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Abstract. The WHIM syndrome features susceptibility to human Papillvirus infection-induced warts and carcinomas,
hypogammaglobulinemia, recurrent bacterial infectidhgnd T-cell lymphopenia, and neutropenia associated \etintion

of senescent neutrophils in the bone marrow (i.e. myel@kash

This rare disorder is mostly linked to inherited hetggous

autosomal dominant mutations in the gene enco@X@R4 a G protein coupled receptor with a unique ligand, the cheneo
CXCL12/SDF-1. Some individuals who have full clinical fosrof the syndrome carry a wild tyg@XCR4gene. In spite of
this genetic heterogeneity, leukocytes from WHIM patiestiare in common dysfunctions of the CXCR4-mediated siggali
pathway upon exposure to CXCL12. Dysfunctions are charaetd by impaired desensitization and receptor interatibn,
which are associated with enhanced responses to the cheendBur increasing understanding of the mechanisms thatiatc
for the aberrant CXCL12/CXCR4-mediated responses is begirto provide insight into the pathogenesis of the disordes

a result we can expect to identify markers of the WHIM syndepas well as other disorders with WHIM-like features that ar

associated with dysfunctions of the CXCL12/CXCR4 axis.

1. Introduction

Chemokines are classically referred to as small cy-
tokines that regulate the directional migration (i.e.
chemotaxis) of leukocytes toward a concentration gra-
dient. This process occurs through interaction with
receptors that belong to the G protein-coupled recep-
tor (GPCR) superfamily, during normal and patho-
logical conditions [1]. The chemokine superfami-
ly encompasses 47 members, which are divided in-
to two major subfamilies (CXC, CC) and two oth-
er subfamilies (C, CX3C), based upon the arrange-
ment of the two N-terminus cysteine residues [2].
Chemokines/chemokines receptors display a high de-
gree of conservation throughout evolution from jaw-
less fish to humans, and this system is critical for the
proper development and function of many tissues in
vertebrates.

*Corresponding author. Tel.: +33 (0) 406 13467; Fax: +33 (0)
456 88941; E-mail: fbachele@pasteur.fr.

Although chemokines and their receptors general-
ly display redundancy and binding promiscuity, some
chemokines play pivotal and non-redundant homeostat-
ic roles. A singular instance is the CXCL12/SDF-1
chemokine [3] and its receptor CXCR4 [4]. Targeted
disruption of eithelCXCL12or CXCR4gene is lethal
during mouse embryogenesis and leads to many defects
including impaired B-cell lymphopoiesis and bone-
marrow (BM) myelopoiesis and hematopoiesis [5—7].
The CXCL12 chemokine, which is constitutively ex-
pressed in the BM, plays a prominent role in the re-
tention of BM neutrophils, by tightly controlling their
release into the blood and their clearance from the
circulation during normal and inflammatory condi-
tions [8]. For instance, rapid mobilization of neu-
trophils from BM is observed upon treatment of mice
with granulocyte—colony-stimulating factor, which re-
duces BM CXCL12 levels [9]. Similar observations
are seen following treatment of humans or mice with
the CXCR4 antagonist AMD3100 [10,11]. The CX-
CL12/CXCR4 axis also modulates the trafficking of
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B-cells within peripheral lymphoid organs during their
differentiation and activation [12,13] and the release of
mature B-lymphocytes from BM [14].

The CXCR4 chemokine receptor was originally de-
scribed as a co-receptor for Human Immunodeficien-
cy Virus entry [4] and CXCL12 as a potent inhibitor
of infection through internalization of the receptor
or competitive inhibition of the viral envelope bind-
ing [15,16]. Dysregulation of the CXCL12/CXCR4

axis was subsequently shown in cancer metastasis [17]

and more recently in a rare combined immunode-
ficiency disorder known as WHIM syndrome [18].
WHIM syndrome was reported in the early 1960’s as
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functions of the CXCL12/CXCR4 signaling axis were
found to be linked to inherited heterozygous autosomal
dominant mutations in the gene encod®§CR4 [18]

The relevance of these observations to pathogenesis
was fully appreciated when a similar pattern of dys-
functions was observed in patients carrying a wild type
CXCR4O0RF [23]. Thus, altered CXCL12/CXCR4-
mediated signaling constitutes a common biologic trait
of WHIM syndrome with different genetic causes.

The clinical features, diagnosis and management of
the WHIM syndrome, which is considered to be the
firstexample of a human disorder mediated by dysfunc-
tion of a chemokine receptor, have been recently re-

an unusual form of congenital neutropenia associat- viewed[21,22,30-32]. | will therefore restrict my com-

ed with hyperplasia of mature neutrophils in the BM,
termed myelokathexis [19]. The WHIM syndrome de-
rives its acronym from the clinical manifestations of
Human Papillomavirus Virus (HPV)-induced affs,
Hypogammaglobulinemia, bacteriafections, and the
pathognomonic Melokathexis [20]. A marked lym-
phopenia, which affects both T- and B-lymphocytes,
completes the picture.

The clinical onset and complications in WHIM are
more variable than originally suspected with the notable

ments to the dysregulation of the CXCL12/CXCR4-
signaling axis, after reviewing current knowledge about
the regulation of this axis.

2. Regulation of CXCL12/CXCR4-dependent
signaling

2.1. CXCL12/CXCR4 interactions

exceptions of neutropenia and lymphopenia, whichare  Chemokines signal by engaging cognate receptors
always observed in patients suffering from this disor- that belong to class A of the GPCR superfamily. The
der. However, most of the reported patients present structural basis of class A GPCR-mediated signal trans-
with myelokathexis and suffer from an unusual and se- duction is mostly extrapolated from crystal structures of
lective susceptibility to HPV infection (92% and 79%, rhodopsin[33]and more recently of the hunitedren-
respectively (for review; [21,22] and [23-26]). HPV ergic receptor [34,35]. Although these two paradig-
pathogenesis in patients manifests as profuse and per-matic examples display low sequence homology with
sistent cutaneous warts. In some adults, intractable chemokine receptors, they share striking basic fea-
genital condyloma acuminata often progress to severe tures. There is a core of seven transmembrane helices
dysplasia and carcinoma and are significant cause of (TM), which connects three extracellular and intracel-

premature mortality.

BM abnormalities are the most prominent features
that not only distinguish the WHIM-associated neu-
tropenia from other congenital neutropenia, but also
can explain why WHIM patients suffer from relatively
few bacterial infections. Indeed, the BM neutrophils
can be mobilized during infections and upon granu-
locyte — macrophage colony-stimulating factor admin-
istration, thus resulting in transient normalization of
BM cytology and peripheral neutrophil counts [27-29].

lular loops to an N-terminus extracellular domain and
a C-terminus intracellular domain. CXCL12 displays
the typical chemokine structure with an unstructured
N-terminus, followed by a flexible N-loop, a three-
stranded anti-parallgl-sheet, and an-helix [36—38].
Although both the N-terminus and the N-loop were
implicated in receptor binding [36,38,39], mutation-
al analyses have revealed the importance of the N-
terminus of the chemokine for triggering receptor ac-
tivation [36]. Interactions between CXCL12 and CX-

These observations support the seminal hypothesis that CR4 were hypothesized to take place following a two-

neutropenia arises from disturbed cell trafficking.

In line with this, the recent discovery that an in-
creased activation of the CXCL12/CXCR4 axis is a bi-
ological feature of the WHIM syndrome has opened

up promising leads for understanding disease patho-

genesis [18]. In many cases of WHIM syndrome, dys-

step binding process in which the docking site first in-
volves the N-loop of CXCL12 (residues 12—17) and the
N-terminus of CXCR4, and then the first eight residues
of the N-terminus of CXCL12 and buried residues in
the TM helices of CXCR4 [36]. This model was sup-
ported by data obtained from CXCR4 chimeras and
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mutants [40-42] and a nuclear magnetic resonance

(NMR) study of CXCR4 fragments associated with
dimeric CXCL12 [43]. Moreover, recent findings pro-
vide structural evidence that the initial docking of CX-
CL12 takes place independently of its binding to the
receptor TM region, which triggers receptor conforma-
tional changes and activation. Consequently, addition
of AMD3100 that binds to the CXCR4 TM region [44,
45] promotes the release of the N-terminus of CXCL12
from CXCR4, while the N-loop of the chemokine re-
mains bound to the receptor [46].

2.2. CXCL12/CXCR4-induced signaling

GPCRs control numerous physiological and patho-

logical processes and so represent important drug tar-
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In addition to G protein-dependent activation of ef-
fectors, GPCR-promoted signaling may involve inter-
actions with adaptor/scaffolding proteins, which pro-
vide specificity and appropriate spatial control of the
signaling pathways [65]. Among them, tigearrestin
proteins have recently emerged as important scaffolds
that link GPCRs to the activation of signaling molecules
including members of the MAPK family [66], and
which ultimately contribute to chemokine receptor-
induce chemotaxis [67]. In support of a role f6¢
arrestin in CXCL12-dependent chemotaxis, leukocytes
from g-arrestin2-knockout mice display impaired mi-
gration in response to CXCL12 [68]. Studies in human
cells have demonstrated tharrestin2 strengthens ac-
tivation of p38 and ERK/MAPK, leading to CXCL12-
promoted chemotaxis [69,70]. In addition, tite

gets. Signaling through GPCRs appears more diverse arrestin-binding protein filamin, which acts as an adap-
than originally suspected. Signals can be modulated by tor of proteins involved in cytoskeletal reorganization

a number of factors such as the existence of multiple
active conformation states for a given receptor, as well
as by the formation of hetero- and homo-oligomers,
which exhibit distinct physiological and pharmacolog-
ical properties [47]. Most GPCRs are coupled to het-
erotrimeric Ga3~y proteins. Thex-subunits (G) are
responsible for guanine nucleotide binding and GTP
hydrolysis, whereas~y subunits form a tightly linked
complex [48]. CXCR4 engagement triggers activation
of the Gai subfamily, as shown by the ability of per-
tussis toxin, which uncouplesds from GPCRs, to
block the biological outcomes of CXCR4 activation,
including chemotaxis [49-51]. CXCR4 also couples
to the Gaq or Gay2— 13 subfamilies but the physiolog-
ical significance of this coupling remains incomplete-
ly understood. Indeed, while this coupling was found
to activate the migration of T cell lines or dendritic
cells [52,53], it was shown by others to interfere with
CXCL12-induced migration of activated T cells [54].
Upon binding of CXCL12, activated &5+~ proteins
act on effectors to regulate cellular responses [55].
Effectors include the Src family of tyrosine kinas-
es [56,57] and the phosphoinositide 3-kinase path-
ways. The latter trigger downstream enzymes includ-
ing p2l-activated kinase and Protein Kinase B/Akt,
which are important for the cytoskeletal re-arrangement
that takes place during chemotaxis [49,58-60]. In ad-
dition, Ga/3~y proteins can activate the phospholipase
Cg, which in turn induces inositol trisphosphate pro-
duction and intracellular calcium release. These also
activate Protein Kinase C, focal adhesion kinase and
mitogen-activated protein (MAP) kinase extracellular
signal-regulated kinase (ERK) [60—64].

and actin assembly [71,72], participates in regulating
the CXCL12-induced activation of the RhoA/ROCK
pathway, myosin light chain phosphorylation, cofilin
activity and finally chemotaxis [73]. Thu8-arrestin
can fine-tune CXCL12 functions by coupling CXCR4
to different pathways depending upon cellular context.

Another modulator of CXCL12/CXCR4-dependent
signaling is the CXCRY7 receptor, which was known
as RDC1 before its description as a second recep-
tor for CXCL12 [74,75]. CXCR7 and CXCR4 can
form heterodimers when co-expressed [76—78]. These
heterodimers have pharmacological properties distinct
from those of CXCR4 or CXCR7 homodimers[76,77].
Moreover, recent reports suggest that CXCR7 evolved
as a decoy receptor that modulates CXCR4 signaling
through CXCL12 scavenging [79-81]. Although there
is conflicting information as to a direct signaling ac-
tivity of CXCR7 when triggered by CXCL12, all the
reports so far indicate that CXCRY fails to activate the
Gai pathways [82]. However, the recent observation
that CXCR7 does activate MAPK through the recruit-
ment of g-arrestin has suggested that CXCR7 might
be a ‘B-arrestin-biased” receptor that signals through
(-arrestin in the absence of G protein activation [83].
This property could explain of how stimulation of CX-
CR4 or CXCR7 by CXCL12 can lead to distinct phys-
iological outcomes.

2.3. Regulation of signaling
CXCL12 also elicits CXCR4 desensitization, an

adaptive universal response that avoids persistent re-
ceptor stimulation and promotes arrest of G protein ac-
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Table 1
Alignment of the amino acid sequences of the C-terminusregof wild type CXCR4
and the mutants associated with WHIM. The amino acid sequefithe CXCR4
C-terminus region is shown, in which the critical Ser and fiégidues targeted for
phosphorylation are underlined and highlighted in redesSif premature stop codon
or frameshift in the CXCR4 mutant proteins in WHIM patientslahe resulting amino
acid sequences of the C-terminus are indicated

31|0 32|0 3?0 34|D 35|0
Wt CXCR4 | KFKTSAQHALTSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS

R334X KFKTSAQHALTSVSRGSSLKILSKGK
G336X KFKTSAQHALTSVSRGSSLKILSKGKRG
S338X KFKTSAQHALTSVSRGSSLKILSKGKRGGH

S3391sX342 | KFKTSAQHALTSVSRGSSLKILSKGKRGGHSCFH

E343X KFKTSAQHALTSVSRGSSLKILSKGKRGGHSSVST

(G323fsX343 | KFKTSAQHALTSVSRGVQPQDPLQRKARWTFICFH

tivation. Desensitization is associated with the rapid cal [85]. Also targeted for phosphorylation are the
phosphorylation of Serine (Ser) and Threonine (Thr) Sef*!/Thr*42 pair, the Ser at position 344 [85] and
residues of the receptor C-terminus. The phospho- two clusters localized at the extreme C-terminus of
rylation is mediated by the second-messenger protein CXCR4 (Set%¢/Ser® and Set®!/Ser>?) [96]. Ac-
kinase C or by G-protein-coupled receptor kinases cordingly, CXCR4 mutants characterized in WHIM pa-
(GRKSs), which have unknown specificity [69,84-87]. tients (Table 1), which have deleted most of the critical
Recruitment of3-arrestin to the phosphorylated recep- Ser residues, display impaired internalization [23,95,
tor leads to the internalization of CXCR4 onto early en- 97-99]. The residual internalization of CXCR4 mu-
dosomes and sorting of the receptor into lysosomes for tant receptors could be accounted for by the preserved
proteolysis by an ubiquitin-dependent mechanism [55, residues S&éF*/Sef?5 [23].
88-90]. G protein-dependent signaling can alsobe neg- CXCL12-induced internalization of CXCR4 is simi-
atively regulated by the Regulators of G protein Sig- larly impaired in leukocytes from two unrelated WHIM
naling (RGS), which accelerate the intrinsic GTPase patients who carry a wild typEXCR4gene [23]. The
activity of Ga: subunits [91], and can affect CXCL12- receptor readily internalizes after stimulation of pa-
mediated G protein activation and chemotaxis [92—94]. tientleukocytes with the protein kinase C inducer phor-
bol ester PMA, thus predicting that the resistance to
CXCL12-induced internalization could result from im-
3. WHIM-associated dysfunctions of paired agonist-dependent phosphorylation [23]. To
CXCL12/CXCR4 signaling test this possibility, we measured the efficiency of the
different GRKs (GRK2, GRK3, GRK5 and GRKS6)
Familial WHIM syndrome is inherited as an autoso- to facilitate the internalization of CXCR4 in the pa-
mal dominanttrait [18]. Sequencing revealed thatmost tients’ cells. We observed that expression of GRK3 re-
patients carry heterozygous mutations in t¥CR4 stores CXCR4 responsiveness, suggesting selective al-
gene, which was confirmed in additional patients [21, terationsin GRK3 activity in cells from the two patients
22]. All six different CXCR4mutations described so  and an unappreciated role for the kinase in regulating
far (Table 1) result in a premature stop codon or a CXCR4 internalization. Indeed, siRNA interference
frameshift that eliminates the last 10 to 19 residues of GRK3 in control cells leads to a marked reduction
of the C-terminus [95]. Deletion of the C-terminus of receptor internalization, indicating that endogenous
of CXCR4 impairs internalization [84,87] by elimi- GRK2, GRK5 or GRK6 could not compensate for loss
nating the 15 Ser and 3 Thr residues that can be tar- of GRK3 [100]. Moreover, the discovery in one patient
geted for phosphorylation. Among them, the Ser at that altered GRKS3 activity results from selectively de-
positions 324, 325, 338 and 339 appear most criti- creased GSK3 transcripts, provides a likely pathogenic
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Fig. 1. Normal and aberrant CXCL12/CXCR4-mediated respengA) Under normal conditions, CXCL12 responses resalnfa balance
between G protein activation apidarrestins -arr)-mediated signaling, the latter which involves iatgions of3-arrestins with different domains
of the receptor (dashed blue lines). CXCL12 responsesragdticontrolled by3-arrestin-mediated desensitization and receptor inligetin,
which involve interactions o8-arrestins with the GRK-phosphorylated C-terminus pathefreceptor (green/blue bold line). (B) In the WHIM
syndrome caused by a mutationGXCR4 the C-terminus truncated receptor is resistant to CXCintiZced desensitization and internalization,
but remains able to interact with-arrestins (due to C-terminus truncations, interactiarsfavored with domains labeled by bold blue line).
Consequently, both deregulated G protein- @hdrrestin-mediated signaling contribute to aberrant CXZkesponses. In patient cells, both
wild type and mutant receptors are likely co-expressed amgform heterodimers at the cell membrane (line with dotigaeled arrows). (C) In

some cases of WHIM associated with wild type CXCR4, activatif patient cells with CXCL12 does not promote desengitinaand CXCR4
internalization as a consequence of GRK3 dysregulatioreréfbre, aberrant CXCL12 responses rely on the deregu@tprbtein-mediated

signaling.

mechanism and additional support for a pivotal role for
GRK3 in regulating CXCR4 attenuation [100].

Impaired desensitization of CXCR4 is predicted to
result in more efficient G protein activation and im-
proved CXCL12-induced G-protein dependent signals
(i.e. calcium mobilization, F-actin polymerization).
Nevertheless, the enhanced and prolonged CXCL12 re-
sponses featured in the WHIM syndrome (i.e. ERK1/2
signaling, chemotaxis) [21,23,100,101] may also re-
sult from aberrant activation gf-arrestin-dependent
pathways (see below) [98,99]. As mentioned above,
we have ectopically expressed GRKS3 in cells from
a WHIM patient having a wild typeCXCR4 gene
and harboring a selective decrease in GRK3 protein.
This leads to the normalization not only of the CX-
CRA4 internalization but also of the CXCL12-promoted
chemotaxis. Conversely, GRK3 silencing in control
cells results in a WHIM-like phenotype (i.e. enhanced
CXCL12-promoted chemotaxis) [100]. Our results
suggest that GRK3 negatively contributes to the regu-
lation of CXCR4-promoted chemotaxis. An overview
of this pathway in normal and WHIM patients is illus-
trated in Fig. 1.

There is conflicting information regarding the poten-
tial of GRK6 to modulate CXCL12-induced chemo-
taxis. Some reports have found that in mouse, GRK6

plays a positive role in CXCL12-induced migration of
T cells, while others indicated that it plays the op-
posite role in neutrophils [68,102]. Contribution of
GRKs to CXCL12-induced chemotaxis may not only
involve the role of the kinases ifi-arrestin-mediated
desensitization but also ifi-arrestin-mediated signal-
ing. In support of this last possibility, recent data sug-
gested thapi-arrestin-mediated ERK1/2 signaling re-
quires the phosphorylation of CXCR4 by both GRK3
and GRK6. Whereas GRK3 is proposed to phophory-
late the far C-terminus region of CXCR4, the GRK6
kinase was shown by liquid chromatography-tandem
mass spectrometry studies to phosphorylate more prox-
imal Ser residues (namely, Sé&/Serf?>, Sef? and
Ser3?) [96]. Interestingly, although phosphorylation
of the C-terminus of CXCR4 by GRK3 is suggested
to increase CXCL12-induce@arrestin recruitment to
the receptor, phosphorylation by GRK6 had the oppo-
site effects [96]. Overall, these observations suggest
some specialization of the GRKs in the regulatioof
arrestin functions and ultimately in CXCR4 activities.
The regulation of CXCR4 functions exerted by
arrestin results from distinct interactions with various
regions of the receptor apart from the C-terminus. For
instance-arrestin-dependent ERK1/2 activation re-
quires interaction of-arrestin with the third intracellu-
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lar loop of the receptor [69]. The significance of these

observationsto the increased CXCL12-induced chemo-

taxis in WHIM syndrome was recently document-
ed [98,99]. Both studies found that WHIM-associated
CXCR4 mutants maintain association wijtharrestins
and trigger abnormal-arrestin-dependent pathways as
revealed by activation of the ERK1/2 signaling. This
occurred despite partial deletion of the C-terminus,
which resulted in impaired internalization and desen-
sitization. We initially found thaB-arrestin2 constitu-
tively interacts with the mutant receptor likely via the
third intracellular loop [99]. Latter kinetic studies indi
cated that the ability of the mutant receptor to interact
with G-arrestin2 upon CXCL12 addition is delayed as
compared to the wild type receptor, thus accounting for
the abnormally prolonged CXCL12-induced signaling
downstream the mutant receptor [98]. The contribution
of this abnormap-arrestin2 signaling to the dysregula-
tion of CXCL12-induced chemotaxis, which is a>

F. Bachelerie / CXCL12/CXCR4-axis dysfunctions: Markérhe rare immunodeficiency disorder WHIM syndrome

activation and functions. Further characterization of
the processes responsible for the enhanced CXCL12-
induced chemotaxis is needed. In particular, elucidat-
ing the role of GRKs ang-arrestins, which can both
terminate and promote signaling, will be informative.
Notably, in zebrafish embryos the guided migration of
primordial germ cells is controlled by CXCL12 and its
receptors. In this model, the C-terminus of CXCR4
was shown to be required for controlling the duration
of the migration by downregulation of receptor signal-
ing, and then for precise arrival of the cells at their
target [108]. Therefore, setting up related experiments
in a mouse model of the WHIM syndrome would be
valuable. More extensive studies are also necessary to
evaluate the cooperation as well as the selective role
of -arrestins- and G-protein dependent pathways for
CXCL12-induced chemotaxis. It can be anticipated
that genetic analysis studies of WHIM patients carry-
ing a wild typeCXCR4gene will permit the identifica-

dependent process, requires the presence of the thirdtion of alternate genetic causes of the enhanced activity

intracellular loop of the receptor. Altering this loop
normalizes cell migration, suggesting that the receptor
can concomitantly activate-arrestin and G-protein de-
pendent pathways to influence biological function [99]
(Fig. 1).

In cells from WHIM patients, mutant receptors func-
tionally prevail over their co-expressed wild type coun-

of CXCR4. Interestingly, other pathways might be in-
volved in the pathogenesis of syndromes with WHIM-
like features, as recently suggested by the myelokathex-
is phenotype observed in mice having loss-of-function
mutations in theCxcr2 chemokine receptor gene and
the phenotype of myelokathexis [109].

Although the immuno-hematological manifestations

terparts, suggesting that the mutant receptors alter the of the WHIM syndrome apparently result from CXCR4

functioning of the wild type receptors through a trans-
dominant effect [74]. GPCR exist as oligomers, which
can modulate the ability of the receptors to activate sig-
naling pathways [103,104]. Extending previous work
showing that CXCR4 can form dimers [105-107], we
found that mutant and wild type receptors can het-
erodimerize. Our results suggest that the mutant re-
ceptor's ability to aberrantly activate G protein and
(B-arrestin pathways is preserved into the heterodimer.

dysfunctions, the mechanisms by which these dysfunc-
tions might affect leukocyte homeostasis remain un-
known. Arecentreport suggests that the B-cellanoma-
lies, including hypogammaglobulinemia, might result
from an impaired trafficking [110] as proposed for the
neutropenia and associated myelokathexis defects in
neutrophils [111]. However, how CXCL12/CXCR4
dysfunctions predispose WHIM patients to a selec-
tive susceptibility to HPV infection is still unknown.

These observations might provide a mechanistic basis WHIM patients generally do not suffer from other vi-

for the transdominant effect of the mutant receptor, al-
though the significance of this model to the biological
dysfunctioning of the CXCL12/CXCR4 axis remains

to be investigated in patients’ cells.

4. Conclusions
A key marker seen in WHIM syndrome is the in-

creased activation of the CXCL12/CXCR4 axis, which
usually results from gain-of-function mutations@Xx-

ral infections and respond to vaccine antigens. More-
over, recent findings indicate that WHIM patients can
develop humoral and cellular immune responses af-
ter administration of a tetravalent HPV vaccine [112],
making unlikely a selective failure of anti-HPV im-
munity. HPVs are double-stranded DNA viruses with
a tropism for epithelial keratinocytes. We previous-
ly described that CXCL12, which is detected neither
in keratinocytes of normal epidermis nor in various
local and systemic-associated skin pathologies, is ex-
pressed in HPV-induced lesions, whether they origi-

CRA4 Investigations into the disease pathogenesis have nate from WHIM patients or not [23]. Whether the

shed light on mechanisms that tightly control CXCR4

CXCL12/CXCR4 axis represents a host susceptibility
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factor for HPV-infection and -associated carcinogenic
progression will be interesting to delineate in future
studies.

Acknowledgments

| would like to thank former (K. Balabanian, K.
Chow) and actual members (B. Lagane, A. Levoye) of
the Pasteur Institute Path@ge Virale, Inserm U819
laboratory who have contributed to the works and ideas
presented in this review and F. Arenzana-Seisdedos
for his encouragement and advice. The support pro-
vided by grants from INSERM, Assistance Publique-
Hopitaux de Paris, ERA-Net on rare diseases, the In-
stitut national du cancer (InCa), Fondation pour la
Recherche Mdicale (FRM) and Agence Nationale de
la Recherche (ANR) is gratefully acknowledged.

References

[1] A. Zlotnik, O. Yoshie and H. Nomiyama, The chemokine
and chemokine receptor superfamilies and their molecular
evolution,Genome Biol (2006), 243.

[2] A. Zlotnik and O. Yoshie, Chemokines: a new classificatio
system and their role in immunitymmunity12 (2000), 121—
127.

[3] T. Nagasawa, H. Kikutani and T. Kishimoto, Molecular
cloning and structure of a pre-B-cell growth-stimulatiag-
tor, Proc Natl Acad Sci U S £1994)91, 2305-2309.

[4] Y. Feng, C.C. Broder, P.E. Kennedy and E.A. Berger, HIV-
1 entry cofactor: functional cDNA cloning of a seven-
transmembrane, G protein-coupled recepgmience(1996)
272 872-877.

[5] Y.R.Zou, A.H. Kottmann, M. Kuroda, I. Taniuchi and D.R.
Littman, Function of the chemokine receptor CXCR4 in
haematopoiesis and in cerebellar developmigature(1998)
393 595-599.

[6] T. Nagasawa, S. Hirota, K. Tachibana, N. Takakura, S.
Nishikawa, Y. Kitamura et al., Defects of B-cell lym-
phopoiesis and bone-marrow myelopoiesis in mice lacking
the CXC chemokine PBSF/SDF-ilature382(1996), 635—
638.

[7]1 Q. Ma, D. Jones, P.R. Borghesani, R.A. Segal, T. Na-
gasawa, T. Kishimoto et al., Impaired B-lymphopoiesis,
myelopoiesis, and derailed cerebellar neuron migration in
CXCR4- and SDF-1-deficient micBroc Natl Acad Sci U S
A 95(1998), 9448-9453.

[8] C. Martin, P.C. Burdon, G. Bridger, J.C. Gutierrez-Rano
T.J. Williams and S.M. Rankin, Chemokines acting via CX-
CR2 and CXCR4 control the release of neutrophils from the
bone marrow and their return following senesceroenu-
nity (2003)19, 583-593.

[9] C.L. Semerad, F. Liu, A.D. Gregory, K. Stumpf and D.C.
Link, G-CSF is an essential regulator of neutrophil traffick
from the bone marrow to the bloodinmunity 17 (2002),
413-423.

(10]

(11]

(12]

(13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

(26]

W.C. Liles, H.E. Broxmeyer, E. Rodger, B. Wood, K. Hubel
S. Cooper et al., Mobilization of hematopoietic progenitor
cells in healthy volunteers by AMD3100, a CXCR4 antago-
nist, Blood 102 (2003), 2728-2730.

H.E. Broxmeyer, C.M. Orschell, D.W. Clapp, G. Hangoc,
S. Cooper, P.A. Plett et al., Rapid mobilization of murine
and human hematopoietic stem and progenitor cells with
AMD3100, a CXCR4 antagonist] Exp Med201 (2005),
1307-1318.

C.C. Bleul, J.L. Schultze and T.A. Springer, B lymphtzy
chemotaxis regulated in association with microanatomic lo
calization, differentiation state, and B cell receptor ayer
ment,J Exp Med187(1998), 753-762.

A. Corcione, L. Ottonello, G. Tortolina, P. FacchettiAirol-

di, R. Guglielmino et al., Stromal cell-derived factor-1 as
a chemoattractant for follicular center lymphoma B cells,
Natl Cancer InsB2 (2000), 628—635.

C.H. Kim and H.E. Broxmeyer, SLC/exodus2/6Ckine/TCA4
induces chemotaxis of hematopoietic progenitor cells: dif
ferential activity of ligands of CCR7, CXCRS3, or CXCR4
in chemotaxis vs. suppression of progenitor proliferatibn
Leukoc Biol66 (1999), 455-461.

C.C. Bleul, M. Farzan, H. Choe, C. Parolin, |. Clark-Liew

J. Sodroski et al., The lymphocyte chemoattractant SDF-1
is a ligand for LESTR/fusin and blocks HIV-1 entiyature
382(1996), 829-833.

E. Oberlin, A. Amara, F. Bachelerie, C. Bessia, J.L.eVir
lizier, F. Arenzana-Seisdedos et al., The CXC chemokine
SDF-1 is the ligand for LESTR/fusin and prevents infection
by T-cell-line-adapted HIV-1Nature382(1996), 833-835.

A. Muller, B. Homey, H. Soto, N. Ge, D. Catron, M.E.
Buchanan et al., Involvement of chemokine receptors in
breast cancer metastadi¥ature410(2001), 50-56.

P.A. Hernandez, R.J. Gorlin, J.N. Lukens, S. Taniuchi,
Bohinjec, F. Francois et al., Mutations in the chemokine
receptor gene CXCR4 are associated with WHIM syndrome,
a combined immunodeficiency diseaSiat GeneB4(2003),
70-74.

W.W. Zuelzer, “Myelokathexis” — a New Form of Chron-
ic Granulocytopenia. Report of a Cad¢,Engl J Med270
(1964), 699-704.

M. Wetzler, M. Talpaz, E.S. Kleinerman, A. King, Y.O. Hu
J.U. Gutterman et al., A new familial immunodeficiency dis-
order characterized by severe neutropenia, a defective mar
row release mechanism, and hypogammaglobulinefria)
Med89(1990), 663-672.

T. Kawai and H.L. Malech, WHIM syndrome: congenital
immune deficiency diseas€urr Opin Hematol16 (2009),
20-26.

G.A. Diaz and A.V. Gulino, WHIM syndrome: a defect in
CXCR4 signalingCurr Allergy Asthma Rep (2005), 350—
355.

K. Balabanian, B. Lagane, J.L. Pablos, L. Laurent, T.
Planchenault, O. Verola et al., WHIM syndromes with differ-
ent genetic anomalies are accounted for by impaired CXCR4
desensitization to CXCL1ABlood 105(2005), 2449-2457.
J.B. Hagan and P.L. Nguyen, WHIM syndroniayo Clin
Proc82(2007), 1031.

D. Sanmun, D. Garwicz, C.I. Smith, J. Palmblad and B.
Fadeel, Stromal-derived factor-1 abolishes constitutjwep-
tosis of WHIM syndrome neutrophils harbouring a truncating
CXCR4 mutationBr J Haematol134 (2006), 640—644.

M.D. Tarzi, M. Jenner, K. Hattotuwa, A.Z. Faruqi, G.Ai-D

az and H.J. Longhurst, Sporadic case of warts, hypogam-



196

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

F. Bachelerie / CXCL12/CXCR4-axis dysfunctions: Markérhe rare immunodeficiency disorder WHIM syndrome

maglobulinemia, immunodeficiency, and myelokathexis syn-
drome,J Allergy Clin Immunoll16(2005), 1101-1105.

B. Weston, R.A. Axtell, E.F. Todd, 3rd., M. Vincent, K.J
Balazovich, S.J. Suchard et al., Clinical and biologic effe

of granulocyte colony stimulating factor in the treatmefit o
myelokathexis,) Pediatr118(1991), 229-234.

M. Wetzler, M. Talpaz, M.J. Kellagher, J.U. Guttermarda

R. Kurzrock, Myelokathexis: normalization of neutrophil
counts and morphology by GM-CSBAMA 267 (1992),
2179-2180.

J. Bohinjec and D. Andoljsek, Neutrophil-releasingivaty

of recombinant human granulocyte-macrophage colony stim-
ulating factor in myelokathexisBr J Haematol82 (1992),
169-170.

A.V. Gulino, WHIM syndrome: a genetic disorder of leuko
cyte trafficking, Curr Opin Allergy Clin ImmunoB (2003),
443-450.

G.A. Diaz, CXCR4 mutations in WHIM syndrome: a mis-
guided immune systemiPfnmunol Re203(2005), 235-243.
L.D. Notarangelo and R. Badolato, Leukocyte traffigkin
primary immunodeficiencies), Leukoc BioB5 (2009), 335—
343.

K. Palczewski, G protein-coupled receptor rhodopsinnu
Rev Biochen75 (2006), 743-767.

M.J. Serrano-Vega, F. Magnani, Y. Shibata and C.G.,Tate
Conformational thermostabilization of the betal-adrgiter
receptor in a detergent-resistant forlftpc Natl Acad Sci U

S A105(2008), 877-882.

S.G. Rasmussen, H.J. Choi, D.M. Rosenbaum, T.S. Kobil-
ka, F.S. Thian, P.C. Edwards et al., Crystal structure of the
human beta2 adrenergic G-protein-coupled receptatyure
450(2007), 383-387.

M.P. Crump, J.H. Gong, P. Loetscher, K. Rajarathnam, A.
Amara, F. Arenzana-Seisdedos et al., Solution structule an
basis for functional activity of stromal cell-derived fact;
dissociation of CXCR4 activation from binding and inhibi-
tion of HIV-1, Embo J16 (1997), 6996—-7007.

E.K. Gozansky, J.M. Louis, M. Caffrey and G.M. Clore,
Mapping the binding of the N-terminal extracellular tail of
the CXCR4 receptor to stromal cell-derived factor-1lalpha,
Mol Biol 345(2005), 651-658.

Y. Ohnishi, T. Senda, N. Nandhagopal, K. Sugimoto, T Sh
ioda, Y. Nagal et al., Crystal structure of recombinant na-
tive SDF-1alpha with additional mutagenesis studies: an at
tempt at a more comprehensive interpretation of accumulat-
ed structure-activity relationship data/nterferon Cytokine
Res20(2000), 691—-700.

J.W. Murphy, Y. Cho, A. Sachpatzidis, C. Fan, M.E. Hoalsd
and E. Lolis, Structural and functional basis of CXCL12
(stromal cell-derived factor-1 alpha) binding to hepan,
Biol Chem282(2007), 10018-10027.

A. Brelot, N. Heveker, M. Montes and M. Alizon, Identifi-
cation of residues of CXCR4 critical for human immunode-
ficiency virus coreceptor and chemokine receptor actsiitie

J Biol Chem275(2000), 23736—23744.

N. Zhou, Z. Luo, J. Luo, D. Liu, J.W. Hall, R.J. Pomerantz
et al., Structural and functional characterization of hama
CXCR4 as a chemokine receptor and HIV-1 co-receptor by
mutagenesis and molecular modeling studie8iol Chem
276(2001), 42826-42833.

B.J. Doranz, S.S. Baik and R.W. Doms, Use of a gp120 bind-
ing assay to dissect the requirements and kinetics of human
immunodeficiency virus fusion eventd, Virol 73 (1999),
10346-10358.

(43]

(44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

[56]

(57]

(58]

(59]

C.T. Veldkamp, C. Seibert, F.C. Peterson, N.B. De lazCru
J.C. Haugner, 3rd., H. Basnet et al., Structural basis of
CXCR4 sulfotyrosine recognition by the chemokine SDF-
1/CXCL12,Sci Signall (2008), ra4.

D. Schols, J.A. Este, G. Henson and E. De Clercq, Bieysla

a class of potent anti-HIV agents, are targeted at the HIV
coreceptor fusin/CXCR-4ntiviral Res35(1997), 147-156.
L.O. Gerlach, R.T. Skerlj, G.J. Bridger and T.W. Schizar
Molecular interactions of cyclam and bicyclam non-peptide
antagonists with the CXCR4 chemokine receptdrBiol
Chem276(2001), 14153-14160.

Y. Kofuku, C. Yoshiura, T. Ueda, H. Terasawa, T. Hirai, S
Tominaga et al., Structural basis of the interaction betwee
chemokine stromal cell-derived factor-1/CXCL12 and its G-
protein-coupled receptor CXCR4,Biol Chem284 (2009),
35240-35250.

K. Defea, Beta-arrestins and heterotrimeric G-prateicol-
laborators and competitors in signal transduct®n) Phar-
macol153(Suppl 1) (2008), S298-S309.

A.G. Gilman, G proteins: transducers of receptor-gatesl
signals,Annu Rev Biocherb6 (1987), 615-649.

Y. Sotsios, G.C. Whittaker, J. Westwick and S.G. Warlde T
CXC chemokine stromal cell-derived factor activates a Gi-
coupled phosphoinositide 3-kinase in T lymphocyteén-
munol163(1999), 5954-5963.

S. Ortolano, LY. Hwang, S.B. Han and J.H. Kehrl, Roles
for phosphoinositide 3-kinases, Bruton’s tyrosine kinasel
Jun kinases in B lymphocyte chemotaxis and homiggy, J
Immunol36 (2006), 1285-1295.

M. Thelen, Dancing to the tune of chemokinBlgt Immunol
2(2001), 129-134.

W. Tan, D. Martin and J.S. Gutkind, The Galphal3-Rhe sig
naling axis is required for SDF-1-induced migration thrioug
CXCR4,J Biol Chem281(2006), 39542—39549.

G. Shi, S. Partida-Sanchez, R.S. Misra, M. Tighe, M.T.
Borchers, J.J. Lee et al., Identification of an alternative
G{alphgg-dependent chemokine receptor signal transduc-
tion pathway in dendritic cells and granulocytdssxp Med
204(2007), 2705-2718.

B. Molon, G. Gri, M. Bettella, C. Gomez-Mouton, A. Lan-
zavecchia, A.C. Martinez et al., T cell costimulation by
chemokine receptor§\at Immunol6 (2005), 465—-471.

J.M. Busillo and J.L. Benovic, Regulation of CXCR4 sign
ing, Biochim Biophys Acta768(2007), 952—-963.

H.Y. Liu, G.B. Wen, J. Han, T. Hong, D. Zhuo, Z. Liu et
al., Inhibition of gluconeogenesis in primary hepatocyigs
stromal cell-derived factor-1 (SDF-1) through a c-SrctAkt
dependent signaling pathway, Biol Chem 283 (2008),
30642-30649.

M. Wysoczynski, M. Kucia, J. Ratajczak and M.Z. Ratajcz
Cleavage fragments of the third complement component
(C3) enhance stromal derived factor-1 (SDF-1)-mediated
platelet production during reactive postbleeding throaybo
tosis,Leukemia21 (2007), 973-982.

N. Volinsky, A. Gantman and D. Yablonski, A Pak- and Pix-
dependent branch of the SDF-1alpha signalling pathway me-
diates T cell chemotaxis across restrictive barriBischem

J 397(2006), 213-222.

G.M. Fuhler, A.L. Drayer, S.G. Olthof, J.J. Schurinda).
Coffer and E. Vellenga, Reduced activation of protein kinas
B, Rac, and F-actin polymerization contributes to an impair
ment of stromal cell derived factor-1 induced migration of
CD34+ cells from patients with myelodysplasBipod 111
(2008), 359-368.



(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

F. Bachelerie / CXCL12/CXCR4-axis dysfunctions: Markérhe rare immunodeficiency disorder WHIM syndrome

B. Tilton, L. Ho, E. Oberlin, P. Loetscher, F. Baleux, I.
Clark-Lewis et al., Signal transduction by CXC chemokine
receptor 4. Stromal cell-derived factor 1 stimulates prgkd
protein kinase B and extracellular signal-regulated lenas
activation in T lymphocytes] Exp Medl92(2000), 313-324.
A.M. Glodek, Y. Le, D.M. Dykxhoorn, S.Y. Park, G.
Mostoslavsky, R. Mulligan et al., Focal adhesion kinase is
required for CXCL12-induced chemotactic and pro-adhesive
responses in hematopoietic precursor cellspkemia2l
(2007), 1723-1732.

R.K. Ganju, S.A. Brubaker, J. Meyer, P. Dutt, Y. Yang,
S. Qin et al.,, The alpha-chemokine, stromal cell-derived
factor-1lalpha, binds to the transmembrane G-proteind{eaup
CXCR-4 receptor and activates multiple signal transduactio
pathways,J Biol Chem273(1998), 23169-23175.

J.F.Wang, |.W. Park and J.E. Groopman, Stromal cailvdéd
factor-lalpha stimulates tyrosine phosphorylation oftipld
focal adhesion proteins and induces migration of hematopoi
etic progenitor cells: roles of phosphoinositide-3 kinard
protein kinase CBlood 95 (2000), 2505-2513.

Y. Le, M. Honczarenko, A.M. Glodek, D.K. Ho and L.E. Sil-
berstein, CXC chemokine ligand 12-induced focal adhesion
kinase activation and segregation into membrane domains is
modulated by regulator of G protein signaling 1 in pro-B
cells,J Immunol174(2005), 2582—-2590.

K.L. Pierce, R.T. Premont and R.J. Lefkowitz, Seven-
transmembrane receptofdat Rev Mol Cell Biol3 (2002),
639-650.

L.M. Luttrell and R.J. Lefkowitz, The role of beta-astens

in the termination and transduction of G-protein-coupled r
ceptor signals) Cell Sci115(2002), 455-465.

K.A. Defea, Stop That Celll beta-Arrestin-Dependent
Chemotaxis: A Tale of Localized Actin Assembly and Re-
ceptor DesensitizationAnnu Rev Physiob9 (2007), 535—
560.

A.M. Fong, R.T. Premont, R.M. Richardson, Y.R. Yu, R.J.
Lefkowitz and D.D. Patel, Defective lymphocyte chemotaxis
in beta-arrestin2- and GRK6-deficient mié&gpc Natl Acad
Sci U S A99 (2002), 7478—7483.

Z.J. Cheng, J. Zhao, Y. Sun, W. Hu, Y.L. Wu, B. Cen et al.,
beta-arrestin differentially regulates the chemokinespec
tor CXCR4-mediated signaling and receptor internalizatio
and this implicates multiple interaction sites betweerabet
arrestin and CXCR4] Biol Chem275(2000), 2479-2485.

Y. Sun, Z. Cheng, L. Ma and G. Pei, Beta-arrestin2 is crit
ically involved in CXCR4-mediated chemotaxis, and this is
mediated by its enhancement of p38 MAPK activatidbBjol
Chem277(2002), 49212-49219.

K.M. Kim, R.R. Gainetdinov, S.A. Laporte, M.G. Caron
and L.S. Barak, G protein-coupled receptor kinase regulate
dopamine D3 receptor signaling by modulating the stability
of areceptor-filamin-beta-arrestin complex. A case of@ito
ceptor regulation) Biol Chem280(2005), 12774-12780.
M.G. Scott, V. Pierotti, H. Storez, E. Lindberg, A. Tietr

O. Muntaner et al., Cooperative regulation of extracetlula
signal-regulated kinase activation and cell shape chagge b
filamin A and beta-arresting/ol Cell Biol 26 (2006), 3432—
3445.

S. Jimenez-Baranda, C. Gomez-Mouton, A. Rojas, L.
Martinez-Prats, E. Mira, R. Ana Lacalle et al., Filamin-A
regulates actin-dependent clustering of HIV receptbiat
Cell Biol 9 (2007), 838—846.

K. Balabanian, B. Lagane, S. Infantino, K.Y. Chow, JrHa
riague, B. Moepps et al., The chemokine SDF-1/CXCL12

[75]

[76]

(77

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

(91]

197

binds to and signals through the orphan receptor RDC1in T
lymphocytes,J Biol Chem280(2005), 35760—-35766.

J.M. Burns, B.C. Summers, Y. Wang, A. Melikian, R. Bera-
hovich, Z. Miao et al., A novel chemokine receptor for SDF-1
and I-TAC involved in cell survival, cell adhesion, and tumo
development) Exp Med203(2006), 2201-2213.

F. Sierro, C. Biben, L. Martinez-Munoz, M. Mellado, R.M
Ransohoff, M. Li et al., Disrupted cardiac development
but normal hematopoiesis in mice deficient in the second
CXCL12/SDF-1 receptor, CXCRRroc Natl Acad Sci U S
A104(2007), 14759-14764.

A. Levoye, K. Balabanian, F. Baleux, F. Bachelerie and B
Lagane, CXCR?7 heterodimerizes with CXCR4 and regulates
CXCL12-mediated G protein signalinglood 113 (2009),
6085-6093.

K.E. Luker, M. Gupta and G.D. Luker, Imaging chemokine
receptor dimerization with firefly luciferase complementa-
tion, FASEB 323 (2009), 823-834.

B. Boldajipour, H. Mahabaleshwar, E. Kardash, M.
Reichman-Fried, H. Blaser, S. Minina et al., Control of
chemokine-guided cell migration by ligand sequestration,
Cell 132(2008), 463—-473.

C. Dambly-Chaudiere, N. Cubedo and A. Ghysen, Confrol o
cell migration in the development of the posterior lateira1
antagonistic interactions between the chemokine receptor
CXCR4 and CXCR7/RDCIBMC Dev Biol7 (2007), 23.

U. Naumann, E. Cameroni, M. Pruenster, H. Mahabaleghwa
E. Raz, H.G. Zerwes et al., CXCRY7 functions as a scavenger
for CXCL12 and CXCL11PLoS Ones (2010), €9175.

M. Thelen and S. Thelen, CXCR7, CXCR4 and CXCL12:
an eccentric trio?d Neuroimmunoll98(2008), 9-13.

S. Rajagopal, J. Kim, S. Ahn, S. Craig, C.M. Lam, N.P.-Ger
ard et al., Beta-arrestin- but not G protein-mediated digga

by the “decoy” receptor CXCRRroc Natl Acad Sci U S A
107(2010), 628-632.

B. Haribabu, R.M. Richardson, |. Fisher, S. Sozzan(.S.
Peiper, R. Horuk et al., Regulation of human chemokine
receptors CXCRA4. Role of phosphorylation in desensitizati
and internalization, Biol Chem272(1997), 28726-28731.
M.J. Orsini, J.L. Parent, S.J. Mundell, J.L. Benovidah
Marchese, Trafficking of the HIV coreceptor CXCR4. Role
of arrestins and identification of residues in the c-termina
tail that mediate receptor internalizatiod,Biol Chem274
(1999), 31076-31086.

N. Signoret, M.M. Rosenkilde, P.J. Klasse, T.W. Schwar
M.H. Malim, J.A. Hoxie et al., Differential regulation of
CXCR4 and CCR5 endocytosisCell Scil11(Pt 18) (1998),
2819-2830.

N. Signoret, J. Oldridge, A. Pelchen-Matthews, P.adgsk,

T. Tran, L.F. Brass et al., Phorbol esters and SDF-1 induce
rapid endocytosis and down modulation of the chemokine
receptor CXCR4) Cell Biol 139(1997), 651-664.

A. Marchese, C. Raiborg, F. Santini, J.H. Keen, H. Starkm
and J.L. Benovic, The E3 ubiquitin ligase AlP4 mediates
ubiquitination and sorting of the G protein-coupled reoept
CXCR4,Dev Cell5 (2003), 709-722.

A. Marchese and J.L. Benovic, Agonist-promoted uiigui
nation of the G protein-coupled receptor CXCR4 mediates
lysosomal sorting) Biol Chem276(2001), 45509-45512.

R. Malik and A. Marchese, Arrestin-2 Interacts with 8-
CRT Machinery to Modulate Endosomal Sorting of CXCR4,
Mol Biol Cell, 21 (2010), 2529-2541.

N. Watson, M.E. Linder, K.M. Druey, J.H. Kehrl and K.J.
Blumer, RGS family members: GTPase-activating pro-



198

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

F. Bachelerie / CXCL12/CXCR4-axis dysfunctions: Markérhe rare immunodeficiency disorder WHIM syndrome

teins for heterotrimeric G-protein alpha-subunisture383
(1996), 172-175.

J.D. Estes, T.C. Thacker, D.L. Hampton, S.A. Kell, B.F.
Keele, E.A. Palenske etal., Follicular dendritic cell riegion

of CXCR4-mediated germinal center CD4 T cell migration,
J Immunol173(2004), 6169-6178.

G.X. Shi, K. Harrison, G.L. Wilson, C. Moratz and J.H.
Kehrl, RGS13 regulates germinal center B lymphocytes re-
sponsiveness to CXC chemokine ligand (CXCL)12 and CX-
CL13,J Immunol169(2002), 2507-2515.

M. Berthebaud, C. Riviere, P. Jarrier, A. Foudi, Y. Zhan
D. Compagno et al., RGS16 is a negative regulator of SDF-
1-CXCR4 signaling in megakaryocyteBjood 106 (2005),
2962-2968.

L. Tassone, L.D. Notarangelo, V. Bonomi, G. Savoldi,
A. Sensi, A. Soresina et al., Clinical and genetic diag-
nosis of warts, hypogammaglobulinemia, infections, and
myelokathexis syndrome in 10 patienfsAllergy Clin Im-
munol123(2009), 1170-1173, 3 el—e3.

J.M. Busillo, S. Armando, R. Sengupta, O. Meucci, M. Bou
vier and J.L. Benovic, Site-specific phosphorylation of CX-
CR4 is dynamically regulated by multiple kinases and result
in differential modulation of CXCR4 signalind,Biol Chem
285(2010), 7805-7817.

T. Kawai, U. Choi, N.L. Whiting-Theobald, G.F. Linton,
S. Brenner, J.M. Sechler et al., Enhanced function with de-
creased internalization of carboxy-terminus truncated CX
CR4 responsible for WHIM syndromeExp Hematol33
(2005), 460-468.

P.J. McCormick, M. Segarra, P. Gasperini, A.V. Gulim@a
G. Tosato, Impaired recruitment of Grk6 and beta-Arrestin
2 causes delayed internalization and desensitization of a
WHIM syndrome-associated CXCR4 mutant reced®mnS
One4 (2009), €8102.

B. Lagane, K.Y. Chow, K. Balabanian, A. Levoye, J. Har-
riague, T. Planchenault et al., CXCR4 dimerization and-beta
arrestin-mediated signaling account for the enhanced chem
taxis to CXCL12 in WHIM syndromeBlood 112 (2008),
34-44.

K. Balabanian, A. Levoye, L. Klemm, B. Lagane, O. Her-
mine, J. Harriague et al., Leukocyte analysis from WHIM
syndrome patients reveals a pivotal role for GRK3 in CXCR4
signaling,J Clin Invest118(2008), 1074-1084.

A.V. Gulino, D. Moratto, S. Sozzani, P. Cavadini, K.etd,

L. Tassone et al., Altered leukocyte response to CXCL12
in patients with warts hypogammaglobulinemia, infections
myelokathexis (WHIM) syndromeBlood 104 (2004), 444—
452.

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

A. Vroon, C.J. Heijnen, R. Raatgever, |.P. Touw, R.E.
Ploemacher, R.T. Premont et al., GRK6 deficiency is asso-
ciated with enhanced CXCR4-mediated neutrophil chemo-
taxisin vitro and impaired responsiveness to G-G8Wivo,

J Leukoc Biol75 (2004), 698—704.

M.J. Lohse, Dimerization in GPCR mobility and signaj
Curr Opin Pharmacoll0(2010), 53-58.

G. Milligan, G protein-coupled receptor hetero-diimation:
contribution to pharmacology and functid®; J Pharmacol
158(2009), 5-14.

G.J. Babcock, M. Farzan and J. Sodroski, Ligand-
independent dimerization of CXCR4, a principal HIV-1 core-
ceptor,J Biol Chem278(2003), 3378-3385.

Y.A. Berchiche, K.Y. Chow, B. Lagane, M. Leduc, Y.
Percherancier, N. Fuijii et al., Direct assessment of CXCR4
mutant conformations reveals complex link between recepto
structure and G(alpha)(i) activatiohBiol Chem282(2007),
5111-5115.

Y. Percherancier, Y.A. Berchiche, I. Slight, R. Volkm
Engert, H. Tamamura, N. Fuijii et al., Bioluminescence reso-
nance energy transfer reveals ligand-induced conformeitio
changes in CXCR4 homo- and heterodimelsiol Chem
280(2005), 9895-9903.

S. Minina, M. Reichman-Fried and E. Raz, Control ofgec

tor internalization, signaling level, and precise arrigathe
target in guided cell migratiorCurr Biol 17 (2007), 1164—
1172.

K.J. Eash, A.M. Greenbaum, P.K. Gopalan and D.C. Link,
CXCR2 and CXCR4 antagonistically regulate neutrophil
trafficking from murine bone marrow] Clin Invest120
(2010), 2423-2431.

P.J. Mc Guire, C. Cunningham-Rundles, H. Ochs and G.A.
Diaz, Oligoclonality, impaired class switch and B-cell mem
ory responses in WHIM syndrom€Jin Immunol135(2010),
412-421.

T. Kawai, U. Choi, L. Cardwell, S.S. DeRavin, N. Nau-
mann, N.L. Whiting-Theobald et al., WHIM syndrome
myelokathexis reproduced in the NOD/SCID mouse xeno-
transplant model engrafted with healthy human stem cells
transduced with C-terminus-truncated CXCHslpod 109
(2007), 78-84.

A.Handisurya, C. Schellenbacher, B. Reininger, o, P.
Vyhnanek, A. Heitger et al., A quadrivalent HPV vaccine in-
duces humoral and cellular immune responses in WHIM im-
munodeficiency syndrom¥&accine28 (2010), 4837—-4841.



