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Immunobiology of the biliary tract system
Niklas K. Björkström*

Summary
The biliary tract is a complex tubular organ system spanning from the liver to the duodenum. It is the site
of numerous acute and chronic disorders, many of unknown origin, that are often associated with cancer
development and for which there are limited treatment options. Cholangiocytes with proinﬂammatory
capacities line the lumen and specialised types of immune cells reside in close proximity. Recent technological breakthroughs now permit spatiotemporal assessments of immune cells within distinct niches
and have increased our understanding of immune cell tissue residency. In this review, a comprehensive
overview of emerging knowledge on the immunobiology of the biliary tract system is provided, with a
particular emphasis on the role of distinct immune cells in biliary disorders.
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Introduction
The biliary tract system consists of intra- and
extrahepatic bile ducts and the gallbladder. It is a
tubular organ system connected to the intestine via
the duodenum that also closely interacts with both
the liver parenchyma and the vascular system.
Cholangiocytes (biliary epithelial cells) line the bile
duct lumen.1 These cells are transcriptionally
diverse, depending on their anatomical localisation
(intra- vs. extrahepatic vs. gallbladder).2 Many immune cells are also present in close conjunction
with the bile duct, making up an intricate cooperative machinery that defends against pathogens in
healthy individuals. However, this machinery can
also have a pathogenic role during acute and
chronic bile duct diseases.
Cholangiopathies/chronic cholestatic liver diseases can be divided into genetic, such as Alagille
syndrome and cystic ﬁbrosis-associated liver disease, and idiopathic/multifactorial diseases,
including biliary atresia, primary biliary cholangitis
(PBC), and primary sclerosing cholangitis (PSC).1,3–5
While many of these diseases likely share downstream pathogenic traits, initial insults for idiopathic diseases remain largely elusive. What is
clear is that cholangiocytes are the primary shared
targets in these diseases and that the immune
system plays a central role in their pathogenesis.
Furthermore, if left untreated, patients with cholangiopathies risk developing end-stage liver disease, making liver transplantation the only viable
option. Another threat for these patients is the
development of cholangiocarcinoma, the second
most common primary liver cancer, which is
associated with a dismal prognosis.6 Although less
is known regarding immune surveillance of cholangiocarcinoma, recent data suggest an important

contribution of the tumour immune microenvironment to disease outcome.7–9
Microscopically, the liver is a highly stratiﬁed
organ with liver lobules constituting the functional
units. Cholangiocytes (and hence bile ducts) make
up only 5% of all cells in the liver and are localised
at deﬁned regions within the liver lobule (portal
tracts). Liver immune cell composition varies
throughout the liver lobule. This implies that taking tissue architecture into account will be paramount for understanding the immunobiology of
the liver and biliary tract system in health and
disease. Herein, recent insights into the spatial
organisation of the liver and biliary immune
landscape will be discussed with a focus on human
immunology when possible. Based on this knowledge, the role of biliary and/or intrahepatic immune cells in cholangiopathies will be addressed.
Finally, unresolved issues will be discussed, and
open questions to be answered in future
studies outlined.

Structure of the liver and biliary tract
immune system
Technological development enables single-cell
spatial resolution
Cells need to be correctly spatially arranged for an
organ to function. Low-dimensional microscopy
techniques (immunohistochemistry, immunoﬂuorescence), conventional ﬂow cytometry, and bulk
array- or sequencing-based methods for transcriptomic assessment have been available for decades, partially enabling such spatial localisation in
immunological research of bile duct diseases.
However, the capacity to gain in-depth biological
data on immune cells in tissues from limited clin-
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Key point
Recent technological
development now allows
for single-cell (spatial) resolution of immune cells in
tissues.
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Fig. 1. Overview of NK cell and ILC subsets including master transcription factors regulating these cells and the key effector cytokines they produce.
Unlike T and B cells, ILCs do not express highly variable antigen receptors. Below, the major ILC subsets are introduced (previously reviewed in detail here:26,109).
NK cells are cytotoxic and proinﬂammatory (release IFNc, TNF, and chemokines such as CCL3, CCL4, and CCL5) ILCs that are prevalent in the circulation and
enriched in certain peripheral tissues such as the liver. They are deﬁned as CD56+CD3− lymphocytes and express the master transcription factors Eomes and Tbet. ILC1s are cytokine-producing cells (IFNc) deﬁned by expressing the master transcription factor T-bet while lacking Eomes. A mouse-human species difference for ILC1s is that they are prevalent in mouse liver tissue (NK1.1+CD49a+CD49b− cells) whilst the human functional counterpart would be CD56brightCD16−
liver-resident NK cells. ILC2s express the master transcription factor GATA3 and exhibit Th2 cytokine responses. ILC3s are identiﬁed by the master transcription
factor RORct and have the capacity to produce both IL-17 and IL-22. AREG, amphiregulin; CCL, C–C motif chemokine ligand; Eomes, eomesodermin; GATA3, GATA
binding protein 3; IFN, interferon; IL, interleukin; ILCs, innate lymphoid cells; NK, natural killer; RORct, retinoid orphan receptor-ct.

Key point
The liver is enriched with
innate immune cells
including specialised macrophages, NK cells, and
unconventional T cells,
many of which appear to
be tissue resident.

1658

ical material, such as liver biopsies and/or liver
ﬁne-needle aspirates, laser micro-dissected tissue
areas, or other biological material (including brush
samples taken during endoscopic retrograde cholangiopancreatography [ERCP] procedures), has
been hampered by technical limitations. Furthermore, since the liver lobule is structurally highly
organised and intrahepatic bile ducts occupy a
distinct spatial niche, the absence of technologies
allowing for high-dimensional data acquisition in a
spatial context has remained an obstacle. Thus, the
development seen over the last couple of years has
truly revolutionised our capability to map human
immune and non-immune cells in tissues at the
single-cell level. Flow cytometry has moved from
simultaneous assessment of a few markers to >20
parameter instruments, and specialised units are
pushing beyond 30 parameters with CyTOF
(cytometry by time of ﬂight) offering a second
viable alternative.10,11 Furthermore, the release of
Smart-Seq2 had a signiﬁcant impact on our capacity to perform single-cell RNA sequencing
(scRNAseq),12 and more recent droplet-based approaches have made it possible to analyse a high
number of cells in parallel.13 Usage of scRNAseq,
together with mapping and microscopy approaches, recently provided unprecedented insights into liver lobule zonation, suggesting the
existence of multiple zones with distinct cell
composition.14,15 Public scRNAseq data now exists
for all immune cells and speciﬁc immune cell
subpopulations from bile duct disorders, such as
PSC16 and biliary atresia,17 as well as cholangiocarcinoma.18 The advent of spatial transcriptomics,19,20 although not yet technically
providing data at the single-cell level, has taken
this even further.21,22 In parallel, novel microscopy

techniques now allow for simultaneous assessment
of >50 parameters.21,23 Applying this paradigmshifting development to biliary diseases, combined with a thorough sampling of biological
specimens, holds signiﬁcant potential for the
future (the application of these technologies in
liver research was recently reviewed in24). However, increased data granularity, for instance from
scRNAseq of intrahepatic myeloid cells, leading to
identiﬁcation of novel subpopulations, might also
make it necessary to revisit and challenge existing
conventions. There will also be a need for consolidation in the ﬁeld concerning deﬁnitions of old
and new subtypes of immune cells. The upcoming
sections will discuss immune cell tissue residency
and the spatial organisation of immune cells in the
liver parenchyma and, more speciﬁcally, in relation
to the biliary tract system.
Immune cell tissue residency
To comprehend the immunobiology of the biliary
tract system, we ﬁrst need to understand immune
cell access to tissues and their recirculation patterns. While it has been known for a long time that
specialised types of macrophages exist in different
peripheral organs, e.g. Kupffer cells in the liver, a
common notion until a decade ago was that most
lymphocytes would continuously move from the
circulation into peripheral organs and recirculate
via lymphatics. However, it is now clear that
distinct lineages of tissue-resident lymphocytes
also exist, such as tissue-resident memory T cells,
innate lymphoid cells (ILCs), and tissue-resident
natural killer (NK) cells.25,26 We have also learnt
from parabiosis studies in mice that surface proteins, such as CD69, CD49a, and CD103 can be used
to identify tissue-resident cells.27,28 These proteins
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Fig. 2. Overview of major unconventional T-cell populations, their cytokine responsiveness, TCR restriction, ligands, and major effector functions. Below,
the central unconventional T-cell populations are introduced (previously reviewed in detail here:110 MAIT cells are deﬁned by the expression of a 5-OP-RU
tetramer or co-expression of TCR-Va7.2 and CD161 and recognise vitamin B2 (riboﬂavin) metabolites presented on the non-polymorphic MR1. MAIT cells are
highly enriched in the human liver but scarce in mouse liver. They exhibit Th1 (IFNc) and Th17 (IL-17) immunity in response to bacterial infections or proinﬂammatory cytokines. cd T cells represent a distinct T-cell linage expressing a TCR that can recognise a wide array of exogenous and endogenous molecules such
as bacterial toxins, microbial lipids (via CD1d), viral proteins, and phosphoantigens (via butryophilins). cd T cells exhibit proinﬂammatory Th1 and Th17 functions
that can either be protective or pathogenic during immune responses. cd T cells are enriched in the human liver. CD1d-restricted NKT cells display an invariant
TCR (typically Va24 paired with Vb11) that recognises glycolipids presented on CD1d. These cells have been called a “Swiss-army knife” of the immune system
having the capacity to produce a broad range of Th1, Th2, and Th17 cell-associated cytokines. CD1d-restricted NKT cells are highly prevalent in mouse liver but
scarce in human liver. IFN, interferon; IL, interleukin; MAIT, mucosal-associated invariant T; MR1, MHC class I related-1 molecule; NKT, natural killer T; PLZF,
promyelocytic leukaemia zinc ﬁnger (or ZBTB16); TCR, T-cell receptor; Th, T helper; TNF, tumour necrosis factor.

exhibit functional roles in retaining immune cells
in tissues (reviewed in25,26). The validity of such
tissue-residency markers has also been conﬁrmed
in humans in clinical organ transplantation settings
(involving the liver, gut, lung, and uterus), albeit
with a higher rate of replenishment for certain
immune cell types in human organs, possibly
because of a different inﬂammatory tone and/or
environmental exposure at steady state compared
to mice.29–34 With the realisation that large fractions of immune cells permanently reside in peripheral organs, we have started to understand
their frontline role in defence against microbes,
inﬂammatory processes, and in combatting tumours.35–39 These tissue-resident cells also
orchestrate the recruitment of circulating immune
cells to tissues.35–38 Given the complex architecture
of the liver and biliary tract system, knowledge of
immune cell tissue-residency patterns will be
critical to consider. Recent technological developments have also provided us with new means
to study the spatial organisation of immune cells.

The liver immune landscape
Although most immune cell subsets can be found in
the liver, innate immune cells are speciﬁcally
enriched in this organ compared with the circulation.26,39–44 One of the most prevalent lymphocyte
populations in the liver is a subset of ILCs called NK
cells. These liver-resident NK cells are characterised
as CD56brightCD16- NK cells in humans,45,46 or
CD49a+CD49b-NK1.1+ ILC1s in mice,47 and have
diminished cytotoxic potential compared to conventional CD56dimCD16+ NK cells but efﬁciently
respond with proinﬂammatory cytokines and chemokines such as interferon (IFN)c, tumour necrosis
factor, C–C motif chemokine ligand (CCL)3, CCL4,
and CCL5 upon activation and/or target cell recognition.26,48 Other non-NK-ILCs are also present in
the human liver, but their numbers and exact location have been less well studied (Fig. 1).41 Also,
certain types of unconventional T cells are prevalent
in liver tissue (Fig. 2). In humans, these include
mucosal-associated invariant T (MAIT) cells and cd T
cells,44,49 and in mice CD1d-restricted NKT cells.50
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Fig. 3. Overview of liver macrophages including major identifying surface markers. Historically, all macrophages residing in the liver were considered Kupffer
cells. However, recent lineage tracing studies in mice and scRNAseq experiments in humans and mice, both in steady state and disease settings, have revealed
considerable heterogeneity within the liver macrophage compartment (previously reviewed here:39). At steady state, human liver macrophages can roughly be
divided into CD68+MARCO+ and CD68+MARCO- subsets.39,54,111 Different subpopulations within these two main subsets have also been identiﬁed, and the
composition changes in disease settings, including the appearance of scar-associated TREM2+CD9+ macrophages originating from monocytes.111 The
CD68+MARCO+ subset corresponds to murine liver-resident long-lived Kupffer cells and is immunoregulatory while CD68+MARCO- macrophages are recently
recruited from blood and are more proinﬂammatory.39,54,112 Beyond this, in mice, capsule macrophages are also present55 but have not been reported in humans.
Finally, the murine lipid-associated macrophages (Spp1+Gpnmb+Trem2+CD9+), recruited during metabolic inﬂammation, might represent a murine counterpart of
scar-associated macrophages.39,113 CX3CR1, C-X3-C motif chemokine receptor 1; Gpnmb, glycoprotein nmb; MARCO, macrophage receptor with collagenous
structure; scRNAseq, single-cell RNA-sequencing; Spp1, secreted phosphoprotein 1; Trem2, triggering receptor expressed on myeloid cells 2.

Key point
The biliary immune niche
is distinct in composition
compared to the liver parenchyma and enriched for
intra-epithelial resident
memory CD8 T cells.
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Liver-resident NK cells, MAIT cells, and cd T cells
share high expression of the tissue-residency
marker CD69 and the liver-homing C-X-C motif
chemokine receptor (CXCR6),44–46 a subset of liverresident NK cells express CD49a,45 but all these
cells display low CD103 expression. cd T cells
appear to be evenly distributed throughout the
liver lobule, while MAIT cells are enriched in portal tracts.44,51
Conventional TCRab+ T cells within the liver are
enriched for memory T cells compared with peripheral blood, and the liver CD4/CD8 ratio is
skewed towards CD8 T cells.52,53 Most intrahepatic
memory T cells express the tissue-residency
marker CD69, while a smaller fraction also coexpress CD103.52,53 Conventional CD4 and CD8 T
cells are present throughout the liver parenchyma
but appear enriched in portal areas, although more
studies are needed to determine the exact localisation of T cells and their subsets within the
liver lobule.21
Several types of macrophages exist in human
and murine livers (Fig. 3). Whereas long-lived
CD68+MARCO+ Kupffer cells (and their murine
counterpart) predominantly reside in periportal
and mid-lobular areas in sinusoids, recently
recruited CD68+MARCO− macrophages are found in
higher abundance in portal tracts around blood
vessels.21,54 Furthermore, as the name implies,
murine capsule macrophages are localised close to
the liver capsule, where they sense and defend
against peritoneal microorganisms.55
In summary, the immune composition in the
liver is distinct from that in the circulation and an
essential factor to consider in studies of liver and
bile duct diseases. Although some unknowns
remain, it is also evident that the immune landscape
of the portal, periportal, and mid and central areas
of the liver lobule is distinct in composition (Fig. 4).

Unique spatial immunological niche of the
biliary tract system
Given the spatial restriction of larger intrahepatic
bile ducts to portal tracts, it will likely be important
to ﬁnd means to assess the locally restricted immune compartment surrounding bile ducts at the
microscopic level. Whereas we are starting to
appreciate immune compartmentalisation within
the liver lobule, less is known about the biliary
tract system niche (Fig. 4). Nevertheless, recent
work using “spatial sampling” (brush samples
taken during ERCP procedures) and methods
allowing for high-dimensional and spatial resolution has started to shed light on the biliary immune
niche.21,56 While a signiﬁcant fraction of liver
lymphocytes express the tissue-residency marker
CD69, fewer cells co-express CD69 and CD103.52,56
Instead, CD69+CD103+ lymphocytes are highly
enriched around bile ducts.56 Although hepatocytes express low to intermediate levels of the
CD103-ligand E-cadherin, cholangiocytes, lining
both intra- and extrahepatic bile ducts, express
high levels of E-cadherin.56 Thus, this molecule
might be responsible for spatially retaining CD103expressing lymphocytes close to bile ducts. A
similar enrichment of CD69+CD103+ cells close to
epithelial cells is seen in other human organs such
as the intestine and lung.57 Cholangiocytes also
produce transforming growth factor-b (TGFb),58
which, together with interleukin (IL)-15, can promote the development and/or retention of
CD69+CD103+ cells close to bile ducts.59
Regarding innate lymphocyte and unconventional T cells (Figs. 1 and 2), NK cells, MAIT cells,
and cd T cells are enriched in liver tissue, but they
appear not to be equally enriched close to bile
ducts.56,60 Although, at least for MAIT cells, more
cells are found surrounding bile ducts than in the
circulation.60 While these cells have been
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Fig. 4. Structural immune cell gradients in the liver and bile ducts. (A) Schematic overview of a liver module and a bile duct including the spatial localisation
of indicated myeloid and lymphoid cell types. (B) Gradients of immune cell presence at steady state in the liver lobule and in close proximity to intra- and
extrahepatic bile ducts.

identiﬁed and enumerated close to bile ducts,
limited data are available on the exact functions
of biliary innate lymphocytes and unconventional
T cells. Instead, most of the CD69 +CD103 + immune cells within the biliary niche are tissueresident effector memory CD8 T cells.56 These
cells display a distinct TCR-repertoire and

transcriptional proﬁle compared with circulating
effector memory CD8 T cells and produce IFNc, IL17, and IL-22 upon stimulation.56 CD4 T cells with
a similar proﬁle also reside close to bile ducts,
although at lower numbers.53,56 Common for
both CD4 and CD8 T cells is high expression of
CXCR6 and C–C motif chemokine receptor (CCR)
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Key point
The exact composition of
the biliary immune niche
in the context of health and
in biliary disorders still
needs to be determined.

6,53,56 possibly contributing to recruitment of
these cells to the liver. However, since other T
cells outside the biliary niche also express these
chemokine receptors, they are most likely not
exclusively guiding these cells to the biliary
niche. a4b7 integrin expression might also
contribute to recruitment of immune cells to the
biliary niche.56 In studies using brush samples
taken during ERCP procedures, the overall
lymphocyte composition was similar in intra- and
extrahepatic bile ducts.
Although fewer monocytes and macrophages
localise to the biliary niche compared to how prevalent they are in the blood, cells expressing CD68
and CD163 can be found close to cholangiocytes.56 A
study using high-dimensional imaging combined
with spatial transcriptomics recently revealed these
CD68+CD163+ cells to be lipid-associated macrophages (Spp1+Gpnmb+Trem2+CD9+) (Fig. 3).21 This
population of macrophages, present in both humans
and mice, are likely not long-lived tissue-resident
cells, but recruited monocytes from the circulation
(possibly through interactions with ﬁbroblasts
mediated by CCL2 and CD44).21
Taken together, studies in recent years have
started to outline the composition of the biliary
immune niche (Fig. 4). However, much work remains to be performed concerning most of these
immune cell populations, both at steady state and
in settings of biliary tract diseases. Nevertheless, in
the upcoming sections, more speciﬁc roles of
distinct immune cells in different biliary diseases
will be discussed, taking the spatial context into
account when possible.

Cholangiocytes and immune cells in
biliary tract diseases
In the following sections, the immunobiology of
acute and chronic inﬂammatory biliary diseases
will be covered. The tumour immune microenvironment of cholangiocarcinoma has recently been
reviewed elsewhere6,61 and will not be extensively covered.

Key point
Cholangiocytes are early
responders to stress and
likely participate in driving
biliary disorders by propagating subsequent immune
responses.
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Cholangiocytes as initial sensors of stress
Lining the biliary tract system, cholangiocytes are
at the forefront and can be activated by infectious,
toxic, inﬂammatory, and autoimmune insults
(reviewed in detail here1:). This activation of
cholangiocytes leads to proinﬂammatory cytokine
production, crosstalk with immune cells in the vicinity, and cholangiocyte proliferation. Although
the exact nature of initial insults remains elusive
for cholangiopathies such as PBC and PSC, downstream pathophysiological processes likely share
many features, including chronic cholangiocyte
activation, recruitment of immune and mesenchymal cells, cholestasis, inﬂammation, and
ﬁbrosis development. This complex cascade is
referred to as the ductular reaction.

Activated cholangiocytes have been shown to
secrete proinﬂammatory and pro-ﬁbrogenic factors
such as IL-6, CCL2, and TGFb.58,62 A study where
laser microdissections of ductular reactions of patients with end-stage PSC were compared to patients with end-stage HCV reported increased gene
expression of chemokines known to attract neutrophils (C-X-C motif ligand [CXCL]1, CXCL6, CXCL5,
and CXCL8) in those with PSC.1,63 Interestingly, the
chemokine CCL28, which can promote homing of
CCR10-expressing lymphocytes, was speciﬁcally
increased in early PSC.63 Cholangiocytes also
constitutively produce CXCL16, a chemokine that
can recruit CXCR6-positive lymphocytes, and this
expression appears to increase in biliary diseases
such as PBC and PSC.64 Similarly, cholangiocyte
activation led to increased expression and production of C-X3-C motif chemokine receptor 1.65
Beyond having the capacity to recruit immune
cells via release and/or trans-presentation of chemokines upon activation, cholangiocytes constitutively express speciﬁc adhesion molecules, e.g. Ecadherin, and can upregulate others after activation, e.g. vascular cell adhesion molecule 1 (VCAM1).56,66 Thus, the initial sensing of stress (infectious,
toxic, inﬂammatory, and autoimmune) by cholangiocytes initiates a potent proinﬂammatory and
chemotactic programme. The consequences of this
concerning immune cell homing to bile ducts and
subsequent activation, are discussed in the
following sections.
Beyond contributing to local inﬂammation and
recruitment of immune cells via released factors,
cholangiocytes can also directly interact with immune cells via receptor-ligand interactions. As examples of antigen-presentation capabilities,
cholangiocytes express CD1d and MHC class I
related-1 molecule (MR1).8,67 They can, via these
MHC-class I-like receptors, present to and activate
both CD1d-restricted NKT cells (mouse and human) and MAIT cells (human).8,67 Another group of
stress-induced ligands are MICA/MICB that,
together with other ligands in mice and humans,
can be recognised by the activation receptor
NKG2D (also known as KLRK1) expressed by CD8 T
cells and NK cells. Cholangiocytes have been reported to upregulate MICA in response to parasitic
infection,68 and NKG2D ligands are likely also
induced in the rotavirus-induced biliary atresia
model,
since
blocking
NKG2D
ameliorates disease.69
Since cholangiocytes appear to be transcriptionally distinct depending on their localisation,2
future work should attempt to determine if this
translates into different activation proﬁles and/or
inﬂammatory responses. Additionally, more
detailed studies on the crosstalk between cholangiocytes and immune and stromal cells within
the biliary niche are warranted.
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Neutrophils
Despite neutrophils being the most abundant
leukocyte in peripheral blood, we have only
recently started to appreciate their functional heterogeneity and complex roles in the orchestration
of inﬂammation and tissue repair.70 While few
neutrophils are found in non-inﬂamed bile ducts,
they inﬁltrate the biliary microenvironment in
patients with PSC.56 Their recruitment might, in
part, be propelled by biliary-resident T cells since
biliary neutrophil and tissue-resident T-cell
numbers positively correlated in a large cohort of
patients with PSC and CD8 T cells in bile ducts
displayed a transcriptome skewed towards
recruitment of neutrophils.56 Interestingly, CXCL8,
the main chemokine for neutrophil recruitment,
was elevated in the bile of patients with PSC, and
its levels have also been shown to associate with
PSC disease progression.71,72 Neutrophils might, in
turn, promote pathogenic T helper (Th)17 cell differentiation. Indeed, in inﬂammatory bowel disease, neutrophils are a signiﬁcant source of IL-23,
which can promote Th17 cell differentiation.70
Another mechanism for biliary neutrophil recruitment was recently suggested in mice. It included a
loss of tuft cells in extrahepatic bile ducts, ensuing
cholangiocyte activation, and a possible CXCL5mediated neutrophil recruitment mechanism.73
Although microbial signals were necessary for the
biliary neutrophil inﬂux in mice,73 biliary neutrophil numbers in patients with PSC were independent of prior cholangitis episodes and bile
microbial composition.56 Spatially, neutrophils are
positioned closer to cholangiocytes in patients with
PSC than in controls.56 Neutrophils have also been
shown to interact with cholangiocytes via intercellular adhesion molecule 1 and VCAM-1,
contributing to cholestasis in patients with alcoholic hepatitis.74 However, exactly how neutrophils
contribute to biliary disorders remains to
be determined.
Mononuclear phagocytes
Monocytes and macrophages have been extensively studied in cholangiopathies (recently
reviewed here42:). A challenge in the ﬁeld will be
to incorporate a wealth of pathogenesis studies,
both in mice and humans, into recently reﬁned
paradigms of liver macrophage heterogeneity
(Fig. 3, discussed above). Beyond this, factors such
as origin (foetal vs. bone marrow-derived), local
environment (spatial conﬁnement close to bile
ducts), type of inﬂammation and/or model (acute
vs. chronic), and time (early or late disease), will be
key points to consider when evaluating macrophages in bile duct diseases.38 Nevertheless, as a
general concept, monocytes and macrophages are
responsive to both cholangiopathy-associated
dysbiosis (microbes, microbial compounds) and
bile acids.75,76 Such activated myeloid cells
could promote cholangiocyte activation and

proliferation.75,76 Liver macrophages express the
bile acid-sensing receptor TGR5 (also known as
GPBAR1).42 In this context, it is of interest that
TGR5 is upregulated in CD68+CD206+ macrophages from liver tissue explanted from patients
with PSC; this likely reﬂects a changing cytokine
expression proﬁle in these cells.77 Whether or not
liver macrophages also respond functionally via the
nuclear bile acid receptor FXR (farnesoid X receptor) remains to be determined. Future dual targeting of TGR5 and FXR in mouse models
(macrophage-speciﬁc knockouts) or in in vitro
systems might help to elucidate the possible
contribution of these cells in driving the disease
downstream of toxic bile.
In acute and chronic sclerosing cholangitis
models, monocytes are recruited to the liver in a
CCR2-dependent fashion, subsequently differentiate into macrophages with a proinﬂammatory
phenotype, and ﬁnally localise to the peribiliary
area.78 Genetic deletion of Ccr2 attenuated the
accumulation of monocytes and ameliorated overall
disease progression.78 A similar mechanism was
shown in another mouse model of acute cholangiocyte injury, with cholestasis, CCR2-dependent
monocyte recruitment, and induction of avb6
integrin expression on cholangiocytes, the latter
driving cholangiocyte proliferation.76 Corroborating
this, accumulation of myeloid cells has been noted
in livers from individuals with end-stage PSC.76,78
On the other hand, another study relying on bile
duct brush samples from patients with moderate to
advanced, but not end-stage, PSC showed no
apparent increase in myeloid cells in close proximity to cholangiocytes.56 Thus, the disease stage
needs to be considered for future work evaluating
the role of monocytes. Although more is known
about macrophages in PSC compared to PBC, in a
mouse model of PBC they appear to regulate NK cell
responses via cytokines and possibly via crosstalk
with the activating NK cell receptor NKG2D.42
In paediatric cholestatic liver diseases, a recent
study performed scRNAseq on explanted liver tissue of patients with biliary atresia and Alagille
syndrome.79 This revealed three populations of
liver macrophages, largely overlapping with the
main subsets of liver-resident long-lived
CD68+MARCO+, recently recruited CD68+MARCOmacrophages, as well as lipid-associated macrophages (Fig. 3).79 Although current understanding
of Alagille pathogenesis, with defective NOTCHsignalling, revolves around cholangiocyte pathophysiology with incomplete development of
intrahepatic bile ducts, populations of macrophages might play a role in downstream inﬂammatory
events
following
cholestasis.80
Mononuclear phagocyte mapping in biliary
atresia, using scRNAseq, identiﬁed 9 subsets of liver
myeloid cells, including 4 monocyte/macrophage
populations, and suggested a bile acid-driven
hypo-inﬂammatory phenotype.17
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Key point
Neutrophils and Th17 cell
responses might cooperate
in PSC to drive disease.
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Review
Although much literature indicates roles for
myeloid cells in acute and chronic cholangiopathies, future work would beneﬁt from taking heterogeneity (resident vs. recruited), spatial
localisation, and timing (acute vs. chronic, early
disease vs. end-stage disease) into account when
possible. Also, compared to monocytes and macrophages, few studies have assessed the role of
dendritic cells in cholangiopathies.

Key point
Recruited proinﬂammatory
monocytes contribute to
biliary disorders.

Key point
Cholangiocytes can present
antigens to several unconventional T-cell populations making these cells of
interest for the study of
biliary disorders.
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Adaptive lymphocytes
Much work has been performed on conventional
CD4 and CD8 T cells, in both the circulation and
liver tissue of patients with cholangiopathies, and
in murine experimental models.1,3,81 Challenges in
the ﬁeld of human chronic progressive inﬂammatory diseases include accessing tissue early in the
disease and explicitly studying local events close to
bile ducts. Additionally, questions remain
regarding the contributing role of tissue-resident T
cells to disease compared with recently recruited
cells. Nevertheless, with PSC as an example, a
common ﬁnding has been elevated Th17 cell responses, both in blood and liver tissue.75,82,83
Neutrophils, monocytes, and cholangiocytes have
been suggested to promote local Th17 cell differentiation/polarisation.75,83,84 A recent scRNAseq
analysis of livers from patients with PSC also
identiﬁed a naïve CD4 T-cell population close to
intrahepatic bile ducts that displayed the potential
to become Th17 cells.16 Similarly, biliary-resident
CD8 T cells with the capacity to produce IL-17 are
highly enriched close to the bile ducts in patients
with PSC.56 IL-17 then promotes cholangiocyte
activation and proliferation via JAK2-STAT3 signalling and subsequent disease progression.84
However, the pathogenic role of IL-17 was
recently questioned in a murine model of cholangitis where IL-17 instead promoted PD-L1
expression on cholangiocytes and subsequently
protected against CD8 T cell-mediated disease.83
Indeed, as an outlook, IL-17 receptor blockade appears to worsen intestinal disease activity in inﬂammatory bowel disease.85 Beyond IL-17 and
Th17 cell responses in PSC, recent work in murine
models of PBC and PSC suggested that the nature of
Th cell responses modulates intrahepatic tumour
immune surveillance, with Th1- and Th2-skewed
responses favouring such surveillance.86
CD8 T cells with a mucosal phenotype accumulate around bile ducts in patients with PSC.56
Aberrant homing of such T cells from the gut to
the bile duct is a prevailing hypothesis of PSC
pathogenesis,87,88 where T cells express receptors
such as CXCR6, CCR9, and a4b7 integrin64,89 and
endothelia and/or epithelia upregulate MAdCAM-1
(mucosal vascular addressin cell adhesion molecule 1), CCL25, and E-Cadherin.87 However, recent
work suggested this as a pan-aetiological phenotype in chronic liver diseases.56,90 This illustrates

the necessity of conducting research on early disease pathogenesis, or in the case of PSC, possibly
focusing on post-transplant recurrent PSC as a
model for early pathogenesis studies. Interestingly,
recent work on autoreactive pyruvate dehydrogenase complex E2-speciﬁc CD8 T cells in PBC
demonstrated that these cells had an intraepithelial CD103+ tissue-resident memory phenotype and were localised close to intrahepatic
bile ducts.91
A recent study on a family where 5 individuals
suffered from PSC, identiﬁed a heterozygous
missense mutation in SEMA4D (encoding
Semaphorin-4D/CD100) in all 5 individuals, further
linking T cells to PSC pathogenesis.92 This mutation
was related to T-cell functional defects on the
transcriptional and functional level in murine
models and patient samples, and replacement by
wild-type T cells in mice carrying the same diseasecausing mutation as the sick family members
attenuated
cholangitis
after
DDC
(3,5diethoxycarbonyl-1,4-dihydrocollidine)
exposure.92 Although the CD100-mutation was private
to this family, it represents the ﬁrst casual mutation leading to PSC. Future work should more
broadly assess CD100 function and signalling and
its associated pathways to evaluate the wider
relevance of this ﬁnding in the entire
PSC population.
Compared to T cells, our knowledge of the role of
hepatic and biliary B cells in cholangiopathies remains scarce, even though antibodies and/or autoantibodies likely play a role in IgG4-related
hepatobiliary disease and PBC (reviewed in93), and
despite the fact that IgA is the second most abundant
protein in bile.94 Although it currently remains unclear whether the elevated IgG4 antibodies, by
themselves, are pathogenic in IgG4-related cholangitis, elevated IgG4 levels can be found in other
autoimmune, allergic, and infectious conditions and
associate with type 2 immunity.95 The clinical association with blue-collar work suggests either
molecular mimicry towards environmental factors
and/or a more direct effect of these factors on
inﬂammation.96 Interestingly, in a rotavirus model
of biliary atresia, IgG autoantibodies were accumulated in the liver, and rituximab was efﬁcient in
eliminating hepatic B cells in patients, resulting in
restored myeloid and T-cell function.17 In the same
model, B cells were highly activated and produced
cytokines promoting pathogenic T- and myeloid-cell
responses.97 Recent work also compared B-cell receptor repertoires in the liver and gut tissue of patients with PSC.98 Nevertheless, future studies
should focus on determining the exact types of B
cells present within the liver and bile ducts of patients with cholangiopathies, their localisation, and
the microenvironment. Methods such as IgA-SEQ or
VirScan might be helpful to understand the reactivity of antibodies present in bile in relation to
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pathogenic
microorganisms,
and dysbiosis.99,100

normal

ﬂora, Box. 1. Unresolved issues and proposed research agenda moving forward.

Unconventional T cells and innate lymphocytes
As mentioned above, both NK cells and unconventional T cells, such as MAIT cells and cd T cells,
are enriched in healthy human liver tissue. At the
same time, only MAIT cells are also enriched speciﬁcally around bile ducts.56,60 Both MAIT cells and
cd T cells are decreased in the liver parenchyma
during chronic liver diseases, including biliary
diseases such as PSC.44,51,101,102 This is also the case
for MAIT cells within the cholangiocarcinoma
microenvironment.8 However, MAIT cells appear to
be retained speciﬁcally within the biliary niche in
patients with PSC.60 Interestingly, bile from patients with PSC was recently shown to contain
MAIT cell antigens.103 This, together with evidence
showing that cholangiocytes can directly present
to and subsequently activate MAIT cells via MR1
and that MAIT cells localise to portal tracts,8,51
makes these cells of interest in PSC pathogenesis.
Except for cellular cytotoxicity, MAIT cells also
possess the capacity to exhibit Th1 and Th17 responses, with the production of IFNc and IL-17.104
However, it remains to be determined whether
these cells, in fact, can contribute to early initiation
events in PSC or if they instead take part in the
propagation of inﬂammation. Depletion of NK cells
in the Mdr2-/- mouse model demonstrated the
contribution of NK cell-derived IFNc to sclerosing
cholangitis.105 However, since total NK cells were
depleted in this model, the possible contribution of
tissue-resident compared to circulating and/or
recruited NK cells remains to be determined.
Beyond this, NK cells have also been implicated in
the pathogenesis of biliary atresia. They localise
close to intrahepatic bile ducts of infants with
biliary atresia and can target cholangiocytes via the
activating receptor NKG2D in the rotavirus
model.69 In mice, NK cell activation likely occurs
via inﬂammasome activation, leading to elevated
IL-18 levels.106 IL-18 has also been identiﬁed as a
susceptibility gene for biliary atresia,107 and the
response might be allowed to proceed because of
insufﬁcient immune control from regulatory T
cells.108 However, most of this work on NK cells,
both in PSC and biliary atresia, was performed in
mouse models. Human translation is warranted,
including speciﬁc studies of tissue-resident and
circulating NK cells. Likewise, we currently have a
limited understanding of non-NK cell ILCs and
other unconventional T cells in biliary diseases.

Conclusions and outlook
From studies reviewed above, it is evident that a
distinct immunological niche exists in proximity to
bile ducts. The important contribution of the immune system to biliary disorders is also clear. The
aforementioned insights have raised many new

• A detailed picture of the normal distribution and spatial localisation of
immune cells along the entire biliary tract system in the context of health
would benefit the field as well as serve as an important benchmark for
pathogenesis studies.
• Species differences exist between mice and humans with respect to liver
and bile duct immune cell populations, the significance of this should be
considered in disease pathogenesis studies. Here, cross-species
integration of omics data can be of use.
• The biliary niche is distinct compared to surrounding liver parenchyma,
however, the exact interplay between cell types within the niche, in
health and disease, should be elucidated using newly available
technologies.
• Temporal considerations are similarly important, although more
challenging in the human setting, to study (early vs. late disease) where
the former will be of more interest from a disease-specific pathogenesis
perspective while the latter might yield insights into mechanisms
conserved across disorders.
• Implementation into next-generation precision medicine (diagnostics,
prognostics, endpoints in trials, individualised treatment decisions) is the
goal and will likely involve considerations and data only attainable from
the local spatial biliary niche.

questions. Although novel single-cell approaches
reveal cellular heterogeneity at an unprecedented
level, consolidation will be desirable with respect
to uniform nomenclature as well as the deﬁnition
of minimally relevant functional populations and/
or subsets of immune cells. Clearly, more insights
into the contribution of tissue resident compared
to recently recruited immune cells (monocytes/
macrophages, T cells, innate lymphocytes) in initiation and propagation of biliary disorders are
needed. We are only beginning to understand the
interplay between immune cells and structural
cells (e.g. ﬁbroblasts, cholangiocytes, endothelial
cells). Novel technologies will likely greatly aid in
this work. Beyond spatial biology, temporal aspects
(pre-symptomatic, early, late disease stages) will be
of equal importance to consider, especially in human translational studies. In summary, although
we have signiﬁcantly extended our knowledge of
biliary immunobiology over the past decade, much
remains to be learned (see Box 1 on unresolved
issues and proposed research agenda moving forward).
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