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Abstract
The discovery that the CC chemokines RANTES, MIP-1α and MIP-1β act as potent natural inhibitors
of HIV-1, the causative agent of AIDS, and the subsequent identification of CCR5 as a major virus
coreceptor have triggered a wealth of basic and applied research approaches aimed at developing
safe and effective viral entry inhibitors. Some of these efforts have focused on RANTES engineering
with the goal of enhancing the antiviral activity of the native molecule while reducing or abrogating
its inflammatory properties. The wavefront generated a decade ago is still on its course, with a flow
of promising leads constantly emerging and being evaluated in preclinical studies. Here, we present
an overview of this rapidly evolving field, highlighting the most important features of RANTES
molecular architecture and structure-function relationships.

1. Introduction
Human immunodeficiency virus type 1 (HIV-1), the causative agent of the acquired
immunodeficiency syndrome (AIDS), is among the most studied living organisms, with
enormous financial and scientific efforts profused over the past three decades. This
notwithstanding, sadly, AIDS still represents a devastating disease worldwide. Although potent
drugs have been developed, which in combination effectively suppress HIV-1 replication for
prolonged periods of time in most treated patients, large areas of the planet have limited, if
any, access to such drugs due to their high cost and the need for continuous medical and
laboratory monitoring. While there is little doubt that the most desirable measure for the control
of the AIDS pandemic would be a protective vaccine, which could be implemented on large
populations at relatively low cost, it is still uncertain whether the development of such a vaccine
will ever be possible. An alternative type of low-cost prophylaxis, by far more attainable than
a protective vaccine, is represented by topical microbicides, capable of blocking HIV-1
infection at mucosal sites where initial virus transmission occurs in the majority of the cases.
Recently, both vaccine and microbicide strategies have witnessed major setbacks, with the
unconditional failure of a few seemingly promising experimental clinical trials [1-4].

While the vaccine approach has been a long-lasting endeavor in HIV research, microbicide
development is a relatively young field, with many different strategies currently being explored
[5–7]. One of the most important approaches is the topical use of HIV-1 entry inhibitors, a
novel class of antiviral agents prototyped by the gp41-derived peptide T20/Enfuvirtide [8].
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HIV enters its target cells following the binding of its envelope to a cell-surface receptor
complex via a sequence of molecular events involving stepwise conformational changes on
both membrane sides [9]. The HIV-1 gp120 trimer docks onto the N-terminal domain of the
primary viral receptor, the CD4 glycoprotein, undergoing a profound conformational change
whose details have been evinced from the structure of the CD4-bound and unbound gp120 of
HIV-1 and simian immunodeficiency virus (SIV), respectively [10,11]. Consequently, gp120
exposes the binding site for the coreceptor, CCR5 or CXCR4 [9], the former being the most
widely used and the one almost exclusively involved in viral transmission [9,12]. Virus-entry
information is then transmitted through the virus envelope protein to the gp41 trimer moiety
that undergoes a series of conformational changes eventually leading to type I virus-cell
membrane fusion [13].

CC chemokines come into action during the HIV-1 entry process as CCR5 ligands with natural
antiviral activity [14]. Among these chemokines, RANTES is the most powerful HIV-1 blocker
[14]. Given the central role of RANTES and CCR5 in HIV-1 pathology, much of the research
in the field of HIV-entry inhibitors has been generated focusing on these two molecules.
However, the three-dimensional structure of CCR5 is still unsolved, essentially due to its seven-
transmembrane-domain structure, and therefore the fine structural details of the RANTES-
CCR5 interaction remain unknown. On the contrary, structural data on CC chemokines are
abundant, including nuclear magnetic resonance (NMR) spectroscopy and X-ray
crystallography studies on wild-type molecules, mutants and chemically-modified variants, as
well as the characterization of their interaction with glycosaminoglycans (GAGs) [15–20].
These studies have built fundamental knowledge to drive the rational engineering of
chemokines with improved antiviral activity and pharmacological properties.

In this review, we summarize the accomplishments achieved in this rapidly evolving field with
particular focus on the RANTES-CCR5 interaction, as well as RANTES-engineering strategies
for the development of novel HIV-1 entry inhibitors. Although the complex role of the
chemokine system in the regulation of immune functions is of fundamental importance, a
discussion of the immunologic role of RANTES is beyond the scope of the present review and
has been extensively reviewed elsewhere [21].

2. Molecular architecture of RANTES
Similar to other chemokines, RANTES is a small globular protein with a very stable fold, which
represents an invaluable advantage for successful protein engineering. Its three-dimensional
structure, solved by NMR, showed that the protein is present in solution predominantly as a
dimer [16,17]. In the dimer context, each monomer presents a partially disordered N-terminal
region, followed by a short β-strand (β0) leading to the signature two-cysteine (CC) motif, an
extended region (N-loop) ending with a 310 turn, three anti-parallel β-strands (β1-3) connected
by loops, and a C-terminal α-helix (Fig. 1) [16,17]. RANTES dimerization and oligomerization,
as well as the role of its different domains, are described below, particularly for their differential
contribution to the anti-HIV activity.

2.1 Monomeric versus dimeric interaction of RANTES with CCR5 and other complexities
RANTES, MIP-1α and MIP-1β typically present a monomer-dimer equilibrium that, under
physiologic conditions, is shifted towards dimer stabilization. Conclusive evidence for the
existence of RANTES dimers was provided by the three-dimensional structure solution of this
chemokine obtained by NMR [16,17]. Understanding whether RANTES interacts with CCR5
in its dimeric or monomeric conformation has become a primary goal immediately after the
elucidation of its quaternary structure. Two recent reports have provided strong evidence in
favor of monomeric binding of RANTES to CCR5 [22,23]. Duma and colleagues [22] studied
the interaction of RANTES with a sulfated N-terminal peptide of CCR5, providing a detailed
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mapping of the RANTES residues involved. In the presence of the CCR5 peptide, many NMR
chemical shifts indicative of binding were detected for residues otherwise involved in the
monomer-monomer interface, providing clear evidence for monomeric RANTES recognition
of the CCR5 N-terminus [22]. Moreover, analyzing the distinct resonance sets of monomer
and dimer RANTES forms, it was clear that the shifts involved in the CCR5 peptide binding
belonged exclusively to the monomeric form [22]. Interestingly, RANTES binding to the non-
sulfated version of the CCR5 peptide was dramatically reduced [22]. Strikingly, tyrosine
sulfation at CCR5 N-terminus was earlier shown to be critical also for gp120 binding [24],
opening the possibility to translate key molecular features to RANTES-based therapeutics (see
below). Using a different approach, Jin and colleagues [23] provided evidence against the
binding of the MIP-1β dimer to CCR5. A covalent MIP-1β dimer was created by engineering
an intermolecular disulfide bridge at the chemokine N-terminus (A10C mutation), which was
shown to be unable to bind CCR5. The MIP-1β A10C mutant appeared to be properly folded
as attested by NMR spectroscopy and by its ability to bind GAGs [23]. Notably, by reducing
the intermolecular disulfide bridge, CCR5-binding activity was restored [23].

In spite of this recent evidence, the overall picture is more complex than a mere 1:1
chemokine:receptor recognition. The CCR5 membrane environment, particularly the
simultaneous expression of other chemokine receptors, may significantly modify ligand
interactions via homo-and hetero-dimerization [25]. Likewise, chemokine-receptor homo- and
hetero-dimerization appear to play a role in HIV infection, although there is controversy on
whether this may result in inhibition of coreceptor function [25]. Particularly interesting for
HIV physiology is the lateral association between CCR5 and CD4. This conformational state
could be catalyzed or reinforced by the sequential interactions of gp120 with CD4 and CCR5
[26]. Conversely, pre-existing CCR5-CD4 heterodimers may constitute the exclusive fusion-
permissive binding partners for HIV Env [27]. Conclusive evidence for pre-existing or gp120-
promoted CD4-CCR5 complexes in relation to HIV entry has yet to be achieved, although the
results of immunoprecipitation and fluorescence resonance energy transfer studies are
suggestive of CD4-CCR5 lateral association [26–28]. This complexity extends to RANTES
where several regions are believed to interact with CCR5, as depicted in Fig. 1A. Although
not directly related to CCR5 binding, the presence of GAGs on the cellular surface determines
an increase in membrane-proximal chemokine concentration, promoting RANTES
accessibility to CCR5 [29]. This occurs primarily through a GAG-binding motif present on the
40’s loop of CC chemokines [30,31]. Reportedly, GAGs are recognized by dimeric CC
chemokines and chemokine dimers increase their stability upon GAG binding [32]. The
possibility that RANTES may be presented to CCR5 in a GAG-complexed form has also been
postulated [33,34]. This would imply a two-step process whereby dimeric RANTES would
bind to GAGs via the 40’s loop, which in turn would prime the chemokine for CCR5 binding,
a process that might involve monomerization. Monomeric RANTES-CCR5 would then be the
favored endpoint, given the higher affinity of RANTES for CCR5 compared to GAGs.

Besides RANTES monomers and dimers, which are the prevalent forms in solution, higher-
order oligomers have been observed for CC chemokines [18]. GAG binding has also been
characterized as a chemokine aggregation-promoting process occurring at the cellular surface
[35]. GAG-induced aggregation plays an important role in chemokine physiology, and
disruption of this process is under investigation for devising potential therapeutic interventions
[36,37].

In conclusion, accumulating evidence suggests that CC chemokines need to be in a monomeric
conformation to functionally interact with CCR5. The N-terminal portion of RANTES,
including the first β-strand, is extensively involved in the dimerization interface, hence it
appears intuitive that the two N-termini of dimeric RANTES should dissociate into monomers
to allow full CCR5 binding and activation.
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2.2 N-terminal modifications
Potent anti-HIV derivatives of RANTES have been obtained by modification of the N-terminal
domain, including mutagenesis, aminoacid deletions and substitutions with chemical groups
(Table 1). Certain hydrophobic moieties added at the RANTES N-terminus dramatically
enhanced the rate of CCR5 internalization, resulting in a prolonged disappearance of the
receptor from the cell surface. The first attempts were prompted by the fortuitous observation
that E. coli-based RANTES expression systems maintain the N-terminal methionine, yielding
a Met-RANTES analogue, the first described derivative with receptor-antagonistic activity
[38]. Subsequently, various chemical groups were successfully added at the RANTES N-
terminus, yielding AOP-RANTES [aminooxypentane oxime of (glyoxylyl1) 2-68 RANTES],
NNY-RANTES (n-nonanoyl 2-68 RANTES) and PSC-RANTES [N-nonanoyl, des-Ser1(L-
thioproline2, L-cyclohexylglycine3) 2-68 RANTES] [39–42]. The latter is the most powerful
anti-HIV RANTES derivative developed to date. A strong anti-HIV activity was also obtained
with N-terminal deletions, as seen with 3-68 RANTES [43] while a more extensive truncation
(9-68 RANTES) showed a considerably reduced activity [44]. Most of these variants exert
their action by sequestering CCR5 from the cellular surface via agonistic activation followed
by internalization of the receptor. Altogether, these observations have reinforced the concept
that the RANTES N-terminus is the CCR5-activating domain.

In contrast to all the analogues indicated above, C1C5-RANTES, a serine-to-cysteine double
mutant (at both position 1 and 5), presents peculiar features originating from the intramolecular
loop created by a C1C5 disulfide bridge (Table 1) [45]. The uniqueness of C1C5-RANTES is
that it fails to elicit CCR5 activation and internalization, acting as a receptor antagonist; thus,
its anti-HIV activity is to be ascribed entirely to interference with gp120 for CCR5 binding.
The molecular basis for the antagonistic properties of C1C5-RANTES is most likely the
profound modification of the chemokine N-terminal domain induced by the C1C5 constraint.

2.3 N-loop and β1-strand derivative molecules
A thorough analysis of the RANTES regions involved in anti-HIV activity has been conducted
by mutagenesis and overlapping peptide scanning, leading to the identification of the N-loop/
β1-strand region as the core determinants for CCR5 binding as well as a crucial moiety
participating in the anti-HIV activity [46]. Further analysis, by means of chemokine and CCR5
mutants and chimeras, confirmed the N-loop/β1-strand-including RANTES core region as the
binding determinant to extracellular CCR5 domains, i.e., CCR5 N-terminus and the second
extracellular loop (ECL2) [47], and the RANTES N-terminus as a moiety embedding into
CCR5 transmembrane helices [48]. Interestingly, peptides encompassing the N-loop/β1-strand
region (aa 11-29) are sufficient to achieve HIV-blocking activity in an antagonistic manner
(Table 1) [46]. Such activity is in line with the concept that the RANTES N-terminus acts as
the CCR5-activating moiety, while the N-loop/β1-strand-including core is the portion
responsible for initial receptor docking, providing the necessary affinity for the interaction
[48]. The two-site organization model for G protein-coupled receptor (GPCR) binding and
activation [49], along with the evidence that the GPCR ECL2 can be modulated between active
and silent conformations [50,51], point to a partitioned receptor-ligand molecular organization.
Indeed, GPCRs appear to possess this conformational complexity [52].

Considering the molecular architecture of RANTES and its interactions with CCR5, it should
be possible to selectively improve (either by natural evolution or by human engineering) the
region mainly responsible for the receptor binding affinity, uncoupling it from the receptor
activation moieties. In line with this hypothesis, refined investigation of the RANTES aa 11-29
region, by the use of short derivative peptides, suggested a critical role of the two hydrophobic
stretches derived from the N-loop (aa 11-16) and β1-strand (aa 27-29), respectively [53].
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Further rational modifications of this region have resulted in peptides with progressively
increasing antagonistic activity (unpublished data).

An important step forward in the pursuit of the molecular mechanisms leading to HIV-1 entry
has recently been added with the demonstration that a sulfated CCR5 N-terminal peptide adopts
a well-defined α-helical conformation upon binding to HIV-1 gp120, [24], further confirming
the fundamental importance of tyrosine sulfation at the N-terminus of HIV-1 coreceptors
[54]. As previously discussed, tyrosine sulfation is also critical for RANTES recognition of
N-terminal CCR5 peptides [22]. Interestingly, a parallel role of tyrosine sulfation has been
reported for SDF-1 recognition of CXCR4 [55]. The CCR5 N-terminus is commonly viewed
as the non-activating domain of the receptor, which should interact with the RANTES core
where the N-loop/β1-strand region is the major determinant [46,53]. In this respect, it is
possible to postulate a RANTES binding switch from sulfated GAG moieties to the sulfated
CCR5 N-terminus, as previously hypothesized [54]. A model for the possible orientation of
monomeric RANTES for binding to the CCR5 N-terminal α-helix is shown in Fig. 1B.

3. CCR5 internalization/activation versus antagonistic competitive binding
Powerful N-terminally modified RANTES derivatives have been proposed as HIV therapeutics
or microbicides, but their clinical use is potentially hampered by their CCR5 agonistic activity.
In fact, persistent CCR5 activation is likely to elicit undesirable pro-inflammatory effects.
Hence, despite the superior antiviral activity exerted by the potent agonist PSC-RANTES, a
CCR5 antagonist such as C1C5-RANTES might represent a preferential candidate for
therapeutic or prophylactic interventions. An antagonistic interaction with CCR5 implies that
the anti-HIV activity is based purely on gp120-binding competition. A further advantage of
using an antagonistic inhibitor is its potential anti-inflammatory effect in vivo, which is highly
desirable in AIDS, a disease associated with a sustained and deleterious immune activation. In
this perspective, RANTES-derived peptides evolved from the N-loop/β1-strand scaffold
represent a valid alternative to a full-length RANTES derivative, as they combine a high CCR5
affinity with a convenient small molecular weight. A third route to RANTES engineering has
been proposed, in which the mutants would be capable of combining a rapid induction of CCR5
internalization with antagonistic properties [56]. Although intriguing, this hypothesis implies
the possibility of achieving CCR5 internalization in the absence of receptor-mediated
signalling, which seems unlikely since receptor activation and internalization are generally
believed to be tightly interconnected phenomena.

4. Toward a clinical development
The availability of safe and effective engineered RANTES derivatives will provide valuable
new assets in the expanding armamentarium of HIV-1 entry inhibitors. RANTES derivatives
could be employed both as components of systemic treatment protocols and as topical
microbicides for the prophylaxis of sexual transmission. The clinical development of peptidic
inhibitors, pioneered by the experience with the gp41-derived peptide T20/Enfuvirtide [8],
poses a series of unique challenges related to manufacturing, administration routes and long-
term tolerability, whose discussion goes beyond the purpose of the present review [57]. It is
obvious that the continuous systemic administration of a peptide drug carries a considerably
heavier load of specific issues compared to its intermittent topical application before sexual
intercourse, as would be the case with microbicides. Nevertheless, the question of
manufacturing costs and the potential immunogenicity of modified natural molecules represent
significant hurdles for both strategies.
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4.1 Therapeutic uses: Systemic administration
Several multi-drug therapeutic protocols are currently in use for the treatment of HIV-infected
subjects. In most cases, these protocols are capable of reducing the level of viral replication
by several orders of magnitude, as inferred by the measurement of viral RNA copies circulating
in plasma. However, low levels of viral replication can still be detected using ultrasensitive
methods [58] and, most important, complete virus eradication has never so far been achieved.
These shortcomings emphasize the need for boosting the power of current treatment protocols
through the addition of other drugs belonging to different classes of HIV inhibitors. Engineered
RANTES derivatives represent potential candidates for inclusion in multi-drug protocols as
they target a highly conserved cellular structure, CCR5. An important advantage in this strategy
is represented by the evidence that CCR5 genetic impairment is not associated with any obvious
clinical phenotype, as seen in people bearing the homozygous crippling deletion, CCR5-Δ32
[9].

The main limitations related to the systemic use of peptidic drugs include the administration
route, which is forcefully by needle injection, and the potential induction of a specific antibody
response. However, it should be emphasized that an antibody response is more likely to occur
with full-length RANTES molecules bearing significant alterations, whilst it is less likely with
short peptides. Finally, one has to consider the possible emergence of viral escape mutants that
can use CCR5 despite the presence of a receptor-bound inhibitor, as already documented with
small-molecule CCR5-targeted inhibitors [59].

All the above consideration should be attentively evaluated before moving forward with the
systemic use of engineered RANTES derivatives. However, once data on the clinical efficacy
of such molecules will be available, it should be possible to calculate the risk-benefit balance
for a long-term utilization. Alternatively, the use of such molecules should be limited to critical
situations in which a short-term administration is warranted, like post-exposure prophylaxis
or acute phase treatment, thus avoiding some of the potential drawbacks listed above.

4.2 Prophylactic uses: Topical application
Compared to long-term systemic administration, the topical application of engineered
RANTES derivatives as microbicides for the prevention of HIV sexual transmission appears
more realistic and achievable in a relatively short time span. In fact, the local application of
peptidic inhibitors within the female genital tract does not pose specific problems of
administration and emergence of escape mutants, although a broad and sustained use in a large
population group may eventually select for inhibitor-resistant viruses. Another major concern
with microbicides is proinflammatory activity, which has played a main role in the clinical
failure of several candidate compounds. Indeed, inflammation of the genital tract represents a
significant risk factor increasing HIV transmission. In this respect, the use of antagonistic
CCR5 inhibitors is undoubtedly preferable over agonists, regardless of their in vitro potency
as HIV-1 inhibitors. Despite its potent agonistic effect, PSC-RANTES has been proven to
protect monkeys from vaginal infection with a chimeric SHIV virus, providing a strong proof-
of-principle that inhibiting CCR5 can completely prevent HIV transmission through the genital
tract [42]. However, it should be emphasized that extremely high doses were required for
protection, several orders of magnitude higher than the doses effective in vitro [42].

RANTES-based HIV microbicides could be administered exogenously, formulated in a gel
vehicle in order to maintain protective concentrations for a prolonged period of time.
Alternatively, recombinant RANTES derivatives could be engineered into bacterial systems
capable of producing them endogenously upon colonization of the female genital tract (live
microbicides). Lactobacillus spp., which constitute the most abundant component of the
vaginal commensal flora, represent an obvious candidate for the generation of an engineered
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live microbicide. Moreover, unlike other prokaryotes, lactobacilli show an unusual ability to
secrete proteins. Considerable progress has recently been made in this field, with the successful
expression of various HIV inhibitors in L. jensenii [60–62]. Likewise, both wild-type full-
length RANTES and C1C5-RANTES have been successfully expressed and secreted by L.
jensenii (unpublished data).

In conclusion, the field of microbicides could be the primary beneficiary from the availability
of safe and effective RANTES derivatives capable of blocking HIV-1 transmission to
intraepithelial CD4+ T cells and mononuclear phagocytic cells in the genital tract. The proof-
of-principle recently obtained in macaques [42] provides a strong rationale for the pursue of
novel, safer and more effective RANTES derivatives and test their efficacy in preclinical and
clinical trials.

5. Conclusion
The CCR5-ligand chemokine RANTES provides a suitable molecular scaffold for the
generation of potent HIV inhibitors. A “mixed” approach combining structure-guided design
with empirical trials is driving the continuous evolution of selected molecular leads. This
approach has already provided excellent HIV-entry inhibitors, reducing the gap toward a future
clinical applicability.
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Figure 1.
Schematic representation of RANTES binding to GAGs and CCR5 on the cell surface. A,
Ribbon side view representation of the RANTES dimer (PDB entry 1HRJ) and its interaction
with cell surface glycosaminoglycans (the protein core is represented in orange; the
carbohydrate chains in black). The N-terminus (aa 1-10) is colored in red; the N-loop/β1-strand
(aa 11-29) in blue; the GAG-binding 40’s loop (aa 43-48) in green. N and C denote the N- and
C-terminus, respectively (N′ and C′, the termini of the second RANTES monomer within the
dimer). B, Side view of the RANTES monomer (color code as in A) in a proposed complex
with CCR5 (pink). The RANTES monomer is shown with a 45° anti-clockwise rotation
compared to A, and is slightly tilted towards the observer. The α-helix conformation adopted
by the CCR5 N-terminal peptide, spanning residues 7-15, corresponds to that illustrated in
PDB entry 2RLL. As previously suggested [48], the RANTES N-terminus is likely to be
embedded within transmembrane CCR5 helices, while the extracellular CCR5 loops,
particularly ECL2, should surround RANTES. N and C denote RANTES N- and C-terminus,
respectively (N′ and C′, denote the CCR5 termini). In both A and B, RANTES orientation
towards GAGs, CCR5 and the cell membrane have been chosen arbitrarily.
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Table 1
RANTES derivatives developed as HIV-1 inhibitors

RANTES derivatives Anti-HIV activitya CCR5 agonist/
antagonist

CCR5 affinitya References

Full length analogs

N-terminal truncation
3-68 RANTES = agonist = [43,63,64]
4-68 RANTES < agonist = [65]
9-68 RANTES < antagonist = [44,66]
N-terminal chemical modification
AOP-RANTES > agonist ≤ [39,67]
NNY-RANTES > agonist = [40]
PSC-RANTES > agonist = [41]
N-terminal mutagenesis and elongation
Met-RANTES ≤ antagonist = [38]
L-RANTES ≥ antagonist > [45]
C1-RANTES < agonist N.D. [45]
A3-RANTES < agonist N.D. [45]
R6-RANTES < agonist N.D. [45]
LSPVSSQSSA-
(RANTES 10-68)

> agonist ≥ [56]

FSPVSSQSSA-
(RANTES 10-68)

> agonist ≥ [56]

C1C5-RANTES > antagonist > [45]

Peptides

N-terminus
1-14(A10A11) < agonist N.D. [68-70]
3-14(A10A11) < agonist N.D. [68-70]
N-loop/β1-strand
11-29 < antagonist N.D. [46,53]
11-29 derivatives ≤ antagonist N.D. (unpublished

Fusion proteinsb

Anti-CD4 scFv-RANTES > agonist = [71]
RANTES-Anti-CD4 scFv > agonist = [71]

a
Anti-HIV activity and CCR5 affinity are indicated in comparison to wild-type full-length RANTES.

b
Not discussed in the text.
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