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Copy number variation: from the global
genomic variability to the implications in the

immune system

Summary

Genome copy number changes (copy number variations: CNVs) include
inherited, de novo and somatically acquired deviations from a diploid state
within a particular chromosomal segment. CNVs are frequent in higher
eukaryotes and associated with a substantial portion of inherited and
acquired risk for various human diseases. CNVs are distributed widely in the
genomes of apparently healthy individuals and thus constitute significant
amounts of population-based genomic variation. Human CNV loci are
enriched for immune genes and one of the most striking examples of CNV in
humans involves a genomic region containing the chemokine genes CCL3L
and CCL4L. The CCL3L-CCL4L copy number variable region (CNVR) shows
extensive architectural complexity, with smaller CNVs within the larger ones
and with interindividual variation in breakpoints. Furthermore, the indi-
vidual genes embedded in this CNVR account for an additional level of
genetic and mRNA complexity: CCL4L1 and CCL4L2 have identical exonic
sequences but produce a different pattern of mRNAs. CCL3L2 was considered
previously as a CCL3L1 pseudogene, but is actually transcribed. Since 2005,
CCL3L-CCL4L CNV has been associated extensively with various human
immunodeficiency virus-related outcomes, but some recent studies called
these associations into question. This controversy may be due in part to the
differences in alternative methods for quantifying gene copy number and
differentiating the individual genes. This review summarizes and discusses the
current knowledge about CCL3L-CCL4L CNV and points out that elucidating
their complete phenotypic impact requires dissecting the combinatorial
genomic complexity posed by various proportions of distinct CCL3L and
CCL4L genes among individuals.
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evolution, especially in the rapid evolution that has
occurred, and continues to occur, within the human and
great ape lineage. Compared with other mammals, the
genomes of humans and other primates show an enrichment

In the last decade, many studies showed that a major com-
ponent of the differences between individuals is variation in
the copy number of segments of the genome [copy number
variation (CNV) or copy number polymorphism (CNP)].
CNVs are distributed widely in the genomes of healthy
individuals and thus constitute significant amounts of
population-based genomic variation [1-7]. CNV seems to be
at least as important as single nucleotide polymorphisms
(SNPs) in determining the differences between individual
humans [8]. CNV also seems to be a major driving force in
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of CNVs. Primate lineage-specific gene CNV studies reveal
that almost one-third of all human genes exhibit a copy-
number change in one or more primate species [9-12]. To
date, almost 58 000 human CNVs from approximately
14 500 regions (CNVRs) have been identified (data from
Database of Genomic Variants, http://projects.tcag.ca/
variation/). These CNVRs may cover 5-15% of the human
genome and encompass hundreds of genes [4,13], and their
abundance underscores their substantial contribution to
genetic variation and genome evolution [14]. CNVs can arise
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both meiotically and somatically, because identical twins can
have different CNVs [15]. Furthermore, repeated sequences
from the same individual can vary in copy number in differ-
ent organs and tissues [16]. The general mechanisms that
lead to changes in copy number include homologous recom-
bination and non-homologous repair mechanisms [17].

Changes in copy number might alter the expression levels
of genes included in the CNVR. For example, the salivary
amylase gene, AMYI, shows CNV in human populations,
and the amount of salivary amylase is directly proportional
to the copy number of AMYT [18]. More importantly, CNVs
shape tissue transcriptomes on a global scale [19]. Additional
copies of genes also provide redundancy that allows some
copies to evolve new or modified functions while other
copies maintain the original function.

CNVs can represent benign polymorphic variations or
convey clinical phenotypes by mechanisms such as altered
gene dosage and gene disruption. CNV can be responsible
for sporadic birth defects [20], other sporadic traits, Mende-
lian diseases and complex traits including autism, schizo-
phrenia, epilepsy, Parkinson disease, Alzheimer disease,
human immunodeficiency virus (HIV) infection and mental
retardation [21-23].

Interestingly, the set of genes that vary in copy number
seems to be enriched for genes involved in olfaction, immu-
nity and secreted proteins [24]. The following diseases are
associated with CNVs of the immune genes: (i) CNVs of
FCGR3B and FCGR2C (encoding different Fcy receptors)
have been associated with a range of autoimmune diseases,
including systemic lupus erythematosus (SLE), polyangiitis,
Wegener’s granulomatosis and idiopathic thrombocytopenic
purpura [25-27]. (ii) CNVs of the complement genes
CFHRI and CFHR3, which belong to the complement factor
H protein family, have been associated with age-related
macular degeneration and atypical haemolytic-uraemic syn-
drome [28-30]. Complement C4 gene copy number has
been related directly with systemic lupus erythematosus
(SLE) [31]. (iii) On chromosome 8, a unit of seven
[-defensin genes, which encode anti-microbial peptides with
other diverse functions such as chemokine activity [32], has
variability in its copy number [33]: low copy number has
been associated with Crohn’s disease [34,35], and high copy
number with predisposition to psoriasis [36]. (iv) In this
review, we will examine one of the most striking examples of
CNV in the human genome, the chemokine genes CCL3L
and CCL4L.

Copy number variation in chemokine superfamily:
the CCL3L-CCL4L case

Chemokines are a large superfamily of small structurally
related cytokines that regulate cell trafficking of various
types of leucocytes to areas of injury, and play key roles in
both inflammatory and homeostatic processes. Chemokines
are classified into four families based on the arrangement of
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the first two cysteines of the typically conserved four cys-
teines: CXC, CC, C and CX3C (where X is any amino acid)
[37]. The chemokine superfamily constitutes an extremely
revealing case of a complex network of genes that has
acquired a very diverse set of related functions through evo-
lution [38]. Many chemokine genes are clustered in defined
chromosomal locations [39]. Two main clusters encode the
essential inflammatory chemokines: the CXC cluster located
in chromosome 4q12-21 and the CC cluster located in chro-
mosome 17q11.2-q12. A potential explanation for this chro-
mosomal arrangement is found in the evolutionary forces
that have shaped the genome into gene superfamilies [40].
Over the course of evolution, gene duplication has been a
common event, affecting most gene families [41]. Once a
duplication occurs, the two copies can evolve independently
and develop specialized functions. This phenomenon
explains the origin of chemokine clusters. An important
characteristic of a chemokine cluster is that their genes code
for many ligands that interact with a few receptors. There-
fore, chemokine clusters act as single entities based on their
overall function.

The cluster of proinflammatory CC chemokines contains
16 genes localized to a 2:06 Mb interval at 17q11.2—-q12 on
genomic contig NT_010799 (Fig. 1a). Four of these genes
comprise the two closely related, paralogous pairs CCL3—
CCL3L and CCL4-CCL4L [42]. Members within each pair
share 95% sequence identity at both the genomic and the
amino acid levels. Among all human chemokine genes, a
singular characteristic of CCL3L and CCL4L, is that they are
present in variable copy numbers in the human genome. The
CNV affecting CCL3L-CCL4L has been studied extensively
since 2002 (when Towson et al. reported the first data about
the extent of CCL3L-CCL4L CNV in the Caucasian popula-
tion [43]), although two groups had identified the existence
of CCL3L-CCLAL as non-allelic copies of CCL3—-CCL4 and
as copy number variable genes 20 years ago [44,45].

The CNVR that includes CCL3L and CCL4L genes (and
other non-related loci) seems to have been generated
through a segmental duplication of a genomically unstable
stretch of about 120 kb located on this region of chromo-
some 17 [43-48]. In fact, the q arm of chromosome 17 of
humans has multiple regions of genomic instability where
gene duplications, chromosomal rearrangements and copy
number variation are common [49,50]. Furthermore, the
human CCL3L-CCL4L region shows evidence of complex
homologous recombination events. For example, high-
resolution CNV data reveal extensive architectural complex-
ity in the CCL3L-CCL4L region, which includes smaller
CNVs embedded within larger ones and interindividual
variation in breakpoints [5,49]. One of the consequences of
this complexity is that individuals may vary not only in the
total copy number of CCL3L and CCL4L genes, but also their
individual components. Underscoring this, although the
copy number of CCL3L correlates with CCL4L, individuals
average more copies of CCL3L than CCL4L [43,51,52]. Cur-
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Fig. 1. Genomic organization and mRNA products of human CCL3-CCL4 and CCL3L-CCL4L genes. (a) Map of the CC chemokine cluster in the
17q11.2—-q12 region, based on the genomic sequence NT_010799. The orientation of each gene is shown by an arrow. (b) Genomic organization of
human CCL3-CCL4 and CCL3L—-CCLA4L genes based on the genomic sequence NT_010799. Distances between genes are expressed in Kb. The
nucleotide change [single nucleotide polymorphism (SNP) rs4796195] that leads to CCL4LI (A allele) or CCL4L2 (G allele) is shown. (c)
Transcription pattern of human CCL3-CCL4 and CCL3L-CCL4L genes. mRNAs derived from each individual gene are shown.

rently, gene copy numbers in humans range from 0 to 14 for
CCL3L and from 0 to 10 for CCL4L with a strong population
structure. Sub-Saharan African populations display the
highest number of CCL3L-CCL4L copies (median 6 for
CCL3L and 4 for CCL4L), whereas Europeans present the
lowest copy numbers (median 2 for CCL3L and CCL4L). The
number of individuals without CCL3L or CCL4L is always
below 5% in all continental regions [52,53].

The duplicated region encoding human CCL3L-CCL4L
genes has an ancestral correlate in non-human primates. The
CCL3L-CCL4L copy numbers are much higher in non-
human primates than in human populations [53-55].
Gonzalez et al. determined the gene copy numbers of the
chimpanzee (Pan troglodytes) CCL3L orthologues from 83
animals. The CCL3L copies range from 6 to 17 per diploid
genome (median 9; mean 9-3) [53]. Similarly, Degenhardt
et al. observed extensive variation in copy number of the
CCL3L region among 57 samples of rhesus macaque
(Macaca mulatta): copy number estimates range from 5 to 31
copies per diploid genome (median 10; mean 11-1) [54].

© 2010 The Authors

Genes and nomenclature in the CCL3L-CCL4L cluster

Currently, the official symbols of the genes included in the
CCL3L-CCLA4L cluster are based on the public human
genome sequence which contains, by chance, three CCL3L
copies and two CCL4L copies. CCL3L and CCL4L have been
numbered based on their position from the more centro-
meric to the more telomeric. Thus the official symbols for
CCL3L genes are CCL3L1 (GenelD: 6349), CCL3L2
(GenelD: 390788) and CCL3L3 (GenelD: 414062). The offi-
cial symbols for CCL4L genes are CCL4L1 (GenelD: 9560)
and CCL4L2 (GenelD: 388372). However, we believe that the
nomenclature criterion should consider whether the genes
are really different rather than solely their copy number.
Although CCL3L1 and CCL3L3 are separate genes, both have
three identical exons and encode identical proteins [42,47],
and therefore they are denoted together here as CCL3LI
(Fig. 1). CCL3L2 (known previously as LD78y or GOS19-3)
was identified initially as a pseudogene, as it contains two
exons that are homologous to exons 2 and 3 of the CCL3LI
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CCL3 1 'AALAVLLCTMALCNO-FSASLAADTPTACCEFSYTSRQIPONFIADYFETSSQCSKPGVIFLTKRSRQVCADPSEEWVQKYVSDLELSA

CCL3L1 1 LAVLLCTMALCNQVLSAPLAADTPTACCEFSYTSRQIPONFIADYFETSSQCSKPSVIFLTKRGRQVCADPSEEWVQKYVSDLELSA

CCL4 1 L VAR ALSAPMGSDPPTACCEFSYTARKLPRNFVVDYYETSSLCSQPAVVFQTKRSKQVCADPSESWVQEYVYDLELN

CCL4A2 IKLCVTVL SAP—— = NSKPKEASKSVLIPVNPGSRSTCMTWN

CCL4L1 MKLCVTVLSLLVLVA ALSAPMGSDPPTACCEFSYTARKLPRNFVVDYYETSSLCSQPAVVFQTKRGKQVCADPSESWVQEYVYDLELN

CCL4L1A2 IKLCVTVL SAP---—--———-— - NSKPKEASKSALTPVSPGSRSTCMTWN

CCL4L2 IKLCVTVI S GKQVCADPSESWVQEYVYDLELN

CCL4L2A2 IKLCVTVI KASKSALTPVSPGSRSTCMTWN

CCL4L2b IKLCVTVI JAAFCSLALSAPMGSDPPTACCFSYTARKLPRNFVVDYYETSSLCSQPAVV

CCL4L2bA2 IKLCVTVI AAFCS LALSAP-——————————— - mmm TKSSEWKLQGVCFQCCSGKDPTHQSCPTWTMVRQRKMPTTGKG
CCL4L2f IKLCVTVI VAAFCSLALSAPMGSDPPTACCEFSYTARKLPRNFVVDYYETSSLCSQPAVV----EWKLQGVCFQCCSGKDPIHQSCPTWTMVRQRKMPTTGKG
CCL4L2c IKLCVTVI SLALSAPMGSDPPTACCFSYTARKLPRNFVVDYYETSSLCSQPAVVYRESASSAAPGRIPSTRAAPHGPWSGRGRCLPQARDKAR
CCL4L2d IKLCVTVI FCSLALSAPMGSDPPTACCFSYTARKLPRNFVVDYYETSSLCSQPAVV--——-—— AAPGRIPSTRAAPHGPWSGRGRCLPQARDKAR
CCL4L2e IKLCVTVLSLLVLVAAFCSLALSAPMGSDPPTACCFSYTARKLPRNFVVDYYETSSLCSQPAVV-———————————————— AAPHGPWSGRGRCLPQARDKAR

Fig. 2. Alignment of human CCL3—-CCL4 and CCL3L-CCL4L derived proteins. Signal peptides are depicted in grey. Cysteines are depicted in red.
Basic amino acids, which are involved in the binding of chemokines to the glycosaminoglycans are depicted in blue. The S/G swap shared between

CCL3-CCL3L1 and CCL4-CCL4L1/L2 proteins is depicted in green.

gene and appeared to contain a 5’ truncation compared with
CCL3L1 [46]. However, Shostakovich-Koretskaya et al.
recently identified novel 5" exons for CCL3L2 which give rise
to two alternatively spliced transcripts by bioinformatics and
mRNA profiling (Fig. 1c) [51]. These alternatively tran-
scribed mRNA species contain chemokine-like domains but
are not predicted to encode classical chemokines (data not
shown [51]).

Regarding CCL4L genes, CCL4L1 and CCL4L2 share 100%
sequence identity in the coding regions. However, a fixed
mutation at the intron—exon boundary of some CCL4L
genes results in the production of aberrantly spliced tran-
scripts [48]. We proposed the name of the originally
described gene (corresponding to GenelD: 388372) as
CCL4L1 and CCL4L2 (GenelD: 9560) as the gene that
contains the mutation at the intron—-exon boundary
[38,48,52,56]. We use this nomenclature in this review (view
Fig. 1) and we note that the same concept has been applied
recently by others [51].

Functional aspects of CCL3-CCL4-,
CCL3L-CCL4L-derived chemokines

To understand more clearly the role of CCL3L-CCL4L CNV
in normal host-protective inflammatory responses as well as
in disease-associated physiopathology, it is important to
consider the functional differences among the chemokines
encoded by CCL3L and CCL4L genes and also the CCL3 and
CCL4 genes.

Functional differences between CCL3—CCL4

As aforementioned, CCL3 and CCL4 are two structurally
and functionally related CC chemokines. CCL3 and CCL4
were both discovered in 1988, when Wolpe et al. purified a
protein doublet from the supernatant of lipopolysaccharide
(LPS)-stimulated murine macrophages [57]. Because of its
inflammatory properties in vitro as well as in vivo, the
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protein mixture was called macrophage inflammatory
protein-1 (MIP-1). Further biochemical separation and
characterization of the protein doublet yielded two distinct,
but highly related proteins, MIP-1o. and MIP-1f3 [58]. From
1988 to 1991, several groups reported independently the iso-
lation of the human homologues of MIP-1c. and MIP-1f3
[59-61]. As a consequence, alternate designations were used
for MIP-1o0 (LD780, AT464-1, GOS19-1) and MIP-1P3
(ACT-2, AT744-1), similar to other members of chemokine
superfamily. In an attempt to clarify the confusing nomen-
clature associated with chemokines and their receptors, a
new nomenclature was introduced by Zlotnik and Yoshie in
2000 [37]. MIP-1at and MIP-1f3 were renamed as CCL3 and
CCLA4. The non-allelic copies of CCL3 and CCL4 were des-
ignated as CCL3L (previously LD78p3, AT 464-2, GOS19-2)
and CCL4L (previously LAG-1, AT744-2).

CCL3 and CCL4 precursors and mature proteins share
58% and 68% identical amino acids, respectively (Fig. 2).
Both chemokines are expressed upon stimulation by
monocytes/macrophages, T and B lymphocytes and den-
dritic cells (although they are inducible in most mature hae-
matopoietic cells). Functionally, CCL3 and CCL4 are potent
chemoattractants of monocytes, T lymphocytes, dendritic
cells and natural killer cells [47]. Despite these similarities,
CCL3 and CCLA4 differ in the recruitment of specific T cell
subsets: CCL3 preferentially attracts CD8 T cells while CCL4
preferentially attracts CD4 T cells [62]. Interestingly, Bystry
and co-workers demonstrated that B cells and professional
antigen-presenting cells (APCs) recruit CD4*CD25" regula-
tory T cells via CCL4 [63]. This role of CCL4 in immune
regulation was reinforced later by Joosten et al. [64], who
identified a human CD8" regulatory T cell subset that medi-
ates suppression through CCL4 but not CCL3. CCL3 and
CCLA4 also differ in their effect on stem cell proliferation:
CCL3 suppresses proliferation of haematopoietic progenitor
cells [65]. CCL4 has no suppressive or enhancing activity on
stem cells or early myeloid progenitor cells by itself, but has
the capacity to block the suppressive actions of CCL3 [66].

© 2010 The Authors
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Table 1. Receptor usage of CCL3—CCL4- and CCL3L-CCL4L-derived proteins.

CCR1 CCR2b CCR3 CCR5 Anti-HIV activity
CCL3/CCL3L1
CCL3(1_7) Yes/+++ No No Yes/++ Yes/++
CCL3 5.7 Yes/++++ No No Yes/+++ Yes/++
CCL3L1 (179 Yes/++ No Yes/+++ Yes/++++ Yes/++++
CCL3L1 379 Yes/++++ No Yes/+ Yes/+++++ Yes/++++
CCL3L1 (579 Yes/+++ No No Yes/+++ Yes/++
CCL3L2 ? ? ? ? ?
CCL4/CCL4L1/CCL4L2
CCL4 Yes/+ No Yes/+ Yes/+++ Yes/+++
CCLA43-69) Yes/+++ Yes/+++ No Yes/+++ Yes/+++
CCL4L1 Yes/+ No Yes/+ Yes/+++ Yes/+++
CCL4L2 ? ? ? ? ?

HIV: human immunodeficiency virus.

A different receptor usage may help to explain, at least in
part, why these molecules have overlapping, but not identi-
cal, bioactivity profiles: CCL3 signals through the chemokine
receptors CCR1 and CCR5. In contrast, CCL4 signals mainly
through the CCR5 [47], although it can also induce moder-
ate chemotaxis in CCR1 and CCR3-expressing cells [67]
(Table 1). Additionally, CCL4 is cleaved in vivo by CD26,
which is a dipeptidyl-peptidase that cuts dipeptides from the
NH, terminus of regulatory peptides with a proline or
alanine residue in the penultimate position [68]. The trun-
cated form of CCL4, CCL4; ¢, lacks the two first amino
acids [69]. Functional studies of the purified truncated
protein revealed that CCL4 ¢ also signals through CCR5
and exhibits enhanced biological activity through CCRI1
compared to the full-length CCL4. It also has a novel binding
specificity for CCR2b (Table 1) [70]. CCL4 ¢ appears to be
produced only by activated T cells; it has not been detected in
culture supernatants of monocytes or macrophages.

Functional differences between CCL3-CCL3L1

The CCL3 and CCL3L1 mature proteins differ in three
amino acids: CCL3L1 has a proline (P) in position 2 instead
of the serine (S) in CCL3, and the other two changes are
reciprocal S/G (glycine) swaps in the region between cys-
teines 3 and 4 (Fig. 2). The CCL3L1 receptor usage includes
CCRS5 and CCR1 but, unlike CCL3, CCL3L1 also binds effi-
ciently to CCR3 (Table 1) [71]. CCL3L1 is significantly more
potent in inducing intracellular Ca* signalling and chemo-
taxis through the CCR5 than CCL3 (and CCL5). CCL3LI’s
binding affinity to CCR5 is sixfold higher than CCL3’s
affinity. Furthermore, CCL3L1 antagonizes HIV-1 entry
through CCR5 to a significantly greater extent than CCL3
[72-75]. In fact, CCL3L1 is consistently better at HIV-1
antagonism than CCL5, described previously as the most
potent CCR5-dependent HIV-1 entry inhibitor. This
enhanced activity of CCL3L1 is due to the presence of the
proline residue at position 2 of the mature protein [74], and
supports the importance of the NH2-terminal regions of

© 2010 The Authors

both CXC and CC chemokines for their biological activity
[76]. Interestingly, truncated forms of CCL3L1 are found in
vivo: CCL3L1; 70 and CCL3L1s 7. (i) CCL3L1 (5.5 results
from processing full-length CCL3L1 by CD26. Compared
with full-length CCL3L1, CCL3L1;7) has an increased
binding affinity for CCR1 and CCR5 and shows a reduced
interaction with CCR3 (Table 1). Its enhanced CCR1 and
CCR5 affinity converted CCL3L; 7 into a highly efficient
monocyte and lymphocyte chemoattractant [77]. The high
affinity of this truncated molecule for CCR5 explains its
highly potent blocking of HIV-1 infection [71,77]. (ii)
CCL3L1 579 interacts more strongly with CCR1 than intact
CCL3L1, but its reduced affinity for CCR5 decreases its
anti-viral activity significantly (Table 1) [74]. Although
CCL3L15.79) could potentially derive from CD26 proteolysis
of CCL3L1_7) (with a penultimate alanine), only a limited
further truncation of CCL3L1(s7) was detected after pro-
longed incubation with CD26 [77]. This suggests that other
aminopeptidases may be involved in the further degradation
of CCL3L1 ;.70 chemokine to CCL3L15_y).

Finally, natural sources contain the full-length protein,
CCL3(1-), and a truncated form lacking the first four amino
acids, CCL3 5.7y [77]. Compared to the full-length CCL3,
CCL3(5.70) shows enhanced binding affinity to CCR1 and
CCRS5 (Table 1) [74].

Functional differences between CCL4-CCL4L1

CCL4 and CCL4L1 mature proteins differ only in one amino
acid: a conservative S to G change at amino acid 47 of the
mature protein (Fig. 2) [48,78]. Few studies have been com-
pared the functions of CCL4 and CCLALI. Modi et al.
reported a functional redundancy of the human CCL4 and
CCL4L1 chemokines: their competitive binding assays, cell
motility and anti-HIV-1 replication experiments revealed
similar activities of the CCL4 and CCL4L1 proteins [67].
However, structural analysis of the CCL4 and CCLA4LI pro-
teins revealed the importance of amino acid 47 of the mature
protein: this amino acid (S) in CCL4 protein forms a hydro-
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gen bond with amino acid Thry,, thus conferring structural
stability to the loop defined by the B-turn between the
second and third strands of the B-sheet [79]. However, the
glycine (G) at that position in the CCL4L1 protein cannot
form this hydrogen bond. This loop is believed to be essential
for the binding of CCL4 to the glycosaminoglycans (GAGs)
[80]. It has been suggested that the immobilization of
chemokines on GAGs forms stable, solid-phase chemokine
foci and gradients crucial for directing leucocyte trafficking
in vivo. Their higher effective local concentration increases
their binding to cell surface receptors and influences
chemokine Ty, in vivo [81-84]. Hence, the destabilization of
this loop could reduce the stability of CCL4L1 binding to
GAGs and therefore modify their functional features in vivo.
It is important to note that the available data about func-
tional studies of CCL4 and CCL4L1 were obtained by in vitro
experiments, where the binding of these chemokines to
GAGs is neglected. The apparent functional redundancy of
CCL4 and CCLALLI in vitro warrants further in vivo studies
examining their GAG binding capabilities.

Additionally, regulation of CCL4 and CCL4LI expression
appears different. Lu et al. reported an independent expres-
sion of the CCL4 and CCL4LI genes in monocytes and B
lymphocytes [85]. This observation suggests that differential
expression of these proteins in different cells provides an
advantage to the host and that these proteins might have
different functions in vivo.

Both CCL4 and CCL4LI genes produce alternatively
spliced mRNAs that lack the second exon, which give rise to
the CCL4A2 and CCL4L1A2 variants (Figs 1c and 2) [48,78].
The predicted CCL4A2 and CCL4L1A2 proteins of only 29
aa would only maintain the first two amino acids from the
CCL4 and CCL4L1 proteins, lacking three of the four cys-
teine residues critical for intramolecular disulphide bonding.
Therefore, CCL4A2 and CCL4L1A2 may not be structurally
considered chemokines. Despite the difficulty in predicting
protein folding, these variants do not seem to be able to bind
to CCR5 and thus may have no CCL4/CCL4L1 activity [48].

Finally, we note that CCL4L1, CCL4A2 and CCL4L1A2
are also potential targets of CD26 and their cleavage by
this dipeptidyl-peptidase may produce truncated forms.
However, this prediction has not yet been demonstrated.

Increased complexity of CCL4L genes: CCL4L1
versus CCL4L2

As mentioned, although human CCL4L1 and CCL4L2 share
100% sequence identity in the coding regions, a fixed muta-
tion at the intron—exon boundary of CCL4L2 results in the
production of aberrantly spliced transcripts. Specifically,
CCLA4L2 show one base substitution (rs4796195 in dbSNP)
at the acceptor splice site of intron 2 [48]. According to the
canonical splicing pattern [86], the donor splice site of the
second intron in CCL4LI has GT immediately after exon 2,
and the acceptor site has AG just before the point where
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intron 2 sequence is cleaved. In CCL4L2, the canonical
sequence of the acceptor splice site (AG) has changed to GG
and the spliceosome is unable to recognize the mutated
acceptor site (GG). Instead, alternative acceptor sites around
the original one are selected, and a minimum of eight dif-
ferent mRNAs are generated (Fig. 1¢) [48]. The most abun-
dant of these mRNAs derived from CCL4L2 corresponds to
the CCL4L2 variant, which accounts for 80% of total mRNA
expression [48]). CCL4L2 is generated by the use of an
acceptor splice site located 15 nucleotides downstream of the
original site. The predicted CCL4L2 mature protein has 64
amino acids and lacks the initial five amino acids encoded by
the third exon (Phey,, Glngs, Thra, Lysss and Argu), but the
rest of the sequence remains unchanged (Fig. 2). The func-
tional consequences of deleting these five amino acids in
CCL4L2 are unknown and, to date, there are no published
functional studies involving CCL4L2. However, some com-
putational data suggest the importance of these five amino
acids: (i) critical analysis of the conserved amino acids in CC
chemokines show that Phey, Thru and to a lesser degree
Lysss, are highly conserved residues in this subfamily. (ii)
CCLA4 (as well as CCL3 and CCL5) tends to self-associate and
form homodimers, tetramers or high molecular mass aggre-
gates in vitro, and possibly in vivo under certain conditions,
in a process that involves residues Lys;s and Argy [87]. Fur-
thermore, naturally occurring CCL4/CCL3 heterodimers are
present at physiological concentrations [88]. Therefore, the
deletion of these five amino acids could have a negative effect
on the ability of CCL4L2 to form self-aggregates or het-
erodimers with CCL3 or CCL3L1. (iii) Additionally, due to
the fact that Lys,s and Argys are also critical residues in the
CCL4 binding to GAGs [80], it is expected that the GAG
binding of CCL4L2 will be seriously reduced, if not
abrogated.

The remaining CCL4L2 mRNA variants occur at very low
abundance, and the folding prediction and the functional
features of their putative proteins are difficult to establish.
The biological relevance of these proteins (if effectively pro-
duced) is unknown and may be influenced by their low
expression level.

CCL3L and CCL4L gene expression: copies count

Since the beginning of the CNV discovery, one of the most
intriguing questions has been its consequences on gene
expression. To date, the global impact of CNV on gene
expression phenotypes varies depending upon the gene [89],
as increased copy number can be correlated positively [90] or
negatively [91] with gene expression levels. Focusing upon
CCL3L, gene copy number regulates the production of
CCL3LI both at mRNA and protein level: specifically,
increasing CCL3L copy number was associated positively
with CCL3L1 mRNA production and protein secretion
[43,53,92]. The relationship between CCL4L copy number
and the amount of CCL4L1 mRNA or protein expression has
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some, but still no conclusive, data. Although Townson and
co-workers demonstrated that high CCL3L copy number
correlates with increased chemokine production [43], this
study also analysed the CCL4L gene and failed to detect any
consistent increase in CCL4L1 mRNA production from
samples with a high CCL4L copy number. However, they
found that individuals with only one copy of CCL4L had a
consistently lower expression of CCL4L1 than those with a
higher copy number. We note that at the time of its 2002
publication, Townson et al. were not aware of the existence of
the CCL4L2 variant, which produces transcripts and proteins
distinct to CCL4LI [48], and their need to be quantified
independently. The assumption that all the CCL4L copies
that they quantified corresponded to CCL4LI could explain
the lack of a consistent correlation between CCL4L gene
copy number and CCL4L1 mRNA production in this study.
More recently, a study by Melzer et al. reported a new cis-
effect of a SNP located near the CCL4L1 gene (227 kb) on
CCLAL1 protein production [93]. They hypothesize that the
effect is caused by the CCL4L CNV in linkage disequilibrium
with the analysed SNP. Although CCL4L copy number prob-
ably influences mRNA/protein production, further studies
are needed to assess the effect of CCL4L copies on gene
expression. Future studies in this direction should analyse
CCL4LI and CCL4L2 copies independently to assess pre-
cisely the effect of the total CCL4L copies on gene expression
(a general approach to discriminate CCL4LI and CCL4L2
from the total CCL4L copies has been described [52]).

CNV and disease: the role of CCL3L and CCL4L

If CNV affects entire genes, especially those with important
effects on biological function, CNV would naturally be
expected to affect susceptibility to disease. Concerning this
review, CCL3L-CCL4L CNV has been associated with a
variety of diseases, with viral infections and autoimmune
diseases being the most represented categories. In Table 2, we
summarized the disease association studies involving CCL3L
and/or CCL4L CNV, including both positive and negative
results. The most extensively studied and controversial asso-
ciation involves CCL3L CNV and HIV infection. The first
data appeared in 2005, when a paper reported effects of
CCL3LI copy number variation on HIV-1 acquisition, viral
load and disease progression [53]. This study was followed
by several publications investigating clinically correlated
phenotypes in a largely overlapping set of HIV-positive indi-
viduals [94-97]. Other independent studies have confirmed
different aspects of this association in different human
populations [51,98-102]. In theory, the higher the copy
number, the higher the ligand concentration, which should
protect the host from HIV infection or disease progression.
Chimpanzees with higher copies do not develop acquired
immune deficiency syndrome (AIDS); this association sug-
gests biological significance. CNV of CCL3L genes also
affects the rate of progression to AIDS in rhesus macaques
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[54]. However, two recent large studies dispute these previ-
ous findings by showing the absence of any substantial effect
of CCL3L1 CNV on HIV-1 infection, viral load or disease
progression [92,103]. This controversy may be due in part to
the differences in alternative methods for quantifying
CCL3LI copy number and differentiating this gene from its
prototype CCL3 and from the neighbouring CCL3L2 (excel-
lently discussed in [104]). To study the experimental aspects
of CCL3LI copy number quantification in depth, Field et al.
[105] evaluated the CCL3L1 copy numbers in more than
10 000 British individuals and documented differences
between the results generated by TagMan assay and by an
alternative assay called the paralogue ratio test (PRT). More
recently, Shrestha et al. [106] evaluated the different assays
used to measure gene copy numbers of CCL3LI and indi-
cated that some of the inconsistencies in these association
studies could be due to assays that provide heterogenous
results.

Concluding remarks and future perspectives

The CCL3L-CCL4L CNVR is a model of extensive architec-
tural complexity, which exhibits smaller CNVs embedded
within larger ones and interindividual variation in break-
points [5]. This degree of complexity is also highlighted by
recent sequence data showing that the most extreme copy
number variation corresponds to genes that are embedded
within segmental duplications [107], such as the CCL3L—
CCL4L genes [42,55]. Although there is a high degree of
correlation between the copy number of CCL3L and CCL4L
genes, most individuals contain more copies of CCL3L than
CCLA4L [43,51,52]. Additionally, this CNVR contains the fol-
lowing additional tiers of genetic and mRNA complexity: (i)
CCL3L2, which was considered previously as a pseudogene,
contains novel 5 exons that produce two alternatively
spliced transcripts [51]. (ii) Although CCL4LI and CCL4L2
have identical exonic sequences, an (A—G) transition in the
acceptor splice site in intron 2 of CCL4L2 generates aber-
rantly spliced CCL4L2 transcripts [48].

Therefore, dissecting the combinatorial genomic com-
plexity posed by varying proportions of distinct CCL3L and
CCL4L genes among individuals is required to elucidate the
complete phenotypic impact of this locus. Available
sequence information that determines the CNV of these
four genes separately (CCL3LI, CCL3L2, CCL4L1 and
CCL4L2) would allow testing of whether their association
with the pathogenesis of a human disease or phenotype is
affected by an individual gene or by a combination of these
genes. In fact, a few published studies already tackle this
approach: Shostakovich-Koretskaya et al. [51] determined
the influence of the combinatorial content of distinct
CCL3L and CCL4L genes on HIV/AIDS susceptibility. They
developed two separate assays to quantify the total copy
number of all CCL3L or CCL4L genes, and separate assays
each for the individual components of CCL3L (CCL3LI and
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Table 2. Disease association studies involving CCL3L—CCL4L copy number variations (CNV).

Gene Population/cohort Cases Controls Association Type of association Ref.
HIV infection
CCL3L WHMC (EA, AA, HA) 1127 2379 Yes Disease association [53]
Argentinean children 407 395 Clinical aspects
CCL3L WHMC (EA, AA, HA) 1132 Yes* Clinical aspects [95]
MGH 98
UCSF 65
CCL3L WHMC (EA, AA, HA) 445 Yes* Clinical aspects [94]
UCSF 209
UCSD 174
CCL3L WHMC (EA, AA, HA) 1103 Yes* Clinical aspects [96]
CCL3L WHMC (EA, AA, HA) 1103 Yes* Clinical aspects [97]
CCL3L Ukraine 178 120 Yes Disease association [51]
CCL4L Clinical aspects
CCL3L South Africa 79 235 Yes Disease association [100]
Clinical aspects
CCL3L South Africa 46 74 Yes Disease association [102]
CCL3L Estonia 208 166 Yes Disease association [98]
CCL3L Japan 95 205 Yes Disease association [101]
CCL3L South Africa 71 Yes Clinical aspects [99]
CCL3L Rhesus macaque 57 Yes Clinical aspects [54]
CCL3L AA, HA, EA 227 184 No Disease association [108]
CCL4L Clinical aspects
CCL3L Euro-CHAVI 1042 195 No Disease association [92]
TACC 277 Clinical aspects
MACS 451
CCL3L MACS (EA, AA) 580 437 No Disease association [103]
Clinical aspects
Type 1 diabetes
CCL3L British 5771 6854 No Disease association [105]
CCL4L
CCL3L New Zealand (Caucasian) 252 282 No' Disease association [109]
Chronic hepatitis C
CCL3L Germany 254 210 Yes Disease association [110]
Systemic lupus erythematosus (SLE)
CCL3L San Antonio SLE cohort 134 60 Yes* Disease association [111]
Colombian SLE cohort 143 421 Clinical aspects
Ohio SLE cohort 192 134
CCL3L Colombia (Spanish ancestry) 146 409 Yes* Disease association [112]
Rheumatoid arthritis
CCL3L New Zealand (Caucasian) 834 933 Yes/No® Disease association [109]
British (Caucasian) 302 255
Lung transplantation acute rejection
CCL4L Spain (Caucasian) 161 Yes Clinical aspects [56]
Kawasaki disease
CCL3L United States 164° Yes* Disease association [113]
Primary Sjogren’s syndrome
CCL3L Colombia (Spanish ancestry) 61 409 Yes* Disease association [112]

*For conjoint effects of CCL3L-CCR5. "The authors state that there was evidence for association of CCL3L copy number in the T1D cohort, but they
reported a non-significant result (odds ratio 146, 95% confidence interval 0-98-2-20, P = 0-064). ‘For conjoint effects of FCGR3B~CCL3L. CCL3L copy
number was a risk factor for rheumatoid arthritis (RA) in the New Zealand cohort but not in the smaller UK RA cohort. ‘Cohort of 164 children with
Kawasaki disease and their biological parents (transmission disequilibrium test). WHMC: Wilford Hall Medical Center; MGH: Massachusetts General
Hospital; UCSF: University of California San Francisco; UCSD: University of California San Diego; TACC: Tri-Service AIDS Clinical Consortium;
MACS; Multicenter AIDS Cohort Study; EA: European American; AA: African American; HA: Hispanic American. HIV: human immunodeficiency

virus.
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CCL3L2) and CCL4L (CCL4LI and CCL4L2). This study
confirms and amplifies the results of previous studies which
showed that a low dose of CCL3L genes is associated with
an increased risk of acquiring HIV and progressing rapidly
to AIDS. Their results also demonstrate that a low CCL4L
gene dose has similar associations. Furthermore, they show
that the balance between the copy numbers of the genes
that transcribe classical (CCL3L1 and CCL4L1) versus aber-
rantly spliced (CCL3L2 and CCL4L2) mRNA species influ-
ences HIV/AIDS susceptibility: a higher gene content of
CCL4L2 or a lower content of CCL3LI and CCL4LI
increased the risk of transmission and an accelerated disease
course. A similar negative influence of CCL4L2 on HIV
acquisition was shown previously [48]. We also have shown
that CNV in the CCL4L gene is associated with susceptibil-
ity to acute rejection in lung transplantation [56]. After spe-
cifically quantifying the CCL4L1 and CCL4L2 copies, we
demonstrated that the correlation between CCL4L copy
number and risk of acute lung transplant rejection was
explained mainly by the number of copies of the CCL4LI
gene. These two studies imply that the assessment of global
CCL4L dose requires capturing the sum of two genes
(CCL4L1 and CCL4L2) with inversely related copy number
frequencies [51,52] and differential effects. Thus, the true
phenotypic impact of CCL4L1 and CCL4L2 cannot be made
exclusively using the CCL3L copy number as a proxy for
CCL4L or by evaluation of the composite CCL4L. This
might explain, in part, why previous studies may not have
found an association between CCL4L copy number and
HIV disease [108]. Similarly, accounting for this genomic
complexity, including CCL3L2 copy number may be crucial
for full interpretation of association studies.

In summary, for future studies involving CCL3L-CCL4L
CNVR and, in general, from a broader perspective of rel-
evance to the CNV field, to determine normal phenotypic
variation or disease susceptibility it seems to be crucial to
define precisely the genomic structure, taking into account
the specific combination of the distinct genes within a
CNVR. The use of incomplete data will be always a source of
controversy, providing misleading information. Only a com-
plete analysis will clarify the importance of CCL3L-CCL4L
CNVR in disease.
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