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Abstract

Chemokine receptors adorn the surface of leukocytes and other cell types ready to translate the
extracellular chemokine environment into functional cellular outcomes. However, there are
several molecules that, in many respects, look like chemokine receptors, but which do not have the
ability to confer chemotactic potential to cell lines. This apparent silence spurred the search for
signalling-independent functions and led to the development of new paradigms of chemokine
regulation. In this review, we summarise the experimental basis for these ideas focussing on
DARC and D6, the most studied members of this group of molecules. We discuss data generated
using /n vitro systems and genetically deficient mice, include results from observational human
studies, and summarise the key findings of recent research. We take a critical look at current
models of /in vivo function highlighting important gaps in our knowledge and demonstrating that
there is still much to find out about these enigmatic molecules.
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Introduction

The biological functions of chemokines are mediated by G-protein coupled chemokine
receptors, which sense extracellular chemokines and transmit signals to change cell
behaviourl. These receptors (CCR1-10, CXCR1-6, CX3CR1 and XCR1) are typically
restricted to a particular chemokine subclass: some are highly promiscuous, such as CXCR2,
CCR1 and CCR3, and play prominent roles during inflammation; others are more selective
(e.g. CXCR4, CCRY7 and CCR9) and serve critical homeostatic functions. Importantly,
leukocyte function is intimately linked to migratory potential and this is defined, to a great
extent, by the cell-specific profile of signalling-competent chemokine receptors. However,
there are several chemokine receptor-like molecules that do not fit accepted paradigms of
chemokine receptor function. These are referred to as Atypical Chemokine Receptors
(ACRs), interceptors, or chemokine ‘decoy’ receptors, and include the Duffy Antigen
Receptor for Chemokines (DARC), D6, CCX-CKR and CXCR72, 3. They are structurally
similar to other chemokine receptors, with seven predicted transmembrane helices and
extracellular surfaces that bind chemokines with high affinity. However, when artificially
expressed in immortalised cell lines /n vitro, they are unable to couple to signal transduction
pathways activated by typical chemokine receptors expressed in the same cellular system.
Consequently, ACRs cannot direct the migration of transfected host cells. This inability to
initiate conventional chemokine responses in cell lines is the principal defining feature of an
ACR. It has led to the view that they are silent /n vivo and driven the search for functions
that do not rely on chemokine-induced signalling. These investigations have spawned
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concepts of scavenging, sequestration, buffering, and transcellular transport that are now
seen as critical for facilitating and regulating chemokine function. By summarising the data
underpinning these ideas, we take a critical look at current models of DARC and D6
function and identify key remaining questions.

Red cell buffering of blood-borne chemokines

Human DARC can bind many, but not all, pro-inflammatory CC and CXC chemokines
(Figure 1). The specificity of DARC in other species is less well understood, but assumed to
be similar to human DARC. Cross-subfamily binding is unusual, but not unique to DARC?,
4 5 DARC is the molecular determinant of the human Duffy blood group antigen, and an
important entry factor for malarial species Plasmodium vivaxinto red blood cells (rbc).
This is thought to have driven emergence of the Duffy null phenotype prominent in African
populations, which is usually caused by a homozygous GATA-1 binding site mutation in the
DARC promoter’-9. DARC-binding chemokines can block rbc infection by 2. vivax, and
the Duffy binding protein of this parasite is a potential vaccine target!L. Interestingly,
genetic variation in baboon DARC is thought to influence susceptibility to malaria-like
pathogen Hepatocystist2. Human rbc DARC can also bind and present HIV. Some studies,
though not others, report increased susceptibility of Duffy null individuals to HIV infection,
but slower progression after infection3-19, Links between the Duffy null phenotype and IgE
levels20, complications of sickle cell anemia?1-24, transplant rejection25, psoriasis?®, and
prostate cancer?’ have also been investigated, but only weak associations, at best, have been
found. However, exciting recent work, including genome wide association studies (GWAS),
reveal strong association of the Duffy null phenotype with neutropenia28-31, and perhaps
monocytopenia®l. Thus, DARC on human rbc influences infectious disease and leukocyte
homeostasis.

Studies involving Duffy null humans have shown that DARC holds chemokines on the
surface of rbc and regulates chemokine abundance in plasma. Recent GWAS have strongly
linked DARC variant Asp42Gly with serum CCL2 levels in healthy people; revealed a
weaker association with CXCL8 and CCL5; but found no association with some non-DARC
binding chemokines or other inflammatory markers32. Compared to controls, Duffy null
humans have lower resting levels of erythrocyte-bound CXCL1 and CCL2, but not CXCLS;
less plasma CCL2 (according to some but not other studies); and more plasma CXCL831, 33,
After endotoxin challenge, they have lower peak levels of plasma CCL2 and CXCL1, but
not CXCL8, and a substantial reduction in rbc-associated CCL2, CXCL1 and 831, Resting
and endotoxin-induced plasma levels of non-DARC ligand, CCL4, are unaffected3. Neither
endotoxin-induced neutrophilia and monocytopenia, nor the pharmacokinetics of infused
recombinant CCL2, are substantially affected by Duffy status, but Duffy null humans are
reportedly more sensitive to CCL2-induced monocyte mobilisation34. In addition, DARC
deficient mice have less plasma CCL2 and 11, and the plasma half-life of many DARC-
binding chemokines delivered i.v. is significantly lower3®,

From these studies, and the nature of receptor/ligand interactions, rbc DARC may be seen as
serving both the previously-proposed ‘sink’ and ‘reservoir’ functions, depending on context.
When intact chemokines competent for DARC binding are released into blood during
inflammation they will rapidly occupy available local DARC molecules (Figure 2B). With
~2000 chemokine binding sites per human rbc (i.e. ~15nmol of sites per litre of blood)36,
and ~10-fold more on mouse rbc37, the DARC ‘sink’ clearly has a substantial capacity. Only
excessive chemakine production will cause it to ‘overflow’ (Figure 2C). Chemokines in
plasma are rapidly removed by DARC-independent mechanisms (e.g. clearance by the
liver). As this occurs, the DARC ‘reservoir’ will release chemokines (Figure 2D) eventually
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restoring the dynamic equilibrium of free versus bound chemokine (Figure 2A). This
process of bind-and-release will buffer local vascular beds and the whole circulatory system
against large rises and precipitous drops in chemokine abundance in the plasma. The precise
role of DARC at a given time will therefore be influenced by a host of variables, including
(i) chemokine release into the blood, (ii) the diversity of the blood chemokine repertoire,
(iii) post-translational modifications of plasma chemokines38, 39, (iv) the relative DARC on/
off rates of these chemokines, and (v) the effectiveness of DARC-independent removal
mechanisms. Importantly, DARC-bound chemokines are thought incapable of activating
chemokine receptors on leukocytes36, whilst those in plasma will be free to interact with
blood-borne leukocytes (leading to receptor desensitisation) or become immobilised on
endothelial surfaces (where they may encourage extravasation). Thus, buffering by DARC
should ensure a relatively uniform level of chemokine responsiveness amongst blood-borne
leukocytes, and limit inappropriate leukocyte adhesion to, and extravasation across,
endothelium.

Whilst DARC buffering may be most significant during inflammation and its resolution, it is
critical to highlight that many DARC ligands are constitutively produced in animals under
normal living conditions. This is evident, for example, from defects in neutrophil and
monocyte biology seen in resting mice deficient for CXCR2 and CCR2, respectively40, 41,
Constitutive production will provide baseline rbc DARC occupancy that will influence both
homeostasis and inflammation (Figure 2A). In this regard, exciting new work has shown that
CXCLS5, produced by platelets, is loaded onto DARC on rbc isolated from resting mice®. In
a model of lethal pneumonia induced by high dose intratracheal £. coli challenge, this
CXCLS5 appears to limit DARC-mediated scavenging of other CXCR2 ligands (CXCL1 and
2), enhancing their ability to desensitise CXCR2 on neutrophils. As a consequence, CXCL5
deficient mice show increased neutrophil recruitment to the lung, enhanced bacterial
clearance and reduced mortality38. Interestingly, other recent studies indicate that clotting
causes a substantial release of CCL2 from DARC?32, and, remarkably, that DARC influences
the formation of neutrophil/platelet aggregates and reduces bleeding time in mice*2. These
links between DARC, platelets and clot formation clearly merit further investigation.

DARC function on nucleated cells: transcytosis and more?

Duffy null humans usually retain DARC expression elsewhere8, 9, 43, Inflammation appears
to substantially up-regulate this expression. DARC immunoreactivity has been reported in
inflamed and resting human tissues on (i) blood vessel endothelial cells (BECs) of
postcapillary venules, (ii) lymph node and tonsil high endothelial venules (HEV), (iii)
littoral cells lining splenic sinusoids, (iv) glomerular and peri-bronchiolar capillaries, (v)
lymphatic endothelial cells (LECs) of skin lymphatic pre-collectors, (vi) epithelium in lung
and kidney collecting ducts, and (vii) Purkinje neurons in the cerebellum (from a distinct
DARC transcript detected throughout the brain)28, 43-59_ |n contrast to humans, there are
currently no detailed profiles of DARC expression by nucleated cells in experimental
species, except for some evidence for DARC expression by mouse HEVs and lung ECs, and
rabbit skin venules®0-62, This is an important gap in our knowledge, particularly when it
comes to the interpretation of phenotypes in DARC deficient mice.

The current view of DARC function on human BECs, and perhaps other polarised nucleated
cells, is that it mediates transcellular chemokine transport, or transcytosis (Figure 3). This
concept stemmed in part from the inability of DARC to couple to conventional chemokine-
induced signalling pathways in transfectants®3, encouraging functions for DARC to be
considered that were not reliant on this type of signalling. Chemokine transcytosis /n vivo
received direct support from elegant /n situ studies with radiolabelled chemokines in human
and rabbit skin explants, tracking chemokine transport from the interstitial space, through
the caveolar network of ECs, to the luminal surface of venules8?, 64, Notably, injected
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chemokines co-localised with DARC immunoreactivity in venular ECs®. In in vitro model
systems, DARC can transport chemokines, functionally intact, across polarised cell
monolayers (including DARC-transfected immortalised ECs) and present it on apical
surfaces to facilitate leukocyte transmigration6, 6. Moreover, mice transgenically over-
expressing DARC on ECs show enhanced leukocyte recruitment in response to CXCL1
injection, and exaggerated contact hypersensitivity responses, compared with WT
controls®.

These observations do not exclude other roles for DARC on nucleated cells (Figure 3). First,
DARC may contribute to chemokine destruction. There is little degradation of chemokines
internalised via DARC in transfected polarised cells®®, 66, but it can deplete extracellular
chemokines in other cell lines®’, 68, Thus, cell-type or context-specific intracellular
trafficking itineraries could lead to degradation of chemokines internalised by DARC-
expressing primary cells enabling it to play a scavenging role akin to that proposed for D6
(see below). Second, DARC and CCR5 hetero-oligomerise when co-expressed in
immortalised cell lines, and DARC can interfere with CCR5 function in this context59, so
DARC may modify the chemokine responsiveness of nucleated cells. DARC+ BECs are
likely to express other chemokine receptors, such as CXCR2. Third, it remains possible that
DARC is signalling-competent in some contexts. Lack of conventional signalling in
transfectants is not surprising since DARC lacks the DRY motif essential for G-protein
coupled signal transduction through typical chemokine receptors3’, 63, 70, However, it has
led to the assumption that DARC is never capable of initiating intracellular signals despite
the fact that, to our knowledge, the behaviour of endogenous DARC on primary nucleated
cells has not been explored in depth. Moreover, recent data showing that chemokines alter
the subcellular localisation of DARC in transfected MDCK cells hint at chemokine-driven
signals of some form being passed through DARCS®. Thus, further investigations, ideally
using DARC-expressing primary cells, would be helpful at this stage, although the rapid loss
of DARC from cultured BECs’! means that this will not be trivial.

The impact of DARC deficiency in mice: cancer and neutrophils

Unchallenged DARC deficient mice were originally reported to have no gross abnormalities,
and lack the neutropenia and monocytopenia observed in Duffy null humans’2, although
others have reported leukopenia, but associated neutrophilia, in these animals*2.
Interestingly, they do show high bone mineral density and reduced osteoclastogenesis’3, and
in light of the critical osteoclastogenic role played by CCR274, it is possible that this
phenotype results from dysregulation of CCL2 and other CCR2 ligands. Associations
between human rbc DARC deficiency and bone pathophysiology have not been reported,
although such studies would now be of interest.

Although there is no firm indication that Duffy null humans have altered tumour
susceptibility, roles for DARC in cancer have been explored in mice. In the TRAMP
(Transgenic adenocarcinoma of the mouse prostate) model of prostate cancer, tumour
growth, intratumoral levels of CXCL1 and 2, and the density of VWF+ vessels were
suppressed by DARC®. The role of stromal versus haemopoietic DARC was not defined.
Melanoma cells expressing CXCL2 grew less well in mice transgenically expressing DARC
in ECs than they did in wild-type (WT) recipients. Chemokine levels were not measured, but
tumours in DARC transgenic mice contained more lymphocytes and fewer CD31+
vessels’®. Over-expressing DARC in breast cancer cell lines suppressed their growth and
metastasis /7 vivcP8, and lung cancer cell lines carrying ectopic DARC generated larger, but
less metastatic, tumours containing more necrosis, fewer live cells and reduced CD31+
vessel density than DARC-negative controls®’. In both these studies®’,%8, ectopic DARC
scavenged chemokines 77 vitro. Remarkably, low DARC immunoreactivity in human breast
cancer samples has been linked to high microvessel density, lymph node metastasis and poor
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survival, although it was unclear in this study which cell types were DARC+58. This
surprising finding awaits independent confirmation in larger cohorts. In all studies, effects of
DARC were proposed to be due to suppression of angiogenesis through scavenging of
CXCR2-binding chemokines, long thought to contribute to blood vessel growth during
cancer progression’’. However, direct evidence for this is limited, and changes in vessel
density may be secondary to other effects of DARC deletion.

DARC on ECs has also been linked to metastasis suppression by binding tumour tetraspanin
KAI1/CD82 to block proliferation and induce senescence’8. DARC deficiency compromised
the ability of KAI1/CD82 to suppress lung tumour formation from a mouse melanoma cell
line, although a specific role for stromal DARC was not shown and chemokine-dependent
effects on this phenotype cannot be excluded. It is not clear how these provocative results fit
with other theories on CD82-mediated metastasis suppression, or whether DARC binds
KAI1/CD82 on non-tumour cells, such as T cells’.

In models of inflammation, studies have focussed on neutrophil recruitment. Early studies of
DARC deficient mice reported reduced neutrophil recruitment into the peritoneal cavity in
response to i.p. thioglycollate, but not zymosan, and into the peritoneal cavity, lungs and
intestine 24 hours after lipopolysaccharide (LPS) delivery i.p. (200p.g)72. Others reported
increased neutrophil recruitment to liver and lung two hours after i.p. LPS (~600.g)8°. Luo
and colleagues published a correction stating that they too saw more neutrophil recruitment
in DARC deficient mice, although it was unclear whether this related to all the models they
used’2. In addition, DARC enhanced neutrophil accumulation in bronchoalveolar lavage
after intratracheal administration of CXCL866. During lung injury induced by intratracheal
LPS administration, Lee and colleagues reported that DARC deficiency causes a reduction
in neutrophils in the airspaces, and in the lung as a whole®1, while others described an
increase in airway neutrophils in DARC deficient mice in this model, although with fewer
neutrophils in the lung interstitium and adhered to pulmonary vessels8L. Notably, in both
studies, bone marrow transplantation revealed that loss of DARC from the haemopoietic cell
compartment was principally responsible for the phenotypes. In an acid-induced lung injury
model, DARC was required for neutrophil recruitment to the lung within two hours of acid
administration?2. Reduced neutrophil recruitment, possibly linked to defective chemokine
presentation on ECs, was proposed to underpin the reduced response of DARC deficient
mice to acute kidney damage induced by ischemia or LPS82. In contrast, DARC deficiency
provided no protection against renal inflammation after ureteral obstruction or during
immune-mediated glomerulonephritis83.

Although DARC clearly influences neutrophil biology, presumably by binding chemokines,
it is difficult to develop an overarching explanation for the observed phenotypes. Moreover,
infusion of neutrophils from naive DARC deficient mice is reported to protect WT mice
from acid-induced lung injury, indicative of an inherent resting neutrophil defect*2. The
neutropenia associated with the Duffy null phenotype in humans also points to a role for
DARC in neutrophil homeostasis?8-31. This may result from unsequestered homeostatic
plasma chemokines (e.g. CXCLJ5) influencing neutrophil development, BM egress, or the
basal phenotype of circulating neutrophils. Clearly, further work on DARC regulation of
neutrophils is needed, and although DARC deficient mice show no change in susceptibility
to Staphylococcus aureus infection’2 or high dose £, coli-induced pneumonia38, detailed
studies using others models of infectious disease could prove informative.
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D6

Ligand specificity and expression profiles in mice and humans

In many respects, D6, also called chemokine-binding protein 2 (ccbp2), looks like a typical
chemokine receptor. Its predicted amino acid sequence indicates a heptahelical structure
with 30-37% identity and ~60% similarity to other chemokine receptors84-86. Its C-terminus
however is markedly different from other chemokine receptors84-87, and there are other
notable differences, particularly in the second intracellular loop where the canonical
DRYLAIV motif is present as DKYLEIV in all mammalian D6 proteins and as DTYLQIV
in chickens. D6, like DARC, is a promiscuous high affinity receptor for inflammatory
chemokines. It is thought to be restricted to CC chemokines, and there are currently 12
known ligands for human D684, 88-90, byt a substantial number of chemokines have yet to
be tested (Figure 1). The specificity of mouse D6 is less clear. CCL2, 3 and 4 appear be the
only mouse chemokines that have been demonstrated to bind mouse D68°, although human
forms of other chemokines can also bind. Clearly, ligand specificity of D6 is a critical
feature of its function, so it will be important to define the specificity of mouse D6 for
mouse chemokines, ideally on primary cells, and generate a complete profile of ligands for
human D6.

In humans, the principal cell types expressing D6 appear to be LECs, trophoblasts,
leukocytes, and possibly hepatocytes. In situ radioligand binding, immunohistochemistry,
and in situ hybridisation on healthy human skin provided compelling evidence of D6
expression by LECs, confirmed as such by co-expression of LEC marker podoplanin®l. D6
was also detected on LECs lining most, but not all, lymphatics in lung and gut, and
lymphatics within lymph nodes, tonsils and lymphoid aggregates in the gut®1-93, LECs in
many other organs lacked D6, as did BECs in all tissues analysed®?. It was found on some
cells lining vessels in the red pulp of human spleen®l. The spleen has some limited
lymphatic drainage, but the identity of these D6-expressing cells remains unclear. D6
mRNA has also been reported in isolated hepatocytes, is readily detectable by Northern
blot in liver34, and we have observed D6 immunoreactivity in human hepatocytes in liver
sections (RIBN, unpublished). Notably, the only published study of D6 genetics reported
that allelic variants of D6 are associated with liver inflammation in patients with chronic
hepatitis C%4. Trophoblasts in human placenta show particularly high D6 expression84, 95,
96, The precise pattern of immunoreactivity depends on trophoblast location, with
syncytiotrophoblasts showing a marked polarisation of D6 towards their apical surface,
which contacts maternal blood®, 9. Human trophoblasts can bind radiolabelled CCL2, but
not CXCLS, /n sitt®. D6 mRNA, from foetal-derived cells, is detectable in mouse placenta
by Northern blot, but at levels that are low compared to humans84, 9. It is much less
abundant in placenta than lung, and at levels comparable to liver®®, while placenta is by far
the richest source of D6 mMRNA amongst human tissues84. Finally, despite
immunohistochemistry of many tissues, including lymphoid tissues, only detecting D6 on a
few tissue-resident leukocytes®1-93 (identified as mast cells®” (RIBN, unpublished) and
possibly macrophages®3), D6 has surprisingly been detected by flow cytometry on B cells,
monocytoid and plasmacytoid dendritic cells (nDC and pDC), and a subset of monocytes®’,
98 Monocyte-derived DC generated /77 vitro also show high surface D6 immunoreactivity in
flow cytometry%7. Although these data point to broad expression of D6 by leukocytes in
humans, and are supported by PCR detection of D6 mRNA in some leukocytes®’, the
discordance between the immunchistochemistry and flow cytometry data is troublesome and
requires resolution.

In contrast to humans, there are, in our experience, no reliable anti-mouse D6 antibodies
currently available. This has seriously limited understanding of D6 expression in the mouse.
D6 transcript is detectable by Northern blotting in liver and placenta, and particularly in
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lung, and low levels can be detected by sensitive RT-PCR in many other tissues®>, 95, 97, In
the colon, D6 mRNA is predominantly found in non-leukocytes (CD45-negative), but not
epithelial cells®, and is up-regulated during DSS-induced colitis®2, 99, Expression is
unchanged in lung, liver and spleen during Mycobacterium tuberculosis infection9, or in
liver after carbon tetrachloride treatment100. The specific cell types responsible for mouse
D6 expression have, in most cases, not been defined. Little, if any, direct evidence exists for
D6 expression by LECs, trophoblasts, or hepatocytes /7 sitv in mice, although sensitive Q-
PCR approaches have provided some insight into D6 mRNA expression by leukocyte
subsets®”. However, the use of fluorescent human CCL2 to detect D6-expressing cells by
FACS is now providing unprecedented, cell-by-cell analysis of D6 activity®’, 9. This
approach has revealed that, amongst mouse leukocytes, D6-mediated chemokine uptake is
highly restricted to innate-like B cells, such as splenic marginal zone B cells and B1 B cells
in the body cavities and elsewhere (CAHH, manuscript submitted). D6 mRNA is enriched in
these cells (CAHH, manuscript submitted), in line with microarray data comparing follicular
and marginal zone B cells19, This contrasts dramatically with the broad expression of D6
reported on human leukocytes®’. This may be due to the different detection methods used,
and their reliability, and it should be noted that the fluorescent chemokine assay measures
D6-mediated chemokine uptake rather than D6 protein. However, D6 expression by all
human blood-borne mDC and pDC was confirmed functionally (by CCL3 inhibition of
fluorescent CCL2 uptake?”), yet conventional DC in mice show no detectable D6-mediated
CCL2 uptake (CAHH, unpublished).

Clearly, as with DARC, a collective look at existing data highlights our lack of
understanding of D6 expression in mice, and potential differences between species. This
knowledge gap, in addition to uncertainties about mouse D6 ligand specificity, are a
significant cause for concern and have meant that the interpretation of phenotypes in D6
deficient mice have substantially relied on data from human studies.

Establishing the paradigm of D6 as a silent scavenger

D6 is currently viewed as a silent chemokine scavenger, an idea first developed in /in vitro
studies. Despite early evidence to the contrary8®, D6 over-expressed in immortalised cell
lines, including trophoblast and LEC cell lines, is incapable of inducing Ca?* flux or
chemotaxis in response to ligand89, 96, 102 103 gy ch responses are commonly initiated
through typical chemokine receptors. In addition, D6 ligands are unable to induce these
responses in the choriocarcinoma BeWo cell line that expresses endogenous D69, 96, Thus,
D6 is unable to couple to signal transduction pathways used by typical chemokine receptors.
This has been attributed to the DRYLAIV to DKYLEIV change, and indeed, mutation of A
to E in CCR5 prevents coupling to Ca2* fluxes, while D6 carrying E in place of A can
induce very small Ca2* fluxes (RIBN, unpublished). However, the strict conservation of
DKYLEIV in D6 across mammals is surprising if the sole purpose of this evolutionary
change was to stop chemokine-induced signalling. Nonetheless, as with DARC, lack of
conventional signalling spurred the search for alternative functions for D6 that were not
reliant on signalling. A role in transcytosis was not favoured because D6 could not
efficiently transport chemokines when artificially expressed in LEC or trophoblast cell
lines%, 103 However, D6 over-expressed in immortalised cell lines can constitutively
internalise from, and recycle to, the cell surface via the endosomal compartment87, 104 105,
The C-terminus of D6 plays a critical role, although the significance of its phosphorylation
and interaction with B-arrestins is a matter of debate87, 104, Chemokine encountered by D6
transiting the cell surface can be internalised without the need for chemokine-induced
signalling. In cell lines, internalised chemokine rapidly dissociates from D6 and is degraded,
leaving the receptor free to recycle. Iterative rounds of chemokine internalisation result in
progressive depletion of extracellular chemokine87, 103105 |n addition, transient RNAi
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‘knock-down’ of endogenous D6 in BeWo cells prevents chemokine depletion by these
cells®. In fact, chemokine may alter the subcellular distribution of D6 in transfected cell
lines and BeWo cells to enhance scavenging9®. The silent scavenger concept established by
these in vitro observations remains a cornerstone of models of D6 function /n vivo.

If correct, the context of this scavenging needs to be considered. Active D6 on circulating
human leukocytes could act as a DARC-like ‘sink’ for plasma chemokines to prevent
desensitisation of chemokine receptors on blood-borne leukocytes. Chemokine
internalisation however would stop D6 serving a ‘reservoir’ function like rbc DARC. In
contrast, removal of chemokines from the surface of ECs by D6 on blood-borne leukocytes
could suppress leukocyte recruitment into inflamed tissue. Motile D6-expressing leukocytes
in tissues could deplete bioavailable chemokines throughout interstitial spaces'97, while D6
on non-motile cells would cause local modification of chemokines. For example, D6 on
LECs or trophoblasts might keep the surfaces of these cells chemokine-free, preventing
adhesion of leukocytes expressing cognate receptors. In placenta, this could help limit
maternal immune cell recognition of semi-allogeneic foetal cells®>, while on LECs it may
prevent inflammatory leukocyte adhesion to the lymphatic vasculature to enable the free
movement of tissue fluid and matured DCs. In pregnant humans, ~10m? of D6-expressing
syncytiotrophoblasts are bathed in circulating maternal blood at term. D6-mediated
scavenging would be expected to reduce plasma chemokine abundance, and interestingly
plasma levels of CCL2, 3 and 11 are reduced during pregnancy®®. Again, this would be
predicted to enhance the chemokine responsiveness of circulating leukocytes because of less
receptor desensitisation. Conversely, D6 on invasive cytotrophoblasts?® might reduce
chemokine abundance in the decidua to suppress leukocyte movement within the tissue.
Thus, as with DARC, the temporospatial context of D6-mediated scavenging would be
predicted to be of paramount importance. Of course, all these contextural considerations
depend on how robustly the silent scavenger model reflects D6 function in vivo.

The impact of D6 deficiency on inflammation in vivo

The generation of D6 deficient mice allowed indispensable /n vivoroles for D6 to be
defined. First it was reported that these animals develop exaggerated skin inflammation after
repeated cutaneous challenge with 12-O-tetradecanoyl-phorbol-13-acetate (TPA),
characterised by enhanced leukocyte infiltration (primarily by T cells and mast cells),
keratinocyte hyperproliferation and extensive neovascularisationl98, They also show altered
responses to subcutaneous Complete Freund’s Adjuvant (CFA) injection, more rapidly
developing granuloma-like lesions than WT controls, with some alterations in draining
lymph node cellularityl92. Chemokine levels were somewhat elevated in skinl and lymph
nodel02 in these studies. The impact of D6 deficiency on skin responses was further
developed using models of cancerl®®. Topical application of mutagen 7,12-
Dimethylbenz(a)antracene (DMBA), prior to repeated applications of TPA, leads to
papilloma formation. D6 deficiency increased susceptibility to tumour development in this
model, and was sufficient to make resistance strains of mice susceptible to tumour
formation109. Conversely, transgenic over-expression of D6 in basal keratinocytes could
reduce papilloma formation, and T cells and mast cells were less abundant in inflamed skin.
D6 deficiency was associated with increased bioavailable CCL3 protein in chronically
inflamed skin, and cultured transgenic keratinocytes scavenged CCL3. Another skin defect
was unexpectedly revealed while examining susceptibility to autoimmune encephalitis!10.
The reduction in disease severity, spinal cord inflammation and demyelination in D6
deficient mice was attributed to a defect in T cell priming. CD11c* cell aggregates were
found in the skin, which, it was argued, indicated that defective DC migration was
responsible. However, for reasons we do not understand, we have not observed any defects
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in T cell priming in D6 deficient mice in response to antigens delivered via the skin, and
find no role for D6 in autoimmune encephalitis (unpublished).

In models of allergic lung inflammation, D6 deficient mice developed a more substantial
inflammatory infiltrate after challenge, primarily comprised of eosinophils and DCs111,
Unexpectedly, they had less airway reactivity to aerosolised methacholine, even in the
absence of challenge. Only subtle changes in chemokine abundance were found in
bronchoalveolar lavage: after one antigen challenge, CCL17 but not CCL22 was elevated in
D6 deficient mice compared with WT, while after repeated challenge the opposite was seen.
Other likely D6 ligands (CCL3, 5 and CCL11) were unaffected. Responses to intra-nasal
infection with Mycobacterium tuberculosis have also been explored®3. D6 deficient mice
became moribund 8-16 weeks after infection, while all WT animals survived beyond 16
weeks, providing compelling evidence for an indispensible role for D6 during infection.
Bacterial load was unaffected, but there was a progressive accumulation of leukocytes in the
lung, liver, kidney and mediastinal lymph node of D6 deficient mice that was not seen in
WT animals. Unsurprisingly, the exaggerated inflammation seen twelve weeks after
infection was associated with elevated levels of chemokines and cytokines in
bronchoalveolar lavage and serum, and a cocktail of neutralising anti-chemokine antibodies
(against CCL2, 3, 4, and 5) afforded some protection for D6 deficient mice.

D6 deficient mice are also more sensitive to carbon tetrachloride-induced acute liver
damage00. This was associated with increased numbers of T and NK cells in the liver, and
inflamed D6 deficient livers contained slightly more CCL2, 3 and 5 than the less inflamed
livers of WT mice. In models of colitis, two studies report opposing outcomes of D6
deletion92, 99, Both used the dextran sodium sulphate (DSS) model of colitis, although
differences in treatment regime, genetic background, or local microflora may explain
disparities between the studies. Vetrano and colleagues observed that, compared with WT,
D6 deficient mice had higher clinical disease scores and increased leukocyte recruitment to
the colon (mainly T cells, DC and, surprisingly, B cells), and their more highly inflamed
colons released more chemokines when cultured ex vivo®2. They were also more susceptible
to chronic colitis, and to colon tumour formation induced by azoxymethane mutagenesis
then chronic DSS feeding. In contrast, we found that D6 deficient mice developed less
severe colitis than WT. Chemokine release from explants, and the magnitude of the cellular
infiltrate, were no different from WT9°. Protection was associated with, and partially
dependent on, an increase in IL-17A concomitant with the presence of more IL-17A-
secreting y& T cells in inflamed colons.

Finally, two papers have explored roles for D6 during mouse pregnancy motivated by D6
expression in placenta®, 9. The first study revealed that, compared with WT mice carrying
WT foetuses, D6 deficient females carrying D6 deficient foetuses had increased
susceptibility to foetal loss induced by endotoxin or anti-phospholipid antibodies®. Shortly
after endotoxin challenge, male or pregnant female D6 deficient mice had higher levels of
serum CCL2 and 11 (CCL3 was unaffected) compared to WT. There was also a small
increase in CCL3 and 11 (but not CCL2) in placental lysates, accompanied by a large rise in
macrophages. Endotoxin-induced foetal loss from WT and D6 deficient animals could be
prevented with a cocktail of neutralising anti-chemokine antibodies (against CCL2, 3, 4, and
5). Although these exciting data revealed a role for D6 in fetal protection, they did not
specifically implicate foetal/trophoblast D6. The phenotypes may have been caused by loss
of maternal D6. However, in embryo transfer experiments into WT recipients, while foetal
D6 was dispensable for the survival of syngeneic pups, it did provide some protection for
allogeneic foetuses®.
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Model of D6 function in vivo: silence is golden

The phenotypes of D6 deficient mice clearly demonstrate the indispensability of D6 during
inflammation. Incorporating expression data and the silent scavenger model, they have been
presented as evidence that D6 on lymphatics, trophoblasts, leukocytes and possibly
hepatocytes mediates chemokine scavenging /n vivo without signalling. Since the first
phenotypes of D6 deficient mice were reported192, 108  this attractive theory has dominated
studies of D6. In our view, however, a number of important issues still require resolution.

First, phenotypes in D6 deficient mice have been interpreted using cell-specific expression
profiles from humans. We still await the identification of D6-expressing cells in most mouse
tissues. In addition, it is important to clarify disparities in leukocyte expression between
mice and humans, and define the relative contribution of D6 on blood versus stromal cells.
This has only been attempted once using BM chimaeras. This led to the conclusion that D6
on stromal cells is required in mice for protection from weight loss during colitis®2. Because
of D6 expression by colonic LECs in humans®?, this stromal D6 was assumed to be on
mouse lymphatics®2. Confusingly, however, WT mice carrying D6 deficient blood appeared
to have comparable weight loss to D6 deficient mice with WT blood in this study, with
differences only apparent between control groups (i.e. WT mice reconstituted with WT
BM?92), Nonetheless, this approach, or the generation of lineage-specific D6 deficient mice,
is important in helping to understand D6, particularly in light of the discussion above
regarding the impact of context on scavenging outcome.

The second, more pressing, concern is that the model relies heavily on D6 behaviour in
transfected cells. The principal evidence of D6 scavenging /n vivo are elevated chemokine
levels that are often, but not always, seen in challenged D6 deficient mice. However, it is
very difficult to determine whether this is directly caused by D6 deletion, or is secondary to
enhanced inflammation. Likewise, suppression of inflammation in D6 deficient mice by
neutralising anti-chemokine antibody cocktails®3, 96 does not prove that loss of chemokine
scavenging underpins the phenotype, but rather that they develop an aberrant response that
is chemokine-dependent. Moreover, elevated chemokines are seen when conventional
chemokine receptors are inhibited or deleted. For example, antibodies that block ligand
binding to CCR2 lead to elevation in CCR2 ligands during inflammation112. More notably,
mice lacking CCR2, CXCR2, CX3CR1 or CXCR3 show substantial increases in their
cognate ligands, even in the absence of challenge, leading to desensitisation of other
remaining receptors that bind these chemokines!13. Such profound chemokine dysregulation
is not seen in D6 deficient mice, even after challenge. Thus, chemokine scavenging appears
to be an integral component of the biology of many, if not all, chemokine receptors, and
dysregulated chemokines in D6 deficient mice do not provide unequivocal evidence that D6
is a specialised chemokine scavenger /in vivo. In fact, we would argue that this definition
relies exclusively on the silence of D6, a phenomenon that has only been reported in /n vitro
cell systems and, in our view, with a limited assessment of signalling competency. Notably,
artificially over-expressed heptahelical receptors in in vitro cellular systems often show at
least some degree of constitutive activation14. This can mimic receptor behaviour on
primary cells, but this is not always the case. Thus, it is critical that the behaviour of native
D6 on primary cells is examined in detail with an open mind to define if it has any signalling
capacity or ability to change cell behaviour in its natural context. If nothing else, it offers the
potential to make the silent scavenger model more robust. Until then, we believe it is
premature to exclude other possible functions for D6 on primary cells, including transcytosis
and signalling (Figure 3), and that some doubt should remain about the validity of the silent
scavenger model of D6.
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Future Prospects

ACRs, united by their unusual behaviour in transfected cells, are intriguing, enigmatic
components of chemokine networks. We have attempted to provide an outline of existing
theories about DARC and D6 function /n vivo, some more robust than others, and present a
comprehensive summary of the experimental bases for these theories. No doubt novel
phenotypes will emerge from the study of DARC or D6 deficient mice in the future to reveal
exciting new indispensable functions for these molecules. At the moment, there is no real
option but to interpret these phenotypes using existing paradigms of chemokine
sequestration, transcytosis and/or scavenging. However, there are critical gaps in our
knowledge, outlined herein, that mean these paradigms are based on several important
assumptions. New tools and experimental approaches are needed to allow these gaps to be
filled, and it is imperative to determine if in vitro systems provide reliable insights into ACR
function in vivo.
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Figure 1. Chemokine binding profiles of human DARC and human D6

Chemokines are separated into those that show binding; those that do not bind; and those
that, to our knowledge, have not been reported to have been tested0, 38 63 84 88.90 115
116 The size of a segment is proportional to the number of chemokines in that segment.
DARC-binding chemokines are divided into strong (K;j < 100 nM) and weak binders (K =
100 nM - 1 wM), while non-binding chemokines have K; > 1 uM38, 115, 116 Compared to
CCL3L1Y, its closely-related non-allelic variant CCL3 is a relatively low affinity ligand for
D6%. All designations are based on radioligand displacement experiments using a limited
repertoire of radiolabelled chemokines, and do not take into account the impact that N-
terminal processing or other post-translational chemokine modifications may have on
affinity38, 39, The bottom panel shows known specific and common ligands for human D6
and DARC. Chemokines that have not been tested on human D6 are denoted by an asterisk,
and those with weak binding to DARC are italicised.
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Figure 2. Erythrocyte DARC as a chemokine buffering system

During homeostasis (A), constitutively produced chemokines (CXCL5, CCL2 and others)
occupy some of the available DARC molecules on rbc. These molecules will be in dynamic
equilibrium with plasma-borne chemokines (A1), which will be constantly ‘topped up’ by
chemokine release; subject to post-translational modification; and removed by DARC-
independent mechanisms. Platelets are a rich source of CXCL5. Bioactive plasma
chemokines will provide tonic stimulation of cognate leukocytic chemokine receptors. Upon
induction of low-grade local inflammation (B), DARC-binding chemokines from platelets
and other sources (e.g. ECs and circulating leukocytes) will transiently elevate plasma
chemokine levels favouring rapid local rbc DARC loading (B1). This will buffer against
large rises in chemokines. During high-grade inflammation (C), excessive levels of
inflammation-induced chemokines, along with pre-existing chemokines produced at rest,
may overwhelm the rbc DARC ‘sink’. In both scenarios (B, C), there are downstream
implications for leukocytic chemokine receptors and leukocyte trafficking, discussed in
more detail in the text. Since plasma-borne chemokines appear to be more rapidly cleared
than those on rbc, there will be a rapid switch to a state where the kinetics of receptor/ligand
interactions will favour net chemokine release from the rbc ‘reservoir’ back into plasma (D
and D1). This will dampen the rate of chemokine removal from the plasma as inflammation
resolves. The kinetics of this DARC loading and release cycle, the nature of the equilibrium
resting state, and the impact on leukocytic chemokine receptors will be dictated by the
diversity of the chemokine repertoire, and by the rate of input, modification, and removal of
plasma chemokines.
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Figure 3. Putative functions of DARC and D6 on nucleated cells

Large black arrows denote roles for DARC (left) and D6 (right) that are thought to occur on
nucleated cells i.e. transcytosis by DARC and scavenging by D6. Chemokines are shown as
hexagons. Grey arrows with question marks, denote hypothesized functions i.e. transcytosis
by D6 and scavenging by DARC. Also included are possible ‘downstream effects’ that both
molecules may have on the behaviour of cells, such as the regulation of chemokine
responsiveness or the induction of intracellular signals. These signals may facilitate
transcytosis or scavenging, or perhaps induce other, currently unknown, biological responses
(see text for further discussion). Note that transcytosed chemokine at the top of the figure
may be transferred to cell surface glycosaminoglycans80, 65, or released into the
extracellular space.
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