
INTRODUCTION

Signalling through CD40 and CD154 (now re-named Tnfsf5) is
required for mice to clear a Cryptosporidium parvum (CP) infec-
tion from the gut [1]. Mice with disruptions of CD40 or Tnfsf5
become chronically infected with CP, and the parasites spread to
the bile ducts and gall bladder to cause cholangitis [2]. The con-
sequent sclerosis is severe enough to cause jaundice in up to one
third of mice on the C57BL/6 background. This mouse model is
important because it reproduces the course of CP infection that
is seen in boys with mutations of their Tnfsf5 (also known as
CD40 ligand and CD154) who have X-linked immunodeficiency
with hyperIgM. In about a third of these patients, a chronic bile
duct inflammation progresses to sclerosing cholangitis that is
severe enough to necessitate liver transplantation [3]. The mecha-
nisms of bile duct injury in these instances are unknown, but they
are clearly important if therapeutic interventions are to be devel-
oped. TNF is known to be made in animal models of sclerosing
cholangitis [4,5], with both inflammatory cells [6] and the bile duct
cells participating in the production [7]. Inflammatory responses
to CP in explants of human intestine are also associated with the
production of TNF [8]. To determine whether TNF might con-
tribute to bile duct sclerosis in chronic CP infection, we first estab-
lished that mRNA transcripts for TNF and TNF receptors were

present in infected bile duct, and then showed that TNFa was
detectable by immunostaining. We then bred B6 mice for disrup-
tion of both TNF receptors and CD40 or CD154 to determine
whether Tnfrsf1 signalling was required for bile duct sclerosis to
develop in CP-infected mice.

MATERIALS AND METHODS

Mice
Animal conditions and experimentation were approved by 
the University of Colorado Institutional Animal Care and Use 
Committee. C57BL/6 Tnfrsf1a, Tnfrsf1b and double knockout
mice were provided by Dr Pippa Marrack (National Jewish
Center, Denver) and bred in micro-isolator cages, provided with
sterile food, water and bedding as before [1,2]. CD40 and Tnfsf5
knockout mice were originally obtained from Drs Kikutani and
Flavell, respectively. They were infected with ‘GCH1’ CP oocysts
(McKesson Bioservices, Rockville, MD, USA; NIAID AIDS
Research and Reference Reagent Program of the NIAID, NIH)
as previously described [1]. Animals were euthanized by CO2

inhalation when (a) they lost 15% of body weight or (b) were 6–13
weeks after infection. The liver, gall bladder and bile ducts were
dissected using a microscope. Tissues for RNA extraction were
frozen on liquid N2.

Histology
Tissues for conventional histology were fixed in 4% formalin and
wax-embedded. Sections were stained with H & E and examined
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on a Leitz microscope. Images were captured with a Spot camera
(Model 1.3.0, Diagnostic Instruments, Sterling Heights, MI, USA)
and processed with Adobe PhotoShop 6 (San Jose, CA, USA)
software. Samples for frozen section were frozen in Tissue-Tek
O.C.T. compound (Sakura-Finetek, Torrance, CA, USA) and 
sectioned in a cryostat for immunofluorescence. TNFa was
stained with FITC-conjugated antibody (Pharmingen, San Jose;
rat IgG1 isotype control). Tissues obtained at necropsy for routine
histology were paraffin-embedded for sectioning and H & E 
staining.

CP ELISA
Mouse faeces were collected weekly and stored at –20°C until
infection status was determined by faecal CP antigen using a 
commercial CP antigen ELISA kit (LMD, Alexon, Ramsay, MN,
USA). Faeces were resuspended in the homogenization buffer
overnight, at 4°C, before testing according to the manufacturer’s
instructions. Positive and negative controls were included with
each ELISA run as previously described [1].

RNA extraction
Tissues were homogenized in 750 ml Trizol (GI B C O BRL, 
Invitrogen, Carlsbad, CA, USA), the homogenate extracted in
chloroform twice and then precipitated by isopropanol. The RNA
was quantified by spectrophotometry and cleaned on an RNeasy
mini spin column (Qiagen, Valencia, CA, USA).

cDNA synthesis and microarray analysis
The methods, including first strand synthesis using Superscript II
RNase H– reverse transcriptase and synthesis of a second strand
with DNA polymerase I, are described elsewhere [9]. cDNAs
were in vitro transcribed (IVT) to yield biotin-labelled cRNA
using the BioArray HighYield Transcript Labelling kit (ENZO
Diagnostics, Inc, Farmingdale, NY, USA) according to the manu-
facturer’s instructions. The cRNAs were cleaned on RNEasy 
mini columns. cRNA was fragmented at 94°C and applied to 
the Affymetrix Mu11KsubA array. Following hybridization, the
arrays were stained with PE-streptavidin (Vector Laboratories,
Burlingame, CA, USA) and biotinylated anti-streptavidin anti-
body, and scanned using an HP GeneArray Scanner (Hewlett
Packard, San Jose, CA, USA). Comparisons between an unin-
fected animal and animals infected by CP were by MicroArray
Suite 4·0 software (Affymetrix, Santa Clara, CA, USA).

RESULTS

Tnfrsf1 and TNF expression
Bile ducts from Tnfsf5–/– knockout C57BL/6 mice, one control
and one after 9 weeks of CP infection, were dissected free and
processed for oligoarray analysis. The principal identifiable dif-
ferences were in immune-related transcripts, particularly T- and
B-cell receptors. Included amongst the increased transcripts in the
CP-infected animal were mRNAs for Tnfrsf1a, Tnfrsf1b, TNFa
and TNFb (Table 1). To determine whether the presence of tran-
scripts was associated with protein production, we stained frozen
sections of biliary epithelium with TNFa and isotype control anti-
body conjugates. The positive staining (Fig. 1) suggested that
TNFa was produced, at least in areas of inflammation. No stain-
ing was seen in the negative control (not shown). To determine
whether signalling through TNF receptors might contribute to

bile duct sclerosis, we bred mice with disruptions in their Tnfrsf1a,
Tnfrsf1b and Tnfsf5 genes.

CP infection in Tnfrsf1a, Tnfrsf1b and Tnfsf5 knockout mice
The Tnfrsf1a, Tnfrsf1b and Tnfrsf1a & 1b double knockout
C57BL/6 mice, whose genes for CD40 and Tnfsf5 were intact,
cleared a CP infection within 8 weeks (Table 2). All mice with
deletions in either CD40 or Tnfsf5 remained infected through 12
weeks. Two each in the CD40 or Tnfsf5 single knockout groups
of eight became visibly jaundiced. The remaining six in these
groups appeared well.

The histology of the liver, bile ducts and gall bladder shown
in Fig. 2 is selected from CD40 and Tnfsf5 knockouts, with and
without disruptions of the TNF receptors. As before [2], we found
that proliferation of biliary epithelium, fibrosis and sclerosis were
present around bile ducts and gall bladders of CD40 and Tnfsf5
knockout mice (Fig. 2a,b,c). No differences were seen between
the bile ducts and gall bladders of uninfected and CP-infected
C57BL/6 mice, whether wild-type or with disruptions of Tnfrsf1a,
Tnfrsf1b or both (not shown). The bile ducts and gall bladder of
the Tnfsf5 mice with disruption of either Tnfrsf1a or Tnfrsf1b
showed the proliferative and sclerotic changes of the CD40 or
Tnfsf5 single knockout controls (Fig. 2d,e,f), and CP forms were
readily seen at the epithelial border. These mice still had positive
CP ELISA results when they were euthanized after 12 weeks of
infection.

Table 1. Relative expression of TNF-related mRNAs in bile ducts of an
uninfected and a Cryptosporidium parvum-infected Tnfsf5–/–mouse*

Chip intensity values

mRNA species Accession no. Uninfected Infected Fold increase

Tnfrsf1a M59378 921 5299 5·8
Tnfrsf1b M59377 621 483 0·7
TNFa X02611 1 232 26
TNFb M17015 93 391 4·2

*Data are intensity values from Affymetrix Microarray Suite 4·0 using
Mu11Ka chip.

Fig. 1. Section of gall bladder of a Tnfsf5–/– mouse infected with 
Cryptosporidium parvum under (a) phase contrast and (b) incident u.v.
and green fluorescence filters (both ¥100). The arrow marks the serosal
surface of the gall bladder, which is thickened as a result of inflammation.
Positive staining for TNFa in (b) is localized principally to the submucosa.
No green fluorescence was seen in the same tissue stained with an isotype
control or uninfected tissue stained for TNFa (not shown).
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Triple knockout mice with disruption of Tnfrsf1a & 1b, plus
either Tnfsf5 or CD40, also remained infected throughout the 12
weeks of follow up. After euthanasia, all had CP forms associated
with biliary epithelial cells, but there was little, if any, fibrosis or
sclerosis associated with the infection (Fig. 2g,h,i).

DISCUSSION

Biliary epithelial cells both make and respond to a large number
of cytokines including IL1, TGF-b, IL6 and TNF [10,11]. Injury
to biliary epithelial cells from obstructed bile flow or from infec-
tion is associated with proliferation and, subsequently, with fibro-
sis, leading to a sclerosing cholangitis and the appearance of large
cystic structures. A role for TNF in the process that leads to scle-
rosing cholangitis has been proposed on the grounds of local pro-
duction but has not previously been tested with knockout mice.
We selected mice with disrupted CD40 or Tnfsf5 genes for study
because we had previously shown that these animals are unable
to clear a CP infection. After 3 or more months of infection, the
animals typically develop a sclerosing cholangitis. When deletion
for either Tnfrsf1a or Tnfrsf1b was added to a CD40 or Tnfsf5
deletion, the mice continued to develop inflammatory and scle-
rotic bile duct changes typical of their CP-infected CD40/Tnfsf5
deleted parents.

Triple knockout Tnfrsf1a–/–Tnfrsf1b–/–CD40–/– and
Tnfrsf1a–/–Tnfrsf1b–/–Tnfsf5–/– mice also remained chronically
infected by CP. However, at least in the 12 weeks that follow a CP
infection, these mice were significantly spared from sclerosis of
both their bile ducts and the epithelium of their gall bladders. The
difference did not appear to be due to a lesser infection of the

Tnfrsf knockouts, as CP forms were identified on the epithelium
of these and the wild-type mice. The ability of either Tnf recep-
tor to mediate the inflammation that leads to sclerosis is of inter-
est because TNF inflammatory responses are sometimes mediated
through Tnfrsf1a alone, while the Tnfrsf1b receptor is restricted
to endothelial and marrow-derived cells. Disruption of either of
these receptors is sufficient to interfere with activation and pro-
liferation in cultured macrophages [12], while the prevention of
biliary sclerosis in our study required the disruption of both recep-
tors. Similarly, disruption of Tnfrsf1a alone was insufficient to
prevent NF-kappaB activation in cultured hepatocytes [13].

The sclerosing cholangitis that occurs in boys with muta-
tions in their Tnfsf5 gene is important because it may result in
liver failure and require transplant treatment. Cryptosporidium
parvum has been implicated in some affected boys, although
chronic infection of the biliary tree by other pathogens, possibly
including Helicobacter species [14], might also contribute. Scle-
rosing cholangitis can be reproduced in mice with a disrupted
Tnfsf5 gene by infection with CP, provided that the infection per-
sists for 6 weeks or longer [2]. Dense inflammatory infiltrates sur-
round the intra- and extra-hepatic bile ducts during this interval,
and it seems likely that inflammatory cytokines contribute to the
damage.

This finding has potential clinical significance. Monoclonal
antibodies to TNF are being used successfully in the management
of rheumatoid arthritis and are being evaluated in inflammatory
bowel disease [15]. If TNF plays the same role in infection-induced
sclerosing cholangitis in man as it does in CP-infected mice, then
anti-TNF antibody may have some role in the prevention or
slowing of bile duct damage in CP-infected XHIM patients.

Table 2. Outcome of Cryptosporidium parvum infection in TNFR/Tnfsf5 knockouts*

No. Mean (range) Gross appearance
Disrupted gene studied duration of infection Peak ELISA O.D. of bile ducts

None (control) 6 3 (2–4)weeks 0·02 Normal
CD40-/- 8 >12 weeks 1·6 Sclerosed
Tnfsf5-/- 8 >12 weeks 2·0 Sclerosed
Tnfrsf1a-/- 5 4 (3–5)weeks 0·22 Normal
Tnfrsf1b 4 3·5 (3–4) weeks 0·32 Normal
Tnfrsf1a & 1b 4 4 (3–5)weeks 0·36 Normal
Tnfrsf1a & Tnfsf5 4 >12 weeks 2·0 Sclerosed
Tnfrsf1b & Tnfsf5 5 >12 weeks 2·0 Sclerosed
Tnfrsf1a & 1b & Tnfsf5 5 >12 weeks 2·0 Normal
Tnfrsf1a & 1b & CD40 4 >12 weeks 1·0 Normal

*Mice were infected at 4 weeks of age and followed by weekly ELISA tests on stool. CP infection
was defined by an O.D. > 0·1 and the duration of infection indicates the mean number of weeks for
the O.D. to return to <0·05. All mice were euthanized 12 weeks after infection and the macroscopic
appearance of their extrahepatic bile ducts recorded.

Fig. 2. Sections of liver showing bile ducts (a, b, d, e, g and h) and gall bladder (c, f and i) of Cryptosporidium parvum-infected mice. (a)
CD40–/–; (b, c) Tnfsf5–/– mice after 12 weeks of infection showing inflammation and fibrosis surrounding large and small bile ducts (a and
b) and beneath the biliary epithelium of the gall bladder (c). (d) Double knockouts Tnfsf5/Tnfrsf1a and (e, f) Tnfsf5/Tnfrsf1b after 12
weeks of C. parvum infection showing fibrosis and inflammation comparable with the Tnfsf5–/– single knockouts in (a–c). (g) Triple knock-
out mice Tnfsf5/Tnfrsf1a/Tnfrsf1b; (h) CD40/Tnfrsf1a/Tnfrsf1b and (i) Tnfsf5/Tnfrsf1a/Tnfrsf1b infected by C. parvum for 12 weeks. Arrows
in (c), (f) and (i) indicate C. parvum trophozoites. Magnifications: (a), (d) and (g) = 10¥; remainder = 100¥. Sections are representative of
groups of animals defined in Table 2.
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