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Abstract
Background & Aims: The NOD.c3c4 mouse model develops autoimmune
biliary disease characterized by spontaneous granulomatous cholangitis,
antimitochondrial antibodies and liver failure. This model for primary biliary
cirrhosis (PBC) has evidence of biliary infection with mouse mammary
tumour virus (MMTV), suggesting that the virus may have a role in cholan-
gitis development and progression of liver disease in this mouse model. We
tested the hypothesis that MMTV infection is associated with cholangitis in
the NOD.c3c4 mouse model by investigating whether antiretroviral therapy
impacts on viral levels and liver disease. Methods: NOD.c3c4 mice were
treated with combination antiretroviral therapy. Response to treatment was
studied by measuring MMTV RNA in the liver, liver enzyme levels in serum
and liver histology using a modified Ishak score. Results: Combination ther-
apy with the reverse transcriptase inhibitors, tenofovir and emtricitabine,
resulted in a significant reduction in serum liver enzyme levels, attenuation
of cholangitis and decreased MMTV levels in the livers of NOD.c3c4 mice.
Furthermore, treatment with the retroviral protease inhibitors, lopinavir and
ritonavir, in addition to the reverse transcriptase inhibitors, resulted in fur-
ther decrease in MMTV levels and attenuation of liver disease in this
model. Conclusions: The attenuation of cholangitis with regimens contain-
ing the reverse transcriptase inhibitors, tenofovir and emtricitabine, and the
protease inhibitors, lopinavir and ritonavir, suggests that retroviral infection
may play a role in the development of cholangitis in this model.

Primary biliary cirrhosis (PBC) is a cholestatic liver dis-
ease characterized by the production of antimitochond-
rial antibodies (AMA) reactive to pyruvate
dehydrogenase complex (PDC)-E2 (1). The investiga-
tion of PBC development as well as novel therapies have
been considerably enhanced by the characterization of
autoimmune biliary disease in mouse models that
develop cholangitis and AMA (1–6). Although these

models exhibit features that are incongruous with the
human disease, sufficient similarities exist to enable
investigation of the complexity of genetic, environmen-
tal and immune influences that may contribute to the
pathobiology of PBC (1). For example, susceptible mice
develop periportal inflammation and AMA production
following administration of bacteria or xenobiotics (7,
8). Furthermore, several mouse models spontaneously

Liver International (2015)
© 2014 The Authors. Liver International Published by John Wiley & Sons Ltd.1442

Liver International ISSN 1478-3223



develop AMA and hepatic inflammation, such as the
NOD.c3c4 generated from the NOD mouse (2, 3), the T
cell TGF-b receptor II dominant-negative (dnTGFbRII)
mouse (4) and the interleukin 2 receptor a deficient
(IL-2Ra�/�) mouse (6). One common feature of these
models is that each has markedly dysfunctional innate
and adaptive immunity (1).

Our laboratory has characterized a human betaretro-
virus in patients with PBC, and linked viral infection
with the aberrant expression of a PDC-E2-like protein
in PBC patient samples and in vitro (9–11). The associa-
tion of PBC with betaretrovirus infection has been diffi-
cult to establish since both our laboratory and others
have found it difficult to verify viral infection within the
liver (12–14). However, more recent studies have identi-
fied evidence of viral integration in biliary epithelium of
patients with PBC using linker mediated PCR and next
generation sequencing technology (15). The human
betaretrovirus shares approximately 95% nucleotide
homology with the mouse mammary tumour virus
(MMTV), which is endemic in several mouse strains
(16). Therefore, we sought evidence for MMTV infec-
tion in AMA-producing mice with immune dysfunction
to test whether MMTV expression might be correlated
with the development of autoimmune biliary disease in
vivo (16). We found that the dnTGFbRII, IL-2Ra�/�

and NOD.c3c4 mice had evidence of MMTV RNA
expression, and MMTV proteins were found in the same
tissue distribution as aberrant PDC-E2-like protein
expression (16). Further investigations in the NOD.c3c4
mouse showed a significant correlation with the produc-
tion of AMA and anti-MMTV antibodies (16). Interest-
ingly, the NOD.c3c4 mouse displayed MMTV proteins
in the diseased biliary epithelium (16). Therefore,
NOD.c3c4 mice were used in the present study to test
whether that MMTV infection may be a factor associ-
ated with the development of intrahepatic cholangitis.

Previous studies have shown that MMTV reverse
transcriptase enzyme was sensitive to zidovudine and
tenofovir and the MMTV aspartyl protease could be inhib-
ited by lopinavir in vitro (17–19). Therefore, in the present
study we tested whether the treatment of NOD.c3c4
mice with several combinations of reverse transcriptase
inhibitors with or without protease inhibitors may have an
impact on liver disease development as assessed by
intrahepatic cholangitis and serum liver enzyme levels.

Materials and methods

Animal models

NOD.c3c4 and NOD.GFP mice were purchased from
Taconic Farms (Hudson, NY, USA). Mice were housed
under conventional conditions, fed ad libitum with stan-
dard mouse chow, and provided with free access to
drinking water. Five to eight week old female NOD.c3c4
mice were housed in groups of five per cage and treated
with antiretroviral therapy or placebo using previously

established dosages (17). Combination zidovudine with
lamivudine in tablet form and placebo were obtained
from GlaxoSmithKline (Triangle Park, NC, USA). Other
antiretroviral medications were obtained in either tablet
or liquid form from the University of Alberta pharmacy.
Medications were added to the drinking water to
achieve a daily dose of 1.5 mg lamivudine and 3 mg
zidovudine, which was found to be effective in inhibit-
ing MMTV in mice (17). The other medications were
supplied at similar amounts to zidovudine/lamivudine
providing a daily dose of 1.5 mg tenofovir and 1 mg
emtricitabine for combination reverse transcriptase
inhibitors as well as 4 mg lopinavir and 1 mg ritonavir
for protease inhibitors shown to be effective in vitro
(19). Groups of 10–25 mice were treated with either (i)
placebo; (ii) zidovudine/lamivudine (CombivirTM); (iii)
tenofovir/emtricitabine (TruvadaTM); (iv) lopinavir/ri-
tonavir (KaletraTM); (v) Combivir and Kaletra or (vi)
Truvada and Kaletra. The consumption of drinking
water containing either placebo or medication was regu-
larly assessed to ensure that equal amounts of medication
were being ingested per cage housing 5 mice. As the
NOD.c3c4 model is variably penetrant, a large sample size
of 20–25 per treatment was chosen for placebo, Combivir
and the combination antiretroviral regimen Combivir
and Kaletra. Subsequently, smaller sample sizes (n = 10)
were used to demonstrate significant histological and
biochemical responses with Truvada-based regimens.

Tail vein blood samples were obtained at baseline,
1 month before and at 3 months at the end of therapy
to measure alkaline phosphatase (Biotron Diagnostics
Inc., Hemet, CA, USA) and alanine aminotransferase
(ALT, Biovision, Inc., San Francisco, CA, USA) levels, as
per manufacturer’s protocol. At sacrifice, liver tissues
were also paraffin embedded and stained with haemat-
oxylin and eosin or anti-MMTV p27 antibody, as previ-
ously described (16). Two pathologists assessed coded
liver samples without prior knowledge of treatment,
using a modified Ishak score to grade the severity of
necroinflammatory activity and cholangitis, as previ-
ously described (20, 21). The histological endpoints
were (i) Cholangitis score, which was graded by bile
duct inflammation, granulomatous cholangitis and
ductular reaction; (ii) Necroinflammatory score, which
included total score of the portal inflammation, inter-
face hepatitis, parenchymal inflammation and (iii) total
Ishak score derived by the combined necroinflammatory
and cholangitis scores. Ductopaenia was assessed by
dividing the total number of bile ducts by the number
of portal triads, as previously described (20, 21). The
University of Alberta Health Sciences Animal Care and
Use Committee approved this investigation.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

At sacrifice, MMTV envelope RNA and actin RNA
expression were quantified in total hepatic RNA using
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qRT-PCR, as previously described (16). Briefly cDNA
was prepared from total liver RNA and expression of
the spliced MMTV envelope gene was quantified using
the following primers and TAMRA TaqMan probe: env
F: 50CGGAACGGACTCACCATAGG-30; env R: 50-GGA
CCCAGATTGGTGATTCG-30 and env Probe 50-AGCT
GCAGTCCCGCCTACGGAGA-30. Gene expression of
b-actin was also quantified using the following primers
and TAMRA TaqMan probe as an endogenous control
reference: b-actin F: 50CGGTTCCGATGCCCTGA-30;
b-actin R: 50-CGGATGTCAACGTCACACTTCA-30;
b-actin P: 50CAGCCTTCCTTCTTGGGTATGGAATC
C-30. The thermal cycling conditions for PCR were as
follows: 2 min at 50°C, 10 min at 95°C followed by 40
cycles of 15 s at 95°C, 1 min at 60°C. ΔCT was calculated
by subtracting endogenous actin control CT from target
CT and MMTV envelope gene expression was reported as
expression levels using the formula of 2�ΔCt (16).

Sequence analysis of the MMTV pol gene

Hepatic cDNA samples from four mice receiving placebo
and four mice treated with zidovudine/lamivudine were
cloned to assess the variability in the MMTV pol gene in
response to therapy. Nested RT-PCR was performed
using the following primers: Pol-Out-F 50A
CGATATGGGAGCATTACAACCC-30 and Pol-Out-R
50-CGACAATGGATCTTGATGGGTG-30 for the first
amplification and Pol-In-F 50-GTGTGCCCTCCCCTA
ATTTTAAG-30 and Pol-In-R 50ATCTTGATGGGTGTG
CCAAAAG-30 for the second. The cycling conditions for
both reactions were set at 94°C for 2 min, followed by
36 cycles at 94°C for 30 s, 50°C for 30 s and 68°C for
1 min. PCR products were cloned into a pTopo 2.1 PCR
cloning vector (Invitrogen, Burlington, ON, Canada)
and 10 sequences were obtained for each amplicon using
standard bidirectional capillary sequencing.

Statistical analysis

Changes in histology, MMTV envelope RNA levels and
reduction in serum liver enzyme levels from baseline
were assessed for all treatments using a non-parametric
one way ANOVA (Kruskal–Wallis). The Dunn’s multiple
comparison test was subsequently used to assess the dif-
ference between individual treatments and placebo.
MMTV RNA levels were compared to total histological
score using Spearman’s q correlation. Significance was
determined using two sided P values of less than 0.05
and these analyses were calculated using GraphPad
Prism 6.0 software. The interobserver reproducibility
for the histological scoring was assessed by kappa statis-
tics using Scientific Package for Social Sciences software
(SPSS 12.0, Chicago, IL, USA), as described (22). The
kappa coefficients were compared for statistical signifi-
cance using the Wilcoxon signed-rank test and the level
of agreement for kappa values were ranked as follows:
0.0–0.2, slight; 0.21–0.4, fair; 0.41–0.6, moderate; 0.61–
0.8, substantial; 0.81–1.0, almost perfect (22).

Results

Natural history of cholangitis development in the
NOD.c3c4 model

Prior studies have reported that NOD.c3c4 mice
develop progressive cholangitis and biliary cysts with
increasing age that leads to liver failure in 50% of
females within a year. However, the occurrence of liver
disease was previously assessed by the detection of extra-
hepatic biliary dilatation and the penetrance of disease
was variable (2, 3). Since we were interested in deter-
mining whether antiretroviral therapy may attenuate
cholangitis development in this mouse model, we
assessed the serum alkaline phosphatase levels during

(A) (B)

Fig. 1. Serum alkaline phosphatase levels in NOD.c3c4 receiving no antiretroviral therapy. (A) Serial measurement of serum alkaline phos-
phatase in the NOD.c3c4 mice showing variance in individual levels as well as a reduction mean levels as mice aged, mainly from 8 to
12 weeks (P < 0.0001, 1 way ANOVA). (B) Reduction in serum alkaline phosphatase levels from baseline levels between 8 and 12 weeks,
showing diminished reduction in NOD.c3c4 vs. NOD.GFP (Data shown as means ± SEM, ***P < 0.001, t-test).
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the 12 weeks of the study in the placebo arm without
any intervention. We observed that the alkaline phos-
phatase levels fell without any intervention, mainly
between weeks 8–12 (Fig. 1A) and therefore investigated
whether a similar reduction was observed in the parental
derived strain, NOD.GFP mice (Fig. 1B). A reduction in
alkaline phosphatase levels was observed in both the
NOD.c3c4 and the NOD strains suggesting that the
decrease was related to puberty (23). Owing to the vari-
ability in levels prior to intervention, we chose to study
the overall reduction in alkaline phosphatase from base-
line.

We also assessed the natural history of histological
change without antiviral therapy (Fig. 2A and B). Of
note, the inter-observer reproducibility between the two

pathologists was substantial for the necroinflammation
score (kappa = 0.712, P < 0.001) and the cholangitis
score (kappa = 0.742, P < 0.001) (22). We observed a
gradual increase in necroinflammatory score; by 20
weeks, 17 of 20 (85%) mice on placebo developed hepa-
tic inflammation and 14 of 20 (70%) cholangitis
(Fig. 2B). These data are consistent with previous stud-
ies that report that 44% of NOD.c3c4 mice develop lym-
phocytic infiltrate within the liver at 8 weeks and 90%
of mice have histological disease over age 30 weeks (3).
Taken together, these data suggest that bile duct damage
is an early event in NOD.c3c4 mice, and inflammatory
disease progresses with age. However, disease pene-
trance is variable in this model, mandating a large sam-
ple size for study.

(A)

(D)

(B) (C)

Fig. 2. Histological features in NOD.c3c4 mice receiving no antiretroviral therapy. (A–C) Representative histological of images demonstrating
total Ishak scores of (A) 0, (B) 3, and (C) 5 (Haematoxylin and Eosin, upper panel -1009magnification, lower panel - 3009 magnification).
(D) NOD.c3c4 mice have a variable penetrance of cholangitis and necroinflammation. As the mice age, a trend was observed for an
increased variability in all histological scores as well as a gradual increase of necroinflammatory and total Ishak score in the older mice (Data
shown as means ± SEM).
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Histological and biochemical response to antiretroviral
therapy

Since MMTV reverse transcriptase enzyme is sensitive
to zidovudine and tenofovir and the MMTV aspartyl
protease can be inhibited by lopinavir (17–19), we
tested the effect of commercially available combina-
tions of reverse transcriptase inhibitors including em-
tricitabine and tenofovir (TruvadaTM; Gilead, Foster
City, CA, USA) as well as lamivudine and zidovudine
(CombivirTM; GlaxoSmithKline, Triangle Park, NC,
USA) on disease development in NOD.c3c4 mice. To
evaluate the effect of combination antiretroviral ther-
apy, the protease inhibitors lopinavir and ritonavir
(KaletraTM; AbbVie, North Chicago, IL, USA) were also
used where the ritonavir acts to potentiate the activity
of lopinavir (19). Following 3 months of intervention,
marked differences were observed in necroinflammato-
ry disease, in cholangitis and in total Ishak score in
mice treated with antiretroviral therapy vs. placebo
(Fig. 3). Of note, antiretroviral regimens with Truvada
had no evidence of cholangitis at the end of treatment

(Fig. 3). Furthermore, the inclusion of Kaletra with
either combination of reverse transcriptase inhibitors
was associated with incremental improvement in his-
tological scores. Intervention with all antiretroviral
regimens was associated with a significant reduction in
mean alkaline phosphatase levels from baseline after 4
and 12 weeks treatment (P < 0.005 and P < 0.0001,
respectively, one way ANOVA, Fig. 4A). However, when
individual combinations were compared with placebo,
only the combination of Truvada with Kaletra showed
a significant difference after 1 month and both Truva-
da regimens with and without Kaletra showed signifi-
cant reductions in mean alkaline phosphatase levels of
more than 40 IU/L after 3 months therapy (P < 0.01
vs. placebo, Fig. 4A). To further verify that Truvada
and Kaletra therapy attenuated liver disease in the
NOD.c3c4 mice, we determined the serum ALT levels,
which were significantly reduced with this combina-
tion therapy compared to placebo (Fig. 4B). Taken
together, the biochemical and histological data suggest
that regimens including Truvada had a significant
impact on liver disease.

Fig. 3. Histological improvement in the liver following 12 weeks of antiretroviral therapy. NOD.c3c4 mice treated with antiretroviral therapy
showed significant reduction in necroinflammation (P < 0.001), cholangitis (P = 0.0001) and total Ishak Score (P < 0.0005, one way ANOVA).
Combinations that included Truvada with or without Kaletra had no evidence of cholangitis and combination regimens incorporating Kaletra
demonstrated improved necroinflammation, cholangitis and total Ishak score [Combivir (zidovudine and lamivudine), Truvada (tenofovir and
emtricitabine), Kaletra (lopinavir and ritonavir); data shown as means ± SEM, *P < 0.05, **P < 0.01 and ***P < 0.001 vs. placebo using
Dunn’s multiple comparison test].
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Virological response to therapy

Since the combination antiretroviral therapy was found to
decrease histological scores, we tested whether the
antiretroviral therapy also reduced hepatic MMTV viral
load through qRT-PCR (16). At the end of the study, anti-
retroviral therapy was found to significantly reduce hepa-
tic MMTV RNA levels in the NOD.c3c4 mice (Fig. 5A).
Furthermore, treatment with Truvada led to a significant
reduction in hepatic MMTV RNA compared to placebo
(Fig. 5A, P < 0.01), whereas, regimens based on Combivir
showed no significant differences in viral burden vs. pla-
cebo. As MMTV Gag expression was previously observed
in biliary epithelial cells, we tested whether this expression
was affected in mice receiving combination antiretroviral
therapy (Fig. 5B). While Gag reactivity was readily
observed in biliary epithelium of mice on placebo, mice
receiving combination antiretroviral therapy were found
to have reduced Gag expression in biliary epithelial cells.

Since hepatic MMTV viral load was observed to be
high in a proportion of mice following Combivir treat-
ment (Fig. 5A), we sought to determine whether mice in
this group had escaped the effects of antiviral therapy and
developed mutations within the MMTV reverse trans-
criptase gene. MMTV pol gene sequences were cloned
from the liver of mice treated with Combivir and of the
placebo group with levels of hepatic MMTV RNA greater
than the mean value. Ten sequences per mouse were

obtained and two common variants were observed in
sequences derived from both groups (Fig. 6). Addition-
ally, five variant pol gene sequences were observed in mice
treated with Combivir therapy: W150R, R176G, Y183H,
M188V and L192P (Fig. 6). Interestingly, M188V mutant
is comparable to the M204V mutation previously
observed in HBV pol gene following lamivudine therapy
and the M184V mutation previously observed in HIV
reverse transcriptase gene with zidovudine/lamivudine
therapy (24). These results suggest that the reduced inhib-
itory activity of Combivir on MMTV replication might
have been caused by the mutations in reverse transcrip-
tase gene that have developed in this group.

Discussion

Several infectious agents have been proposed as poten-
tial triggers for the development of cholangitis in mouse
models (1) and of these, bacteria (7) and MMTV (16)
have been linked with autoimmune biliary disease. Since
MMTV replication was previously shown to be sensitive
to several reverse transcriptase and protease inhibitors
(17–19), we tested the effect of combination antiretrovi-
ral therapy on MMTV levels and development of cho-
langitis in NOD.c3c4 mice. Results from this study show
that NOD.c3c4 mice treated with Truvada and Kaletra
had significant reduction in intrahepatic cholangitis and
necroinflammation, as well as in hepatic MMTV levels.

(A) (B)

Fig. 4. Antiretroviral regimens associated with reduction in serum liver enzyme levels from baseline. (A) After 4 weeks of treatment, only
mice receiving Truvada and Kaletra experienced a significant mean reduction in alkaline phosphatase levels as compared to placebo,
whereas by the end of 12 weeks therapy mice treated with regimens containing Truvada with or without Kaletra experienced significant
reduction. (B) A significant reduction in serum alanine transaminase levels was observed in mice receiving Truvada and Kaletra but not Com-
bivir and Kaletra [Combivir (zidovudine and lamivudine), Truvada (tenofovir and emtricitabine), Kaletra (lopinavir and ritonavir); data shown
as means ± SEM; *P < 0.01 vs. placebo by Dunn’s multiple comparison test].
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We chose to investigate intrahepatic cholangitis in
the NOD.c3c4 mouse, since this model was previously
shown to develop cholangitis progressing to liver failure
(2, 3), whereas other models with immune dysfunction,
such as the dnTGFbRII and IL-2Ra�/�, die of extrahe-
patic diseases, such as inflammatory bowel disease and
diffuse inflammation in other organs (25). Additionally,
the NOD.c3c4 mouse model had evidence of MMTV
infection in bile ducts associated with increased expres-
sion of a PDC-E2-like protein (16). While we previously
have demonstrated intrahepatic replicative intermedi-
ates of MMTV as well as humoral immune responses to
MMTV in NOD.c3c4 mice (16), the source of infection
has yet to be resolved. This could either occur as a result
of an endogenous virus encoded within the genome, an
exogenous virus passaged through breast-feeding to
weanling pups, or both.

In agreement with previous studies (2, 3), penetrance
of disease was found to be variable in this study and int-
rahepatic inflammation was observed in 85% of mice
receiving placebo. Notably, we observed cystic dilatation
of intrahepatic and extrahepatic bile ducts in all mice

sacrificed at 20 weeks, irrespective of inflammation and
response to therapy (data not shown). Furthermore, we
observed relatively low inflammatory scores, probably
because young mice were used for this study and the
development of inflammatory disease increases with
age. Since the disease was not completely penetrant,
large numbers of mice were required to provide signifi-
cant results. For example, a wide range of baseline alka-
line phosphatase levels was seen prior to treatment that
necessitated assessment of the reduction from baseline
to correct the variability. Furthermore, we found that
nearly all 8-week old mice had higher alkaline phospha-
tase levels that diminished with age but this observation
was observed in the parental NOD strain without liver
disease, suggesting that the higher alkaline phosphatase
levels in 8 week old mice and younger mice may be
related to puberty (23).

In the present study, combinations with Truvada had
the optimal effect of abrogating cholangitis and lower-
ing alkaline phosphatase, as well as in reducing hepatic
MMTV levels. Furthermore, addition of combination
protease inhibitors improved histology and biochemistry

Fig. 5. Antiretroviral therapy associated with reduced hepatic MMTV RNA and biliary epithelial cell-associated MMTV Gag expression. (A)
Antiretroviral therapy modulated MMTV RNA levels in the NOD.c3c4 liver after 12 weeks therapy (P < 0.0005, 1 way ANOVA). A significant
reduction in mean hepatic MMTV RNA levels was seen with Truvada alone, whereas a trend for decreased viral load was observed with regi-
mens containing Kaletra [Combivir (zidovudine and lamivudine), Truvada (tenofovir and emtricitabine), Kaletra (lopinavir and ritonavir); data
shown as means ± SEM, *P < 0.01 vs. placebo by Dunn’s multiple comparison test]. (B) Mice receiving placebo showed MMTV p27 Gag
protein reactivity in biliary epithelial cells. This reactivity was attenuated in mice treated with Combivir and Kaletra. [Haematoxylin, 2009
magnification with 4009 in insets showing staining in biliary epithelial cells].
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in all regimens. Interestingly, the combination of the Tru-
vada and Kaletra therapy was reported in a newly diag-
nosed PBC patient with HIV and human betaretrovirus
co-infection, who experienced a marked reduction in
alkaline phosphatase from 700 IU/L with over a six-
month period. Furthermore, alkaline phosphatase levels
were then completely normalized after the institution of
ursodeoxycholic acid therapy (26). Also, preliminary
results from a randomized control trial of combination
Truvada and Kaletra therapy for patients with PBC have
reported significant improvement in reduction in alkaline
phosphatase, with demonstrable incremental improve-
ment as compared to a prior study using Combivir alone
(27).

In contrast with Truvada therapy, we found Combi-
vir therapy was not associated with detectable biochemi-
cal or virological response in NOD.c3c4 mice.
Furthermore, Truvada and Kaletra had superior bio-
chemical impact vs. Combivir and Kaletra, whereas both
regimens had differential effects on histology; however,
the studies were not powered to assess absolute differ-
ences between treatments. Previous head to head studies
of Truvada vs. Combivir in patients with HIV infection
have demonstrated the superiority of Truvada with
regard to HIV suppression, lack of resistance to therapy
and increased CD4 count (28).

Combivir therapy has been used in prior clinical
studies to assess the effect of antiviral therapy on PBC
progression; however, results from these studies were
not promising (21, 26, 29, 30). In a randomized con-
trolled trial for 6 months using Combivir vs. placebo,
no significant differences in endpoints were reached
(29). However, we have gained valuable insight into the
use of antiviral therapy, as significant improvements in
alkaline phosphatase, cholangitis and ductopaenia were
observed with Combivir treatment (21, 27, 29). Unfor-
tunately, some patients demonstrated circumstantial
evidence of resistance to Combivir therapy with bio-
chemical rebound (30).

Similar findings were observed in this study, where
preliminary evidence suggests that MMTV might have

developed resistance to Combivir. Two of four mice
treated with Combivir had unique variants of MMTV
pol gene. Of particular interest, the M188V MMTV
polymerase variant was detected, which is a recognized
‘YMDD’ mutant found in a similar position to the
M204V mutation observed with hepatitis B virus reverse
transcriptase protein associated with Lamivudine resis-
tance and the M184V mutation seen in HIV reverse
transcriptase associated with resistance to Combivir
therapy (24). Further studies are required to determine
whether MMTV encoding these specific reverse tran-
scription variants are resistant to antiretroviral therapy.

In the current study, we limited our analysis to clini-
cal parameters such as liver biochemistry and histology
rather than the immune function, to test whether there
was a relationship with MMTV and clinical parameters
of cholangitis. Further analysis of humoral and cellular
immune responses will be necessary to determine the
effects of MMTV on the development of loss of toler-
ance to mitochondrial proteins. As AMA production
occurs in less than 25% of mice by 20 weeks but
increases with age (2, 16), a larger sample size and a
longer duration of treatment will be required to test
whether antiretroviral therapy impacts on AMA pro-
duction. Furthermore, another feature of autoimmune
phenomena that requires investigation is that autoim-
mune biliary disease can be transferred by splenocytes
from a syngeneic NOD.c3c4 mouse into an irradiated
mice (25). Accordingly, further studies are required to
investigate (i) whether MMTV may be passaged into
syngeneic irradiated mice during transfer of NOD.c3c4
splenocytes and (ii) whether inhibition of MMTV repli-
cation would prevent the development of autoimmune
biliary disease in irradiated NOD.c3c4 recipients follow-
ing transfer.

In summary, we report that combination retroviral
therapies that attenuate MMTV replication significantly
impacted the development of intrahepatic cholangitis in
the NOD.c3c4 mice. However, further studies are
required to determine whether MMTV directly triggers
cholangitis in these mice.

Fig. 6. Variations in MMTV pol gene were observed after 12 weeks Combivir (zidovudine and lamivudine) therapy. Alignment of amino acid
sequence 136–198 of MMTV Pol P03365.2 using ClustalW alignment (MacVector 11.1 software) showing the amino acid variations W150R,
R176G, Y183H, M188V and L192P in five clones derived from two mice treated with Combivir (zidovudine and lamivudine) that were not
observed in control mice on placebo. Variants G160S and D181N were observed in mice receiving placebo and antiretroviral therapy.
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