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Introduction

Summary

While there have been significant advances in our understanding of the auto-
immune responses and the molecular nature of the target autoantigens in
primary biliary cirrhosis (PBC), unfortunately these data have yet to be
translated into new therapeutic agents. We have taken advantage of a unique
murine model of autoimmune cholangitis in which mice expressing a
dominant negative form of transforming growth factor B receptor II
(dnTGFBRII), under the control of the CD4 promoter, develop an intense
autoimmune cholangitis associated with serological features similar to
human PBC. CD40-CD40 ligand (CD40L) is a major receptor-ligand pair
that provides key signals between cells of the adaptive immune system,
prompting us to determine the therapeutic potential of treating autoimmune
cholangitis with anti-CD40L antibody (anti-CD40L; MR-1). Four-week-old
dnTGFBRII mice were injected intraperitoneally with either anti-CD40L or
control immunoglobulin (Ig)G at days 0, 2, 4 and 7 and then weekly until 12
or 24 weeks of age and monitored for the progress of serological and histo-
logical features of PBC, including rigorous definition of liver cellular infil-
trates and cytokine production. Administration of anti-CD40L reduced liver
inflammation significantly to 12 weeks of age. In addition, anti-CD40L ini-
tially lowered the levels of anti-mitochondrial autoantibodies (AMA), but
these reductions were not sustained. These data indicate that anti-CD40L
delays autoimmune cholangitis, but the effect wanes over time. Further dis-
section of the mechanisms involved, and defining the events that lead to the
reduction in therapeutic effectiveness will be critical to determining whether
such efforts can be applied to PBC.

Keywords: anti-CD40 ligand antibody, autoimmunity, cholangitis, primary
biliary cirrhosis

potential novel therapies. Notably, mice expressing a domi-
nant negative form of transforming growth factor-3 recep-

Primary biliary cirrhosis (PBC) is a unique chronic, fibrotic
liver disease predominantly affecting women and character-
ized by an immune-mediated specific destruction of the
small intrahepatic bile ducts [1-3]. Although the aetiology
is unknown, results from a series of our previous study
suggest that the pathogenesis of human PBC is attributed
primarily to autoreactive T cells [4—6]. Recently, we have
described several murine models of PBC allowing dissec-
tion of the immune response and preclinical testing of
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tor type II (dnTGFBRII) under the control of the CD4
promoter develop anti-mitochondrial antibodies and an
autoimmune cholangitis. In these mice, adoptive transfer of
CD8" T cells recapitulates the cholangitis [7] while deple-
tion of B cells exacerbates the disease [8], indicating the
interconnected roles between autoreactive T and B cells in
this model.

CD40-CD40 ligand (CD40L) is a receptor-ligand pair
that provides key communication signals between cells of

© 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 364-371



the adaptive immune system. CD40L is required for gener-
ating optimal CD4" and CD8" T cell responses through
activation of dendritic cells [9]. Numerous studies have
documented the key role played by the interaction between
CD40 and CD40L in priming immune responses, expand-
ing antigen primed T cells, up-regulating the expression of
other co-stimulatory molecules and promoting the release
of cytokines and chemokines by immune cells [10-13].
Dysregulation in the CD40-CD40L co-stimulation pathway
are featured prominently in systemic autoimmune and
tissue-specific autoimmune disease [14-17]. Levels of
CD40L are correlated positively with hepatic immuno-
globulin (Ig) production [18]. Further, apoptotic intra-
hepatic biliary epithelial cells frequently express increased
levels of CD40 and are associated with CD40L-expressing T
cells and macrophages [19]. More recently, our group dem-
onstrated that IgM levels inversely correlate with CD40L
promoter methylation [20]. These findings prompted us to
explore the therapeutic use of a monoclonal antibody with
specificity for CD40L.

Materials and methods

Animals

dnTGFBRII mice were bred onto a C57BL/6] (B6) strain
background at the animal facilities of the University of Cali-
fornia at Davis. All mice were genotyped at 3—4 weeks of age
to confirm the dnTGF-BRII transgene [21]. Mice were fed a
sterile rodent helicobacter medicated dosing system (three-
drug combination) diet (Bio-Serv, Frenchtown, NJ, USA)
and maintained in individually ventilated cages under
specific pathogen-free conditions. Sulfatrim (Hi-tech
Pharmacal, Amityville, NY, USA) was delivered through
drinking water. All protocols were approved by the Univer-
sity of California Animal Care and Use Committee.

Anti-CD40L antibody

Anti-CD40L  (anti-CD40L; MR-1) (BioXCell, MR-1;
BE0017-1) was utilized for the studies herein at a concen-
tration of 2-5mg/ml. Four-week-old dnTGFPRII mice
(n=10-12 per group) were injected intraperitoneally with
25 mg/kg body weight of either anti-CD40L or control IgG
on days 0, 2, 4 and 7 and thence weekly until 12 or 24 weeks
of age.

Flow cytometry analysis

Liver and spleen mononuclear cells (MNCs) were isolated
as described previously [7,21]; 1x10° cells were resuspended
in staining buffer [0-2% bovine serum albumin (BSA),
0-04% ethylenediamine tetraacetic acid (EDTA) and 0-05%
sodium azide in phosphate-buffered saline (PBS)], divided
into 25-ul aliquots, and incubated first with anti-mouse FcR

Anti-CD40L and PBC

blocking reagent (BioLegend, San Diego, CA, USA) for
15 min at 4°C and stained for 30 min at 4°C with cocktails
containing combinations of various fluorochrome-
conjugated monoclonal antibodies (mAb) for CD4, CD8a,
CD44, CD62L, NK1-1, CD69, CD19 (Biolegend) and T cell
receptor (TCR)-B (eBioscience, San Diego, CA, USA). For
intracellular cytokine staining, cells were resuspended in
RPMI-1640 media supplemented with 10% fetal bovine
serum (FBS) (RPMI-FBI) and stimulated at 37°C for 4 h
with leucocyte activation cocktail in the presence of BD
GolgiPlug (BD Pharmingen, San Diego, CA, USA). The cells
were stained for surface CD4, CD8, NK1-1 and TCR-B, fixed
and permeabilized with BD Cytofix/Cytoperm Solution
(BD Biosciences), then stained for intracellular interferon-y
(IEN-y) (BioLegend) [22]. A fluorescence activated cell
sorter (FACS)can flow cytometer (BD Immunocytometry
Systems, San Jose, CA, USA), upgraded for detection of five
colours by Cytek Development (Fremont, CA, USA), was
used to acquire data, analysed with Cellquest Pro software.

Anti-mitochondrial antibodies (AMA)

AMAs were detected using our recombinant PDC-E2-based
enzyme-linked immunosorbent assay (ELISA) as described
previously, using our standardized protocol [21,23,24].

Histopathology

Livers were collected and fixed in 4% paraformaldehyde,
embedded in paraffin, cut into 4-um sections,
deparaffinized and stained with haematoxylin and eosin
(H&E) [25]. Portal inflammation and bile duct damage
were evaluated by a ‘blinded’ pathologist. Portal inflamma-
tion were scored as follows: 1, normal liver histology; 2,
minimal inflammation; 3, mild inflammation; 4, moderate
inflammation; and 5, severe inflammation. The bile duct
damage was graded as: 1, no significant changes of bile
duct; 2, mild to moderate cell infiltrate with bile duct
destruction; 3, moderate to severe cell infiltrate with bile
duct loss.

Cytokine analysis

Total protein was extracted from 30 mg of frozen liver
tissues by homogenization in T-Per® Tissue Protein Extrac-
tion buffer (Thermo, Rockford, IL, USA) containing a pro-
tease inhibitor cocktail (Roche, Indianapolis, IN, USA). The
homogenized tissue suspension was centrifuged at 12 000 g
for 20 min at 4°C and supernatant fluid stored at —80°C.
Serum and tissue lysate levels of IFN-y, tumour necrosis
factor (TNF)-o,, IL-6, IL-17A, IL-4, IL-2 and IL-10 were
measured with a cytokine bead array assay using the mouse
T helper type 1 (Th1)/Th2/Th17 cytokine kit (BD
Biosciences). The protein concentration of liver extracts was
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Fig. 1. Suppression of T cell activation by 0 CD4T CD8T

anti-CD40L treatment. (a) The frequency of

CD4, CD8 T cells and their activated subsets in (b)

peripheral blood mononuclear cells (MNCs)

after 2 weeks of anti-CD40L. (b) Serum levels ’—g 4518

of interferon (IFN)-v, interleukin (IL)-4 and gw 30

IL-17A after 8 weeks of anti-CD40L of ; 20

immunoglobulin (Ig)G. Data are expressed as E 10

mean * standard error of the mean. *P < 0-05;
two-tailed unpaired Mann—Whitney U-test.

measured using the BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA)

Statistical analysis

A two-tailed unpaired Mann—-Whitney test and a % analysis
were used to analyse the data; P-values < 0-05 were consid-
ered statistically significant.

Results

Anti-CD40L suppresses peripheral T cell activation in
dnTGFBRII mice

We first examined the effect of anti-CD40L administration
on the frequencies of activated T cells in peripheral blood
after 2 weeks of treatment. As shown in Fig. 1a, anti-CD40L
treatment did not significantly affect the frequencies of total
CD4 and CD8 T cells in peripheral blood. However, for
both CD4* and CD8" populations, naive (CD44'CD62L") T
cells were increased and effector (CD44 CD62L7) and
memory (CD44°CD62L*) T cells were decreased signifi-
cantly by anti-CD40L (Fig. 1a). We next evaluated whether
Th1/Th2/Th17-related cytokines were also affected by anti-
CDA40L. After 8 weeks of treatment, serum levels of IFN-y,
IL-4 and IL-17A were significantly lower in the anti-
CD40L-treated mice compared with the control mice
(Fig. 1b). Similarly, the level of other inflammatory
cytokines such as IL-2, TNF-q, IL-6 and IL-10 were also
lower in serum from the treatment group (data not shown).

Anti-CD40L ameliorates cholangitis in
dnTGFBRII mice

dnTGFBRII mice treated with anti-CD40L demonstrated a
significant decrease in portal pathology (Fig.2). Of note,
although some mice exhibited minimal portal inflamma-
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tion, interlobular biliary cell damage was not observed in
any treated mice (Fig. 2b). In contrast, at 12 weeks of age,
control dnTGFPRII mice developed readily recognized
cholangitis highlighted by the presence of lymphocyte infil-
trates and bile duct damage (Fig. 2).

Analysis of intrahepatic MNCs revealed a decrease in the
frequency of natural killer (NK) T cells with anti-CD40L
treatment, while other subsets, including CD4" T, CD8* T,
NK and B cells, were not significantly different (Fig. 3a).
However, the frequencies of effector (CD44*CD62L" popu-
lation) CD4" and CD8* T cells were decreased significantly
in liver and spleen with anti-CD40L treatment (Fig. 3b).
The percentage of CD69" cells was decreased significantly
among both CD4" and CD8* T cells in anti-CD40L treated
mice (Fig. 3¢). Of note, intracellular staining data demon-
strated that the percentages of IFN-y-producing CD4 T cells
in liver were decreased markedly in mice after anti-CD40L
treatment (Fig. 3d).

Loss of anti-CD40L effects in dnTGFBRII mice
after 20 weeks

In contrast to the 8-week treatment group, livers from mice
treated for 20 weeks demonstrated no significant differences
in the severity of cholangitis or bile duct damage between
anti-CD40L-treated mice and control mice (Fig. 4a,b).
However, there was a persistent decrease in hepatic and
splenic effector (CD44*CD62L") CD8" T cells (Fig. 5a). In
contrast, neither intrahepatic nor splenic CD4* T cell
subsets differed significantly between treated and control
groups. Further, the absolute number of effector CD8 T
cells in liver was not significantly different between anti-
CD40L-treated and control mice (Fig.5b). Intracellular
cytokine staining showed that IFN-y-producing CD4* and
CD8" T cells did not exhibit differences between treated and
control mice (Fig. 5¢). In addition, the levels of the various
proinflammatory cytokines IFN-y, IL-17A, TNF-a, IL-4,
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Fig. 2. Eight weeks of anti-CD40L treatment
suppresses portal inflammation and cholangitis. (b)
(a) Representative haematoxylin and eosin
(H&E)-stained liver sections from dominant

negative form of transforming growth factor

beta receptor type II (dnTGFBRII) mice 8 weeks

after treatment with anti-CD40L or control

Portal inflammation

Bile duct damage
3 o *

———

immunoglobulin (Ig)G. Arrows point to the

Histological core

interlobular bile duct destruction. (b) Portal

inflammation and bile duct destruction scores.

Histological core

*P < 0-05; % test.

IL-6 and IL-10 were not significantly different in liver
protein extracts from anti-CD40L treated compared with
control mice (Fig. 5d and data not shown).

AMA production in dnTGFBRII mice

Compared to control mice, antibodies to PDC-E2 in
CDA40L-treated mice were reduced significantly following 8
weeks of treatment (12 weeks of age) [optical density (OD)
value, anti-CD40L, 0-4548 £ 0:0499 versus control group,
1-1214 £ 0-2491]. No significant differences in AMA levels
were found between the anti-CD40L-treated and the
control group at 24 weeks of age.

Discussion

Beneficial effects of blocking CD40L have been observed in
preclinical models of multiple sclerosis, arthritis, systemic
lupus erythematosus and Alzheimer’s disease [26-30]. We
thus took advantage of our murine model of autoimmune
cholangitis, the dnTGFBRII mice, to investigate the poten-
tial therapeutic effects of anti-CD40L in PBC. Given that
our previous studies suggested that the pathogenesis of PBC

Anti-CD40L

Anti-CD40L

Control Control

is primarily secondary to autoreactive T cells, and in par-
ticular CD8" T cells [4-7], we reasoned that by suppressing
CD8" T cells by blockade of the CD40-CD40L pathway we
would reduce autoimmune cholangitis. Our results demon-
strate herein that the use of anti-CD40L to 12 weeks of age
reduces portal inflammation significantly. However, this
effect was lost at 24 weeks of age. Hence, the use of anti-
CDA40L significantly delays, but does not prevent, the devel-
opment of autoimmune cholangitis.

A key factor in our study is the time of treatment initia-
tion. We chose to start treatment at 4 weeks of age for
several reasons. At 4 weeks of age, mice have normal thymic
cellularity and subset distribution and no changes in the
distribution of cellular subsets in the periphery. However, at
4 weeks of age, there are already the beginnings of a change
in the percentage of cells with a naive CD62"$*CD44"" phe-
notype and an increase of T cells with an activated/memory
phenotype [31]. We demonstrate that even after 2 weeks of
treatment with anti-CD40L, there was a marked decrease of
effector and memory T cell frequencies. In addition, after 8
weeks of treatment, CD4* and CD8" effector T cells, as well
as NK T cells, in liver were reduced significantly. Further,
intra-hepatic IFN-y-producing CD4" T cells were sup-
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Fig. 3. Eight weeks of anti-CD40L treatment suppresses CD4" and CD8 T cell activation. (a) Absolute number of intrahepatic immune cell
subpopulations. (b) Frequency of naive (CD44 CD62L"), effector (CD44"CD62L"), and memory (CD44"CD62L") subpopulations in CD4" and CD8*
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Mann-Whitney U-test.
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pressed significantly by anti-CD40L treatment. These data
are consistent with our hypothesis that autoactivation of T
cells in these mice is CD40—-CD40L-dependent, and suggest
that CD40L blockade would be an effective strategy for the
treatment of PBC.

In addition to the effects of anti-CD40L on T cells, there
was also suppressed production of prototypical anti-
mitochondrial antibodies [32], reflecting a secondary effect
on B cells due to the inhibition of CD4* T cells. Given that
CD8" T cells are the primary contributors to autoimmune
cholangitis in this model based upon our adoptive transfer
experiments [7], anti-CD40L might inhibit B cell-mediated
liver infiltration of CD8" T cells from extrahepatic lym-
phoid organs [24]. Alternatively, blocking the CD40/CD40L
signalling pathway may suppress development of PDC-E2
primed CD8" T cells due to the lower level of AMA, which
may be responsible for cross-priming CD8" T cells, a
process in which antigen-presenting cells bind PDC-E2-Ig
complexes on their Fc receptors and cross-prime CD8" T
cells into activated PDC-E2-reactive phenotypes [5].
However, we emphasize the lack of a durable effect after 24
weeks of treatment with anti-CD40L, data consistent with
the immunohistology.

Anti-CD40L

0
Control Anti-CD40L Control

There are potential explanations for the lack of a robust
and continued efficacy of treatment. We considered the
possibility that there were neutralizing antibodies against
anti-CD40L. The chronic administration of exogenous anti-
bodies often causes the development of anti-drug antibod-
ies (ADA) which can limit the efficiency of antibodies, as
well as hypersensitivity reactions, immunotoxicological
reactions and other adverse events [33-35]. However, we
were unable to detect ADA in serum of the long-term anti-
CD40L-treated dnTGFBRII mice (data not shown). There
are other possible explanations for the reduction in efficacy.
First, it is possible that over time there is binding to target
antigens in tissues other than necessary for the therapeutic
effect. Secondly, either non-specific binding or cross-
reactivity with non-target antigens may occur. Either of
these would lead to an underdosing of anti-CD40L for
maintenance of remission and loss of efficacy [33]. Clearly,
the treatment of PBC has been difficult, and therapeutic
efforts with other biologicals have also had shortcomings
[24], despite major advances in the immunobiology of PBC
[20,36-39]. Thirdly, it is also possible that further study of
the pharmacokinetics of anti-CD40L might lead to more
optimal results and long-term therapy, as reflected by
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similar studies in other experimental models [40,41].
Finally, we should emphasize that in the work herein we
studied a hamster anti-mouse antibody and we note that a
fully murine sequence might reduce any anti-hamster reac-
tivity. There is a major need to develop therapies in human
PBC, and the use of animal models is a logical first step for
determining whether the newer biologicals can be applied
to patients.
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