatitis. Carbon tetrachloride (CCl4) was injected
into mice 30 days after MHV infection, and serum was assayed for autoAb and total IgG 20 days later. The
association of MHV infection with the toxic effects of CCl4 resulted in hypergammaglobulinaemia and the
production of autoAb to various liver and kidney proteins. Histological examination of liver samples showed
tissue damages but without significant differences between the animals submitted to MHV+CCl4 and
controls, which were either infected by MHV without CCl4, or poisoned by CCl4 in the absence of MHV
infection. Those results show that liver injury after viral infection may lead to the spreading of the immune
response and to an increase of serum IgG, suggesting that the procedure used herein could simulate the onset
of autoimmune hepatitis.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Viruses have been long associated with autoimmune diseases [1–4].
It was proposed that these infectious agents trigger an autoimmune
response by diverse mechanisms, including polyclonal B-lymphocyte
activation, release of sequestered autoantigens (autoAg), antigenic
mimicry,modification of self-antigen, epitope spreadingof the anti-viral
immune response, enhancement of major histocompatibility complex
molecule expression, bystander activation or viral persistence [2,4–6].

Mouse hepatitis virus strain A59 (MHV-A59) is a corona virus that
causes various mouse pathologies, including hepatitis, thymus
involution, IgG2a-restricted hypergammaglobulinaemia and transient
demyelination [7,8]. Its ability to infect hepatocytes and to induce
hepatitis correlates with the expression of its cellular membrane
receptor, CEACAM-1, previously known as Bgp1a or MHVR, on these
cells [7]. We have reported the presence of autoantibodies (autoAb) in
sera from various mouse strains after MHV-infection [9]. The autoAb
+54 11 4962 5457.
).

Dr. César Milstein, (CEVAN-

l rights reserved.
were directed to a 40 kDa protein present in mouse liver and kidney
identified as fumarylacetoacetate hydrolase (FAH), a soluble cytosolic
enzyme that mediates the hydrolytic formation of fumarate and
acetoacetate [9]. We later examined whether the autoimmune re-
sponse to FAH induced by MHV was based on molecular mimicry and
whether the epitope spreading [10–12] was involved.

Overlapping decapeptides corresponding to the entire mouse FAH
sequence were prepared using the PEPSCAN method and their
reactivities with sera from MHV-infected mice at different times
was determined by ELISA. Results indicated that various regions of the
enzyme are recognized as soon as 15 days after infection and that the
autoimmune response is not restricted to peptides homologous to
viral proteins [13]. As the spectrum of peptides recognized by the
autoAb of a given mouse did not change significantly with time, it was
likely that the MHV-elicited autoimmune response did not induce an
epitope recognition spreading. It was suspected that the induction of
the autoAb was not solely related to molecular or structural mimicry,
but was mainly due to the tissue damages caused by the MHV
infection. In other words, the danger signals [14], also called DAMPs
(damage-associated molecular patterns) or alarmins, probably played
a key role in the autoimmune process.

To further investigate this hypothesis, we thought that increasing
the tissue damages caused by the viral infection should amplify the
autoimmune response and perhaps lead to autoimmune hepatitis
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[15]. Since despite the presence of autoAb against liver and kidney
FAH, MHV-infectedmice remain apparently healthy [9], we associated
the MHV infection with the effects of carbon tetrachloride (CCl4), a
strong hepatotoxic agent [16], injected 30 days after MHV inoculation.
The sera were then assayed for autoAb and total IgG 20 days later.
Briefly, this combination of viral infection and a toxic substance led to
the spreading of the immune response and to an increase of serum
IgG, marked signs of autoimmune hepatitis.
2. Materials and methods

2.1. Mice

The specific-pathogen-free (SPF) female BALB/c mice from the
University of La Plata, Argentina, were used at the age of 8–10 weeks.
All animals were maintained in isolators, on standard laboratory
chow, under SPF conditions until the end of the experiments, and
received care in compliance with international legal requirements.
2.2. Preparation of MHV stock

The NCTC 1469 adherent cell line derived from normal mouse liver
was purchased from the American Type Culture Collection. Cells
growing in T-75 bottles were inoculated with MHV A59 virus at a
multiplicity of 1–5 TCID50/cell. After an adsorption period of 1 h at
37 °C, 15 ml of NCTC 135 mediumwith 10% fetal calf serumwas added
to each bottle and incubated at 37 °C. Several cycles of freezing and
thawing were used to release the virus 24 h after inoculation. The
harvested virus was centrifuged at 400 g for 10 min to removed debris
and the supernatant was frozen at −70 °C for storage.

Virus titration by endpoint method was performed by inoculating
serial dilutions of the MHV stock onto cell monolayers in 96-multiwell.
After 24 h wells with viral cytopathic effect were counted for each
dilution and titer was expressed as 50% tissue infectious doses (TCID50).
2.3. Viral infection and carbon tetrachloride (CCl4) treatment

Mice were inoculated intraperitoneally with 104 TCID50 of MHV-
A59 grown in NCTC 1469 cells [5]. Thirty days after the infection, the
mice were injected intraperitoneally with 100 µl of mineral oil
containing 0.16 µl of CCl4 (dilution: 1:625). The animals were bled
24 h and 20 days after treatment. One group of animals was MHV
infected and inoculated with CCl4 (“MHV+CCl4”), a second was only
infected (“MHV alone”) and the third received only CCl4 (“CCl4
Fig.1. IgG concentration in sera from the three groups of BALB/cmice:controls (non infected
expressed as the serum dilution to give an OD=1.0 in ELISA 24 h (A) or 20 days (B) after th
was performed by the Mann-Whitney U-test. *Pb0.05; **Pb0.001.
alone”). Serum aspartate aminotransferase (AST) was determined
using the GOT(AST) uni-test (Wiener lab., Rosario, Argentina).

2.4. Immunoglobulin assays

For total IgG determination in mouse serum, microplates (Nunc
Maxi-Sorb) were coated with 100 µl of phosphate buffer saline (PBS)
containing a 1:500 diluted rabbit antiserum directed against mouse Ig.
The plates were blocked 1 h at 37 °C with 0.01 M Tris, 0.13 M NaCl, pH
7.4 (TMS) containing 5% of non-fat milk (TMS-M) and were incubated
with serial dilutions of mouse serum in the same medium. After 2 h at
37 °C and washing with PBS containing 0.125 ml of Tween 20/l(PBS-
Tween), the plates were incubated 1 h at 37 °C with peroxidase
labeled anti-mouse IgG Ab. These donkey IgG Ab (Jackson Immunor-
esearch Laboratories, Inc., West Grove, PA) were used at a 1:10,000
dilution in TMS-M.

2.5. Preparation of organ lysates

Liver and kidneys from non-infected BALB/c mice were removed,
soaked in chilled PBS and ground in a Dounce homogenizer at 4 °C
with 5 volumes of PBS containing 10−3 M phenylmethyl-sulfonyl
fluoride (PMSF). The homogenates were centrifuged for 15 min at
400×g and the clarified extracts kept at −20 °C until used. A sample
of each suspension was solubilized by heating for 30 min at 100 °C in
1 M NaOH and protein concentration was determined by the method
of Lowry et al. [17].

2.6. Western-blot analysis

Each organ extract (100 µg of protein) was subjected to 10% SDS-
PAGE and then transferred onto nitrocellulose sheets (Amersham,
Buckingghamshire, UK). After reversible staining with Ponceau S to
check satisfactory transfer, non-specific Ab-binding siteswere blocked
by incubating the sheets with 5% non-fat milk in 30 mM Tris, 0.14 M
NaCl, 0.1% (v/v) Tween 20, pH 8.0 (TBS-M-T) for 1 h at room
temperature with shaking. The strips were then incubated overnight
at 4 °Cwith an Ab dilution in TBS-M-T. After several washingswith TBS
containing 0.1% Tween 20, bound Ab were revealed with peroxidase
labeled donkey anti-mouse IgG (Jackson Immunoresearch Labora-
tories, Inc, West Grove, PA, USA) diluted 1:5000 in TBS-M-T and ECL
reagents (Amersham, Buckingghamshire, UK). In every experiment a
negative control (pool of naïve sera from the same mice used
afterward) as well as a positive control (pool sera from MHV-infected
mice) were included. To avoid differences in protein expression the
and not exposed to CCl4), “CCl4 alone”, “MHV alone”, “MHV+CCl4”. IgG concentration is
e CCl4 injection, i.e., 30 (A) or 50 (B) days after the MHV inoculation. Statistical analysis



Fig. 2. Reactivity of sera from MHV-infected mice, exposed or not to CCl4, with mouse
liver and kidney extracts. Tissue lysates were prepared as indicated in Materials and
methods and separated by SDS-PAGE in 10% gels, transferred onto nitrocellulose sheets
and incubatedwith 1:50 serum dilution. Bound Abwere revealed by peroxidase-labeled
IgG anti-mouse IgG and ECL reagents. (A) Example of the calculation of the Relative
Mobility (RM) of the autoantigens. The IgG heavy and light chains already present in
tissues were used as conventional markers (values of 1 and 0, respectively) to calculate
the RM of the different proteins. In the figure, the FAH position corresponded to a RM of
0.7. (B) Example of Western-blot patterns. A: serum frommouse #3 “MHV+CCl4” (see
RMvalues inTable 1); B: serum frommouse #15 “MHValone” (see RMvalues inTable 1).
Positions of the IgG heavy and light chains are indicated as 1 and 0, respectively, on the
left side of each blot.

Table 1
Autoantibodies to mouse liver and kidney extracts induced by CCl4 in MHV-infected
BALB/c mice.

Treatment Serum Relative mobility (RM) of the autoantigens
reacting with the mouse serum(1)

Liver(2) Kidney(2)

MHV+CCl4 1 0.4–0.7–1.2 –

2 0.4–0.5–1.8 ND
3 0.2–0.7–1.1–1.2–1.5 0.1–0.3–0.8–1.4–1.6
4 0.7–1.4 1.3
5 0.1–0.7–1.2 0.7–0.9–1.2–1.4
6 0.1–0.5–0.7 0.7–0.9–1.2
7 0.2–0.3–0.6–0.9 ND
8 – ND
9 – ND
10 0.7–1.1–1.3–1.6–1.7 0.7–0.9–1.2
11 0.7 –

MIV 12 0.7 –

13 – 1.2
14 – 0.5
15 0.7 0.7–1.2
16 – –

17 – –

Tissue extracts, separated by SDS-PAGE in 10% gels, were transferred onto nitrocellulose
sheets and incubated with 1:50 serum dilution. Bound Abwere revealed by peroxidase-
labeled IgG anti-mouse IgG and ECL reagents (see Materials and methods).
(1) Relative Mobilities (RM) of the autoantigens were calculated as explained in Fig. 2A.
(2) RM values 0.6–0.8 correspond to the FAH protein.
ND: not done.
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same organ extract was used trough all the work. The apparent
molecular mass (kDa) of the detected bands was determined using a
wide range protein standard (BDH Laboratory Supplies Poole BH15
1TD, UK).

2.7. Histology

Livers from “MHV+CCl4”, “MHV alone” or “CCl4 alone”were cut
into blocks and fixed by immersion into 10% formalin in 0.1 M
phosphate buffer, pH 7.4. After fixation, the tissues were dehydrated in
graded alcohols, and then embedded in paraffin. 5 µm sections were
cut, stained with Harris' hematoxylin for 2 min and counterstained
with eosin for 2 min. The sections were then washed with distilled
water, dehydrated in graded alcohols and xylene, and mounted with
Canada Balsam.

3. Results

We have injected carbon tetrachloride (CCl4) at escalating
concentrations into 15 BALB/c mice to find the dose that caused a
sublethal liver necrosis. It was found that the administration of 0.16 µl
of CCl4 in 100 µl of mineral oil raised the serum levels of aspartate
amino transferase (AST) 50–100 times over control 24 h after the
injection [16], whereas the animals stayed alive for at least a month
(data not shown). Mice were bled 24 h and 20 days after the CCl4
administration, and the sera were assayed for total IgG by ELISA and
autoantibodies (autoAb) by Western-blot as described before [9].
Serum IgG did not differ from control values and CCl4 did not induce
autoAb to mouse liver or kidney extracts detectable by Western-blot
(data not shown).

After 30 days of MHV-infection, as reported previously [9], AST and
IgG levels in serum were normal, although autoAb to liver FAH were
still present inmost samples. Thus, to explore the effect of CCl4 inmice
virally infected, we injected CCl4 30 days after the viral inoculation.

One day after the CCl4 injection, IgG values, expressed as serum
dilution to give an OD value of 1.0, were slightly higher in the group
“MHV alone” (228,000±85,000) than in mice non infected and not
exposed to CCl4 (100,000±64,000) or in the group “MHV+CCl4”
(118,000±67,000) (Fig. 1A). By contrast, 20 days after the CCl4
injection, the sera from the group “MHV+CCl4” contained sig-
nificantly higher levels of IgG (400,000±128,000) than non-
infected and non-CCl4-exposed mice (100,000±72,000) or the
group “MHV alone” (170 000±78 000) (Fig. 1B). As already
mentioned, no increase in IgG concentration was observed after
24 h or 20 days of CCl4 treatment alone (Fig. 1A,B).

Western-blots revealed autoAb to liver and kidney extracts in the
group “MHV+CCl4”. The various bands of autoantigens were desig-
nated according to their relativemobility (RM)versus the IgGheavy and
light chains (valuesof1 and0, respectively) present in the tissueextracts
(Fig. 2A). Representative results from twomice are presented in Fig. 2B.
Table 1 presents the RM values for 11 mice “MHV+CCl4” and seven
“MHV alone”. Whereas sera from the “MHV+CCl4” group contained
autoAb to different liver and kidney antigens, the autoAb of the “MHV
alone” group recognized only liver or kidney FAH (Table 1).

In the three groups, “MHV+CCl4”, “MHV alone”, and “CCl4 alone”,
histology of the liver, 20 days after the CCl4 injection and 50 days after
MHV inoculation, showed the following damages: cell swelling,
necrosis, and hydropic and hepatocellular degeneration (Fig. 3).
However, neither infiltrating cells nor fibrosis were detected, and
close examination of several liver samples did not find significant
differences in the damage extent between the group “MHV+CCl4” and



Fig. 3. Representative micrographs of hematoxylin-eosin stained liver sections. Magnification: 10×. See the procedures in Materials and methods. (A) Control mice (no treatment).
C: central vein; P: portal area. (B) Mice from the group “CCl4 alone”. Centrilobular degeneration (1); mid-zonal degeneration (2); perilobular swelling (3); C: central vein; P: portal
area. (C) Mice from the group “MHV alone”. Necrosis (1); cellular swelling (2); hydropic degeneration (3); C: central vein. (D) Mice from the group “MHV + CCl4”. Necrosis (1);
cellular swelling (2); P: portal area.
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the two other groups, either “MHV alone” or “CCl4 alone” (Fig. 3).
Some MHV-infected mice died a few days after the CCl4 injection. It is
quite possible that the liver damages were more severe in those mice,
but histology was not obtained from these animals.

4. Discussion

We have reported that mice infected with MHV produced autoAb
to mouse liver and kidney FAH [9,13]. Competition assays indicated
that the autoAb detected both conformational and cryptic FAH
epitopes in ELISA but only cryptic determinants in Western-blot
assays, whereas anti-MHV Ab were directed to native epitopes of the
viral proteins [18].

The Danger model proposes that the immune system is more
concerned with damage thanwith foreignness, and is called into action
by alarm signals from injured tissues rather than by the recognition of
non-self [14]. Thus, it was suggested that structural features of autoAg,
their locations, and catabolism during cell death and their translocation
to cells that canpresent antigens to the immune systemcould contribute
to selection of the autoimmune repertoire [14,19]. Moreover, there is
evidence supporting the concept that the immune system has also
evolved mechanisms to sense primary and secondary cell death and
respond to it with innate and adaptive immune response [20].

MHV is known to be lymphotropic and to induce diverse
alterations of immune responses that depend on the mouse genetic
background [5,20,21]. Thus, amodel ofMHV-induced anti-FAH autoAb
was based on antigen mimicry – FAH N-terminal sequence is about
50% homologous with a MHV protein – together with the alarm
signals released by the MHV-injured liver. In fact, inoculation of
susceptible mice with enterotropic virus such as MHV-A59 causes
liver lesions as early as 40 h after infection. The injury during the acute
phase of hepatitis includes liver focal necrosis, cells undergoing
hyaline degeneration and polymorphonuclear leukocytes invasion
[22]. Liver regeneration may take place 10–14 days after infection,
ranging from complete curing to chronic damage with intermediate
stages [22]. On the other hand, CCl4 metabolization by cytochrome
P450 in the hepatocytes produces the highly reactive trichloromethyl
radical, which leads to lipid peroxidation and membrane damage, as
well as inflammatory response and secretion of cytokines that attract
and activate neutrophils [23]. Intriguingly, even if both liver injuries
produce violent cell death and thus the potential release of
endogenous adjuvants (damage-associated molecular patters, or
DAMPs) [20], CCl4 did not elicited an autoimmune process, and only
autoAb restricted to FAH were detected after MHV infection.

In this report we show that a hepatotoxic drug such as CCl4
inoculated when the MHV infection was resolved, is able to induce a
spreading of the autoimmune response elicited by the virus, leading to
increased levels of serum IgG (Fig.1) and the production of a variety of
autoAb directed to different liver and kidney proteins (Table 1).
Unexpectedly, no enhancement of tissue liver damage compared with
each treatment alonewas observed (Fig. 3). Thus, although the autoAg
recognized by mouse sera were not identified, the autoimmune
response shown in this work was somewhat comparable to that
described in the various animal models of autoimmune hepatitis
(AIH) reported in the literature [15,24–27].

In humans, AIH is characterized by the presence of interface
hepatitis and portal plasma cell infiltration, hypergammaglobuline-
mia, and autoAb. It has been proposed that this disorder results from a
complex interaction between triggering factors, autoantigens, genetic
predisposition, and immunoregulatory networks [28].

Although the liver is known to be a classical immunoprivileged
site, it was recently shown to be susceptible to nonspecific activation
of innate immunity through Toll-like receptor 3 signaling [29].
Moreover, it was demonstrated that regulatory CD4+CD25+ T cells
(Tregs) are defective numerically and functionally in AIH [30] and that
protection from autoimmune neuroinflammation induced by the
ectopic expression of myelin basic protein (MBP) in the liver was
mediated by MBP-specific Tregs [31].

Most animal models to simulate AIH are based on rather complex
ways of disease induction, such as xenoimmunization with human
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antigens [24,25], the use of adenovirus vectors [15,27] or transgenic
mice [26]. Here we show that a simple and commonphenomenon, i.e.,
a viral infection followed by a toxic liver injury, may induce certain
signs of AIH disease. Additionally, current data indicate that some
endogenous danger signals, or DAMPs, may be involved in the
production of autoAb to FAH induced by MHV infection [Duhalde
Vega et al., manuscript in preparation]. Besides, it has been reported
that uric acid could augment humoral immune responses [32] and
that various Toll-like receptors associated with the modulation of
Tregs may bind alarmins – such as heat shock proteins, high-mobility
group Box 1 proteins and chromatin-Ig complexes – liberated by
injured cells [33,34]. Thus, it is suggested that endogenous adjuvants
liberated by the virus and the hepatotoxic agent could join some Toll-
like receptors and inhibit Tregs so inducing some of the AIH signs
described in this work.
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