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Abstract

CCRS5 is a receptor for chemokines and the coreceptor for R5 HIV-1 ietdoryCD4 T-lymphocytes.
Chemokines exert anti-HIV-1 activityh vitro, both by displacing the viral envelope glycoprotein gp120
from binding to CCR5 and by promoting CCR5 endocytosis, suggesting that they ptatective role in
HIV infection. However, we showed here that different CCR5 conformations at thesuckce are
differentially engaged by chemokines and gp120, making chemokines weaker ishibitdlV infection
than would be expected from their binding affinity constants for CCRé&sel Histinct CCR5 conformations
rely on CCR5 coupling to nucleotide-free G-proteitf&¢proteins). While native CCR5 chemokines bind
with subnanomolar affinity t8"G-protein-coupled CCR5, gp120/HIV-1 does not discriminate betWean
protein-coupled and uncoupled CCRS5. Interestingly, the antiviral activity of chemolsn€sprotein
independent, suggesting that ‘low-chemokine affinity’ ""G-protein-uncoupled conformations of CCR5
represent a portal for viral entry. Furthermore, chemokines are weak indfc@@R5 endocytosis, as is
revealed by E€; values for chemokine-mediated endocytosis reflecting their low-affinity aanealue for
NFG-protein-uncoupled CCRS5. Abolishing CCR5 interaction wifiG-proteins eliminates high-affinity
binding of CCR5 chemokines but preserves receptor endocytosis, indicatingpehatkines preferentially
endocytose low-affinity receptors. Finally, we evidenced that chemokine analogs achidyebient HIV-

1 inhibition due to high-affinity interactions with internalizing andgpl20-binding receptors. These data
are consistent with HIV-1 evading chemokine inhibition by exploiting CCR5 cmafiional heterogeneity,
shed new light into the inhibitory mechanisms of anti-HIV-1 chemokine analogs andepisights for the

development of new anti-HIV molecules.



Introduction

CCR5is the principal coreceptor for entry of human immunodeficiency virus tyjhd\-1), used together
with CD4 to enter and infect target cells (1), and a receptor for ag@@it3(MIP-1a, CCL4/MIP-18,
CCL5/RANTES) and antagonist/weak partial agonist (CCL7/MCP-3) chemokines (2,e3halitie agonist
chemokine ligands of CCR5 induce conformational changes in the receptor that pemtinda&on of
pertussis toxin (PTX)-sensitive, heterotrimen@y G-proteins (Gi/o-type G-proteins) by catalyzing an
exchange of GTP for GDP on thexGubunit. The GTP-bounddGsubunit and the & dimer then trigger
intracellular signaling pathways involved in chemotaxis and activation of leukocytes (4).

Native CCR5 chemokines inhibit infection of R5-tropic HI\fAlvitro. This occurs via two mechanisms:
sterically preventing the viral envelope gp120 from binding to the coreceptorednding cell surface
coreceptor levels by inducing receptor downregulation (5-7). They are secreted by a number of cell types and
in particular immune cells including R5 HIV-1 target cells (6, 8, 9). The patemle of native CCR5
chemokines in blocking HIV-1 transmission and progression has been extessivbd (9-12), but their
efficacy as protective factors remains a matter of debatedl4)3A major paradox relates to the observation
that native CCR5 chemokines show lower antiviral potencies than would be expastedon their CCR5
binding affinity constants (15-18), which are in the subnanomolar rand®,(20), much lower than the
corresponding value for the HIV-1 envelope glycoprotein gp120, which is approximately I®nRA ),

A number of CCR5 chemokine analogs with improved antiviral potency have bedfiedemicluding
N-terminally modified RANTES analogs with agonigidP-, PSC- or 6P4-RANTES) or antagonist features
(5P12- or 2P3-RANTES), which represent promising molecules as topical midesh{d@8, 22). While the
enhanced potency of agonist analogs can be explained in terms of their incegzessty to induce CCR5
downregulation (23), the inhibitory mechanism of antagonist analogs, which neithetteacs protein
signaling nor induce receptor downregulation, is more elusive. It was speculated rthighti involve
increased steric blockade of CCR5, but competition binding assays using labelec<€ltrhcer did not
show any significant increase in CCR5 binding affinity (22).

In this study, we present evidence that conformationally different CCR5 subpopulatibngistinct
chemokine binding capacities are present at the surface of HIV-1 targetlegtlarticular, a fraction of
receptors shows strikingly low binding affinity for native CCR5 cbkimes, providing an explanation for
why native CCR5 chemokines have unexpectedly low anti-HIV-1 potencies. Our adsaltshed further
light on the inhibitory mechanism of chemokine analogs, showing that they overcome the challitrege of
chemokine low-affinity CCR5 population through (i) more efficient receptmwnregulation and/or (ii)
increased binding affinity for gp120-binding receptors. Overall, these findipdairexow R5 HIV-1 could
escape from inhibition by native CCR5 chemokines in the course of infection aridepohwes for the

development of new chemokine analogs as HIV inhibitors.

Results



Distinct CCR5 populations are differentially utilized by HIV-1 gp120 and chemokines. Chemokines and

the CD4-bound form of HIV-1 envelope glycoprotein gp120 competitively bind to overlappingnegf
CCRS5 (24). Thus, to investigate whether distinct CCR5 populationsahtifierently with chemokines and
gp120, we first tested unlabeled native chemokines (CCL-3, -4, -5 or -7) or chemokine analog®¥@OP
2P3-, 5P12-, or 6P4-RANTES) for their ability to inhibit binding of eiti@rabeled CCL3 {*1-CCL3) or

the **S-labeled gp120 from the HIV-1 primary strain Bx38S(gp12@,0s) on membranes from CCR5-
expressing HEK 293T cells (HEK-R5 cells) (Fig. 1, Table 1). Using the alataned, we calculated the
affinity constant values (K of the competing ligands for receptors using the Cheng and Prusoff equation
(seeS materials and methods).

Except for CCL7, displacement &f1-CCL3 binding revealed high affinities of competitors for CCR5,
with K; values in the nM range or lower (Table 1). Thev&lues obtained for the native CCR5 agonists
CCL-3, -4 and -5 are comparable to thg Walues determined for these ligands in saturation binding assays
(Table 1), consistent with binding of these chemokines to a similar cldsghe&ffinity receptors in both
competition and saturation assays. In contrast, CCL-3, -4 and -5, as well as the chemakisefedat and
PSGRANTES, only partly displace®fS-gp12@,.sbinding when used at a 100 nM concentration (FR), 1
suggesting that they have a lower affinity f68-gp12@,0s-binding receptors as compared'td-CCL3-
binding receptors. In contrast, the observation fi8typ12@,.sbinds marginally to CCRS5 in the presence of
100 nM 2P3-, 5P12- or 6P4-RANTES (FidB)Isuggests that these chemokine analogs preserve high affinity
interactions with°S-gp12@,cs-binding CCR5.

In dose-response experiments, 2P3-, 5P12- or 6P4-RANTESSuup12Q,05 competed for binding to
an apparent single class of receptors, as is revealed by monophasic competitivechingiandFig. C-D).
The K values in the nM range calculated for these chemokine analogs confirm high-affinity ioteradth
the **S-gp12Q,eg-binding receptors (Table 1). CCL7 similarly bound to a single clas8Sefip12@,os-
binding CCR5 for which the affinity of the chemokine was higher than thatfe2CL3-binding CCR5 (K
= 34vs 119 nM). In contrast, displacements®®8-gp12@,es binding by the agonists CCL3 (FigC), CCL4
and PSC-RANTES (Fig.[l) gave biphasic curves, consistent with the presence of two diS8agp12@,0s
receptor populations, one with high affinity for these chemokines, thewitttesignificantly lower affinity.
CCL-3, -4 and PSC-RANTES had; Kalues for interaction withhe ‘high-chemokineaffinity’ receptor
population similar to those determined'f1-CCL3 displacement assays (Tableshggesting that the ‘high-
chemokine affinity’ population of **S-gp12@,0s-binding receptors antd’-CCL3-binding receptors represent
the same receptors. Interestingly, theviues obtained for the ‘low-chemokine affinity’ CCRS5 population
range from a few tens of nM up to more thar® 10 (Table 1), thus exceeding the, Kalue for the
interaction of**S-gp12@,0s with CCR5 determined in saturation assays (=~ 10 nM (19)). Hence, this fraction
of CCRS5 has a higher affinity for gp120 than for native CCR5 chemokines.

Poor ability of native CCR5 chemokines to displace gp120 binding to CCR5 correlates with low
antiviral activity. We next investigated whether low anti-HIV potency of native chemokines tedéia



low-affinity interactions with gp120-binding receptors. For that purposeinfeeted activated CD% T-
lymphocytes, which represent the major target cells for R5 HIV-1, and HeLa P4€5vitkl infectious
Bx08Ren viruses expressing gpl120 from the Bx08 strain in the presence of@@&& chemokines or
chemokine analogs (Table 1, Fig./ASand SB). Except for the chemokine analog PSC-RANTES, the
antiviral potencies of all other chemokines correlated better with theityabildlisplace the binding JfS-
gp12Q,es than that of*1-CCL3. In particular, the native CCR5 agonists (CCL-3, -4 and -5) that show low-
affinity interactions with a proportion of gp120-binding receptors had much neakewantiviral activities
than chemokine analogs, even though both groups of molecules have comparable affirftle€ @ir3-
binding CCR5 (Table 1). Similar results were obtained using five other IReh-derived viruses
expressing R5 gpl120 sequences from laboratory-adapted (JRRen) as well as prinemry 32BRn, 50Ren
or 58Ren viruses) viruses (Fig. S2).

The potent antiviral activities of the antagonist RANTES analogs 5P12 and 2P3) ddicot
downregulate CCR5 (Fig.Bsand ref. (22)), reflect their increased binding affinities detected (738ig
gpl2@,0s as a tracer (Fig. 1). The enhanced potency of PSC-RANTES, which occurs iesgiagively
low capacity to compete withS-gp12@,0s for binding to CCRS5, is likely to be due to its enhanced capacity
to induce CCR5 downregulation (23). To test this hypothesis, we performedanfigttibition experiments
under conditions where receptor downregulation is suppressed. HeLa P4C5 cells were predificuBah
with PSC-RANTES (40 nM), 5P12-RANTES (40 nM) or the CCRS5 inverse agowisaviroc (MVC, 20
uM) at either 37°C or at 4°C, a temperature at which receptor endocytosiaatoascur. BxO8Ren virus
was then added to the cells, which were incubated for a further 2 h at 4°C, then wasle&BS;atarmed
to 37 °C for 15 min to allow entry of attached viruses, trypsin-treate@rnmwe residual viruses and
incubated for 48 h at 37 °C (Fig. 2). Under conditions whe@gR5 downregulation is suppressed, the
antiviral activity of PSC-RANTES was almost completely abrogated, butnthibitory potency of 5P12-
RANTES or MVC was unaffected, in accordance with our results in Fig. 1 shokanhd?SC- and 5P12-
RANTES are weak and potent inhibitors of gp120 binding to CCR5. Hence unlikeRFRNPES and
maraviroc, PSC-RANTES owes a large part of its inhibitory activityitdocapacity to induce CCR5
downregulation. Importantly, these results also validate the notion that the recipéwacting with
monomeric gpl20/soluble CD4 complexes in the binding assays presented her8-(Bjgarid those that
are used by infectious virus particles at the surface of intact cells itionfassays extensively overlap and

would represent similar receptor populations.

CCRS5 coupling to nucleotide-free G-proteins differentially regulates native agonist chemokine and
gp120 binding. It has been established that conformations of GPCRs with high-affinity for ayamést
stabilized by coupling to guanine nucleotide-free G-proteifi&-proteins), and that the receptors are
induced to shift towards low-affinity conformations as soon as G-proteins are extdyphucleotides (25).
Similarly to what we and others showed in mammalian cell lih®s26), we observed that CCR5 coupling

to ""G-proteins also stabilizes the receptor in a high affinity conformation otistg in HIV-1 target cells.



Indeed, the non hydrolysable GTP analogs sIBnd Gpp(NH)p or PTX, which inactivates,@roteins
decreased®J-CCL3 binding to CCR5 expressed in human lymphoblastoid *CD4ell lines (A3.01-R5
cells) or primary T-lymphocytes to levels approaching that of non specificngir(éfig. 3\). Saturation
binding of **I-CCL3 to membranes from HEK-R5 cells further revealed that Gpp(NH)p desrdahe
maximum number of binding sites for the chemoking,{Bfrom 10.71.3 to 2.90.7 pmole/mg of protein
(Fig. 3) while only slightly affecting the K value from 0.2%0.05 to 0.46t0.08 nM, indicating that
Gpp(NH)p reduces the amount of receptors that are of high affinity¥¢€CL3. In line with this, 0.1 nM
129.CCL3 showed only background levels of binding to membranes from HEK cells expréssiRg26N-
CCRS5 mutant, which does not activate G-proteins (27) (. Similarly to CCL3 and CCL4 (26), high-
affinity binding of CCL5 also required CCR5 coupling‘f&-proteins (Fig. ).

In contrast to native CCR5 agonist chemokines, R5 HIV-1 gp120 acts as an antagakigtartial
agonist for CCR5 as it does not discriminate betw&@&rprotein-coupled or uncoupled CCR5 and binds
equally well to R126N-CCR5 and wild-type CCR5, both in the presence and alode@pp(NH)p (Fig.
3E). This led us to hypothesize that the biphasic competitive binding curves obtathedative CCR5
agonist chemokines usirfftS-gp12@,0s as a tracer is a reflection of (i) the existence of populations of both
NFG-protein-coupled ant"G-protein-uncoupled receptors with respectively high and low affinity for these
chemokines, and (ii) the capacity of gp120 to bind indiscriminately to either populslife tested this
hypothesis by repeating the competition experimenfd&Ss§p12@,0s binding by CCL3, in the presence and
absence of Gpp(NH)p (Fig.F3 Treatment with Gpp(NH)p decreased the proportion of ‘high-chemokine
affinity’ receptors versus ‘low-chemokine affinity’ receptors from 43% to 16% (p = 0.016 in unpaired, two-
tailed student’s t test), without affecting the jKvalue of the ‘low-chemokine affinity’ receptor population
(Table 1, Fig. B). This result is consistent with our previous observation that Gpp(NH)p elimittete
fraction of**S-gp12@,0s-binding CCR5 that binds CCL4 with high affinity (19).

Chemokine-mediated inhibition of HIV infection and CCR5 endocytosis are G-protein independent
processes. Based on the observation tHltV envelope binds indiscriminately to ‘high-chemokine affinity’
NFG-proteineoupled CCR5 and ‘low-chemokine affinity” ""G-protein-uncoupled receptors, we hypothesized
that infection in the presence of chemokine ligands would be more likely to wiecthe low-chemokine
affinity ""G-protein-uncoupled receptors, and that the chemokine ligands would be required to kisgage t
population of receptors in order to achieve inhibition of infection. This would iexplay native CCR5
agonist chemokines have low potency as HIV inhibitors.

To test this hypothesis, we treated activated TD4ells, A3.01-R5 or HeLa P4C5 cells with PTX and
then infected them with R5 HIV-1 in the presence of native CCR5 chemokines or chemokine analogs (Fig. 4,
S2 and S3). PTX attenuat&dl-CCL3 binding to target cells (Fig. 83and 3) and abrogated chemokine-
induced chemotaxis (Fig-A4, indicating that CCR5 coupling withgsproteins is required for both high-
affinity binding of the ligands and signal transduction. In contrast, PTX changéwmeital infectivity

(Fig. S2) nor the potency of chemokines to block infection (Fig. S, 48and Table 1). This suggests that



CCR5 engagement by HIV-1 is independent of G-proteins and that high-affinitpdpiofiligands td" G-
protein-coupledCCR5does not make a significant contribution to their capacity to inhibit infection.

These results also imply that CCR5 downregulation, which contributes to théldractivity of agonist
chemokines, is not dependent on engagement of high-chemokine aff@igrotein-coupled CCR5. To
address this possibility, we tested the ability of CCL-3, SIGP6P4- and 5P12-RANTES to downregulate
FLAG-tagged CCRS5 in HEK 293 cells (28) with and without PTX, which decreasesffigity binding of
125.CCL3 by 87.4 + 11.8 % (Fig./sC, Table S1). PTX influenced neither the efficacy nor the potency
(EGs0) of chemokines to downregulate CCR5 (Fig-B, Table S1). Moreover, the kinetic rates of CCR5
downregulation induced by PSC-RANTES and CCL4 were unchanged by PTX treatmémir(}) = 3.3
0.6vs3.2+ 09 and 89 +0.8s8.7 £ 1.7 for PSC and CCL4 in the absence or in the presence of PTX,
respectively) (Fig. 6). Hence interaction with high-chemokine affinit§G-protein-coupled CCRS5 is not a

requirement for the induction of CCR5 downregulation by its ligands.

CCRS5 downregulation involves low-affinity interactions of native CCR5 agonists with internalizing
receptors. PSG and 6P4-RANTES had nanomolar & @alues for CCR5 downregulation (Table S1), while
the EGo values for CCL-3 and -4 exceeded by more than 2 or 3 orders of magnitude, tradirekfor" G-
protein-coupled CCR5 (Tables 1 aBd). The differential abilities of chemokines to downregulate CCR5
could be due to internalization-competent CCRS5 that might represent a receptor suimpopulathich
CCL-3 and -4, but not PSC- and 6P4-RANTES, bind with a low affinity. Alterngtizelt not exclusively,
RANTES analog-induced inhibition of receptor recycling could also contribute topgbgEnt ability to
downregulate CCRS5, as previously suggested (23).

To assess these hypotheses, we compared the abilities of PSC-RANTES and @GkAregulate WT-
CCRS5 or the 349-CCR5 mutant, which does not recycle back to the cell surfac€i28pj. As compared
to WT-CCR5, CCL4 downregulated 349-CCR5 with higher potency (6-fold, Tableai®l)efficacy,
confirming that receptor recycling interferes to some extent with the afil&}’L4 to downregulate CCR5.
PSCRANTES also downregulated 349-CCR5 more efficiently than WT-CCR5 (93.9 + ¥$67.6 + 3.3
%, respectively), albeit with comparable potencies (Table S1), suggesting GRANTES slows down
CCRS5 recycling but does not prevent it. However, CCL4 induced endocytosis-@fC3S with a 18-fold
higher EG, value as compared to PSC-RANTES, indicating that low potency of CCL4 in downiregulat
CCRS5 is modestly due to its inability to prevent receptor recycling. Rather, this&@e for endocytosis of
349-CCR5 by CCL4 (47 nM) is similar to it Kalue forinteraction with the ‘low-chemokine affinity’ ""G-
protein-uncoupled population of CCRS5 (44.7 nM). This suggests that native CCR% apemskines have
a low potency to downregulate CCR5 owing to their inability to prevent CE&Iling and, above allpt

their low affinity for""G-protein uncoupled CCR5 undergoing endocytosis.

Discussion



Our findings indicate that inhibition by native CCR5 chemokines of HIWgction is hindered by a
proportion of receptors that exists in a low-chemokine affinity conformatitimeatarget cell surface. This
likely explains the discrepancy between the apparently high CCR5 affiméiasured previously for native
chemokine ligands (2, 20) and their relatively modest potency as entry inhiiifefs). Different CCR5
conformations with distinct pharmacological and antigenic properties have beebeate$27,29). Here, we
found that the apparent affinity of native chemokines and RANTES analogE€R5b €aries depending on
whether*®1-CCL3 or **S-gp120 is used as a tracer in competition experiments (Fig. 1), identifying that
distinct receptor populations interact withil-CCL3- and**S-gp120-binding receptors. Indeed, we further
showed that while high-affinity binding df3-CCL3 requires CCR5 to be coupled Y&G-proteins,*s-
gp120 binds with the same affinity to both high-chemokine affitfi-protein-coupled CCR5 and low-
chemokine affinity""G-protein-uncoupled CCRS5. Although native CCR5 agonist chemokines interact with
subnanomolar affinities with*1-CCL3-binding receptors, they bind to the |ahemokine affinity
population of**S-gp120-binding receptors with affinities lower than those of primary ggégend of Fig.

3E), thereby contributing to limiting their antiviral potency.

PTX treatments of HIV-1 target celled no effect on virus entry and replication (Fig. S2), suggesting
that similarly to gp120, HIV-1 attachment to CCRS5 is independent of G-psotel agreement with our
previous data showing that the non-G-protein coupling mutant receptor R1268-€l(PRorts HIV entry
(30). The observations that CCR5 is constitutively active (19, 27) angrifarmed receptor/G-protein
complexes exist in living cells (31) suggest that an equilibrium may exiseee""G-protein coupled and
uncoupledCCRS5 in HIV target cells. On the other haliG-proteins that stabilize high-agonist affinity
conformations ofCCR5likely represent a minor fraction of total G-proteins in intact c@. (In line with
this, our observations that PTX does not change the anti-HIV potency of chem@kibls 1) suggest that
high-chemokine affinity™"G-protein-coupled receptors play a minor role in the antiviral activity of
chemokines and that loshemokine affinity™ G-protein-uncoupled CCRS5 represent a portal for HIV entry
into target cells. Interaction witlfG-protein-uncoupled CCR5 could allow HIV to evade inhibition by the
chemokines secreted in the surrounding environment. At the same time, through high iaférdgictions
with receptors coupled t§'G-proteins, these chemokines would still be capable of activating tattget ce
facilitating viral replication (32), and recruiting target cells into siteslof fdplication.

While it is commonly accepted that coreceptor downregulation contributes to cheniokibition of
HIV-1 infection (5-7), we showed that native CCR5 agonist chemokines exhibit a wdil tbi
downregulate CCRS5, as is indicated bysgE@lues for CCR5 downregulation by the chemokines that are
close to their Kvalues for interactiomwith the ‘low-chemokine affiniy’ population of CCR5. Preventing
CCRS5 recycling only modestly increases the ability of CCL4 to downregulate5CGut several
observations suggest that CCR5 downregulation involves low-affinity ititana®f native chemokines with
NFG-protein uncoupled CCR5. Indeed, we previously demonstrated that R126N-CCR5 dogmenG-
protein signaling but retairfsarrestin-dependent endocytosis, indicating that both processes are independent
functions of CCR5 mediated by different receptor conformations (27). R126N-CGC&Soi altered in its



ability to bind**1-CCL3 (Fig. D) and'*I-CCL4 (26), indicating that th&G-protein-coupled conformation
of CCRS5 required for high affinity binding of agonist chemokines is distinot the CCR5 conformation
undergoing endocytosis. This conclusion agrees with our present results that Pinithest CCR5/G-
protein coupling and high affinity binding of native agonist chemokines preseri@sS @&@locytosis (Fig.
5). Overall, these data support the view that natural agonist chemokines emgadféenity interactions with
internalizing CCRS5, hence explaining why they are weak inducers of CCRS5 evglsamd inhibitors of
HIV infection.

Structurally different agonists can stabilize distinct receptor comfiions with distinct signaling
outcomes (33). In particular, ligands referred to as biased ligands diffdyestilaulate G-protein- anfi-
arrestin-dependent signaling pathwagd)( Similarly, PSC-RANTES and CCL4 have comparable binding
affinities for CCR5 (Fig. 1) and potencies for activating G-proteins if®GTR/S binding assay (Eg=
4.1+0.9 and 6.3+£0.4 nM for CCL4 and PSC, respectively, n = 2), while PSC-RANTES &nsiatigt more
potent in internalizing CCR5 (Fig. 5), suggesting that the two liganddiztatiistinct CCR5 conformations.
In fact, the EG, value for PSC-RANTES to downregulate CCR5 is roughly equal to jitgakie for
interaction with"FG-protein-coupled;?1-CCL3-binding CCR5, suggesting that PSC-RANTES preserves
high-affinity interactions with internalizing CCRS5, despite the fhet these receptors are not coupled to
NFG-proteins. It could be that PSC-RANTES stabiliz@saarestin-coupled conformation of CCR5 for which
it maintains a high affinity, similarly to other receptors, whichiara high affinity state for agonists when
complexed with arrestins (35). Finally, the robust CCR5 downregulation induced bBRMRSTES explains
why the molecule preserves a strong antiviral activity in spite of haviog affinity for gp120-binding
receptors. Indeed, preventing CCR5 endocytosis virtually abroB&ERANTES-mediated inhibition of
HIV infection (Fig. 2), indicating that steric inhibition of gp120 binding to CCR5 plays a margieadhrthe
antiviral activity of PSC-RANTES.

The antagonists 5P12- and 2P3-RANTES appeared instead to act solely by potenilyg billoek
interaction between gpl120 and CCR5 (Fig. 1). Using these antagonists together wihn@ofalizing
molecules such as PSC-RANTES could in principle represent an interesting therapspéctpey, albeiho
studies have shown yet whether these different analogs have additive inhibitory iafidéésinfection.
Interestingly however, we showed here that 6P4-RANTES resembles both 5P12- anARBESRnN that
it preserves high affinity for gp120 binding receptors (Fi§) and downregulates CCR5 at nanomolar
concentrations. Considered altogether, these results are consistent with 5P12-, 6P4- andNPEE-RA
stabilizing different CCR5 conformations. In line with this, mutations in taestnembrane domains of
CCR5 were found to modulate in different ways their ability to inhibit khfection, indicating that they
have different structural constraints for HIV-1 inhibition (36). Notably, thegtations did not change the
ability of the RANTES analogs to inhibif1-CCL3 binding to CCR5 (36), again strengthening the notion
that chemokines have different structural requirements for interacting@#protein coupled, CCL3-

binding receptors and inhibiting gp120 binding and HIV infection.



Overall, our findings document that both mechanisms whereby native CCR5 chemokrhése@xanti-
HIV activity, inhibition of gp120/CCRS5 interactions and CCR5 downreguiatare strongly limited by
virtue of their low-affinity interactions with a proportion of CCR5nftmmations. Overcoming these
limitations explains why RANTES analogs show improved antiviral potencies as @uhtpatheir natural
counterparts and should help guide the development of new anti-HIV agents. Finally, theSerigrgtauld
make it difficult to accomplish the blockade of R5 HIV-1 isolates by chemekn vivo and contribute to

their preferential transmission and propagation in the early stages of infection.

Materialsand Methods

Information regarding materials (chemokines, HIV-1 glycoproteins, viruses als) aetl experimental
procedures (radioligand binding, chemotaxis, receptor downregulation and infectionidnh#sisays) is
provided inS materials and Methods.
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Table 1. CCR5 binding affinity constants of native chemokines and RANTES analogs and their half-maximal inhibitory
concentrations (ICso) of HIV-1 infection in CD4+ T-cells and HeLa P4C5 cells

.gp12
(M) Ko KiceLs Kep ICso
- Gpp(NH)p + Gpp(NH)p T-CD4+ P4C5
-PTX +PTX -PTX +PTX
Chemokine
S
0.25 0.06 Hi- 0.60.1 Hi - 0.58+0.4 1069
cCcL3 £0.05 +0.00 (43.6+9.7%) (16.4+6.6 %) 1427 143 >1000 >1000
= 2 Lo- > 1000 Lo -597+185.4 e
cclLa 0.37 0.21 H("zgf;f/ool‘l und (b) 45 6.7 444 366
(@ +0.1 Lo- 447465 Lo - 8611 (b) +1.8 +2.8 459 +62
0.75 3
cCcLs 015 ‘11 >1000 - - - >1000 >1000
ccL7 - }1391‘; 34.148.2 - > 1000 - >1000 >1000
1.13
AoP ) £0.18 ) ) ) ) ) )
PsC . 1.89 *('3'1171(7]?0(2 ]3 . 0.14 0.12 0.44 0.48
+0.95 Lo- 2152357 +0.03 +0.03 +0.2 +0.02
0.31 0.96
2P3 - fo11 2.72+0.21 - 1031 - - -
0.26 0.036 0.038 0.87 0.96
5p12 ) +0.13 351218 ) +0.015 +0.013 +0.45 +0.45
0.055 0.046 0.82 0.64
6p4 ) +0.02 2.93£0.23 ) +0.01 0.047 +0.12 +0.12

Kicl3 and K120 represent the equilibrium dissociation constants for interaction of chemokines with CCR5 determined in
competition assays using either 125[-CCL3 or 35S-gp120 as a tracer, respectively. Ko values are the equilibrium dissociation
constants of radiolabeled chemokine-CCR5 complexes deduced from saturation binding experiments. (a) The reported Kp value is
from ref. (20). (b) The reported K; values for interaction of CCL4 with 35S-gp120-binding CCR5 in the presence of Gpp(NH)p is from
ref. (19). Except for inhibition of infection of T-cells by CCL3 or 6P4 in the presence of PTX, which was performed once, values
represent means * SD of at least three independent determinations. The independent experiments in CD4* T-cells represent

experiments run in cells obtained from different donors. Und, undetectable.

13



Figures

>
w

o CCL3 100

100 o CCL4 &
o __ o CCL5 S 80
(lj mo 80 &, A ggC[_T ?mc
. '.‘ ° m b
8 5 60 A |a 5p12 5
'g é 40 K + 6P4 'g é 40
3 A 1
2 20] VE g

0- T T T T 8 & T 0-

-13-12-11-10 -9 -8 -7 -6 @ D = DA ) B

Qo*‘o\'o\'o\’o\’\foqq%oq?qg"q'q
chemokine (log, M) (CNCNCRY

C D
- o CCL3 ° o CCL4
N 100+ a  CCL7 S 100 e PSC
2~ + 6P4 Qo — A 2P3

4 o o 804
™y 80 & 0 " 5P12
9 ‘5 604 ' ‘5 60
T8 401 BE 40
§ 20- _§ 20-

O_ T T T T T T T 0_ T T T T

-12 -11-10 -9 -8 -7 -6 -1 -10 -9 -8 -7 -6

chemokine (log, M) chemokine (log, M)

Fig. 1. Chemokine- and gp120-binding CCRS5 represent different receptor populations. Rih@idghM
129.CCL3 (A) or 10 nM*S-gp12@,0s(in the presence of 30 nM soluble CDB) € andD) was displaced
by increasing amount\( C andD) or a 100 nM concentratiorB) of unlabeled chemokines. Results
were normalized for non-specific binding (0%) and specific binding in the absemoenpktitors (B,
100%) and fitted according to a one-site (paeCCL7, 6P4, 2P3 and 5P12 in panels C @pdr a two-
site (16.2 < value < 93.3 witlp < 0.0001 for CCL3 irC and CCL4 and PSC in) competitive binding
model. In paneB, data points are means + SEM of 5 independent determinations. RaeBndD

show representative experiments out of 3-5 performed independently.
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Fig. 2. Steric inhibition of gp120 binding to CCR5 does not contribute to the anti-HIMilitaof PSC-
RANTES. HelLa P4C5 cells were incubated with MVC, 5P12-or PSC-RANTES at 87@ibefore being
infected by Bx0O8Ren viruses and treated as indicated in the text. Results reiesacifdrase activity in
the cell lysates, expressed as relative light units (RLU). A repreisengxiperiment out of 5 independent

determinations is shown. Uninfected cells (NI) served as negative controls in those experiments.
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Fig. 3. CCR5 coupling t0""G-proteins differentially influences native agonist chemokine and gp120 binding.
(A) Total binding of 0.2 nM?31-CCL3 to 5.16 A3.01-R5 cells (left panel) or membranes from CD4ells

(15 ug of proteins) (right panel) was measured in the presence or absence (cor®DRySfor Gpp(NH)p

or after treatment of cells with PTX. Non specific binding was determined tiengntagonist TAK779 or
MVC. *, p< 0.05; **, p< 0.01 as compared to controls in unpaired tavted Student’s t test. PanelsB) and

(C) are saturation experiments’61-CCL3 and"®1-CCL5 binding to HEK-R5 cell membranes, respectively.
Specific binding was measured in the presence or in the absence of Gpp(NH)pinting of 0.1 nM**-

CCL3 @) or 10 nM*S-gp120 from the HIV-1 strains 25, 34 or Bx08 in complex with SCE}t¢
membranes from HEK 293T cells expressing WT-CCR5 or RIQER5 (R/N) was measured in the
presence or absence (control) of Gpp(NH)p and/or MVC (nonspecific binding). Equal amounts of WT-CCR5
and R126N-CCR5 at the cell surface were confirmed by flow cytometry. Saturatingoexperiments of
%3-gp120/sCD4 complexes revealeg Kalues (in nM) of 7.5, 8.3 and 9.9 for gp120gp12Q, and
gp12Q,0s respectively. k) Displacement of°S-gp12@,0s binding by CCL3 was measured in the absence or
presence of Gpp(NH)p. Data were fitted according to a two-site competitiviadpmadel £ = 42 withp <
0.0001 and- = 5.5 with p = 0.0062 for data in the absence and in the presence of Gpp(NpBptivesy).
Panels show representative experiments out of at least 3 performed independently.
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experiments out of at least three independent experiments.
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Fig. 5. Native chemokines and RANTES analogs with agonist activity induce CCR5 dovatiagirh a G-
protein independent manner. Native chemokines have a low potency in internalizing GAaR5CEII
surface expression of FLAG-tagged receptors stably expressed in HEK 293 cells wiesd dateftow
cytometry as indicated il Materials and Methods. (A) CCR5 cell surface expression level (in Mean
Fluorescence Intensity) was measured after stimulation or not by 300 nM PSC-RASD B8, 37 °C) of
cells treated or not by PTX. In paneB)(and C), CCR5 downregulation is expressed as percent of
maximum effect induced by PSC- or 6P4-RANTES, which showed equal potency (Table 2jicauy ef
(panel @)) in the assay. In pandB), cells were stimulated by chemokines for 90 min at 37 °C. Data were
fitted to a sigmoidal dose-response model with a variable slope, with bottom anduep sahstrained to
equal 0 % and 100 %, respectively. Pai®l ghows time-dependent downregulation of CCR5 induced by
100 nM PSC-RANTES or CCL4. Data were analyzed using a one-phase exponential associaitbon fiunc
panel D), the expression level of either WT- or 349-CCR5 at the surface of tielislated by CCL4 or
PSC-RANTES (90 min, 37 °C) is expressed as percent of receptor expression l¢kiel surface of
untreated cells (100 %). Results are representative ofGjyvor (three A, B andD) independent experiments.
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Supporting infor mation

Colin et al.

Sl Materialsand Methods

Ligands, Cells and Viruses. Radioactive chemokinegere from PerkinElmer Life Sciences. Dr F. Baleux
(Institut Pasteur, Paris) provided CCL4. CCL5 and RANTES analogs were proasiaabscribed in ref.
(22). CCL3 and CCL7 were purchased from R&D systems (Minneapolis, MN). Recombinant soluafe hum
CD4 (sCD4) was from Protein Sciences Corp., Meriden, CT. Soluble, monomeric Hp2D gvere
produced using a Semliki forest virus (SFV) expression system and metabotibalgd with**S-Met/Cys
asin ref. (19), purified by affinity chromatography on Strep-Tactin columns (IBA, tthgenh, Germany)
using the One-STrEP-tag fused to the gp120 C-terminus as a bait, and quantified by Coousast@lrig
using BSA as a standard. Gp}2@ was previously described (19). The sequences coding for gp120
gp12Q, gpl2Q, and gpl2g;, cloned into the SFV-derived expression vector pSFV2 or the pNL4-3Ren
plasmid ¢.i.), were isolated from biological virus clones (clones 341.14 5C6, 341.75 6C4, 1031.208C
1031.65 9D8, respectively) obtained from PBMCs of two individuals (patients # 341 and dfOB®)
Amsterdam Cohort studies on HIV-1 and AIDS (a gift from Dr H. Schuitemékaversity of Amsterdam,
The Netherlands). PBMCs were collected 30 (gp2028 (gp126y), 22 (gpl2¢,) and 91 (gpl2Q) months
after seroconversion at Cb#-cell counts of 630, 90, 520 and 50 ceils/respectively.

A3.01.R5 cells and HEK cells stably expressing WT-CCR5 (HEK-R5 cells), R1ZHRBCFLAG-
tagged WT- or 349-CCR5 were described previously 219 28, 37). CD4- and CCR5-expressing HelLa
P4CS5 cells were cultured at 37 °C under,@ODMEM supplemented with 10 % FCS, 100 U/mL penicillin,
100 ug/mL streptomycin, 1 mg/mL G418 and 30@/mL hygromycin B. Human CD4T-lymphocytes were
purified from PBMCs of healthy blood donors (Etablissement Francais du sang, The Frecieth B)fod
Bank) by Ficoll centrifugation (PAA) followed by immunomagnetic selection tévii Biotec) and
maintained in phytohemagglutinin (kg/mL)- and interleukin 2 (300 IU/mL)-containing RPMI-1640
medium at 37 °C under G®efore use.

The pBx08Ren and pJRRen plasmids were described previously (19, 38). The plasmids p25rRen, p34R
p50Ren and p58Ren were generated from the pNL4-3Ren plasmid previously describéski(@8Yhe
technique of overlapping PCR, the fragment from residue 34 to 480 in the NL4-3 gad26phaced by the
corresponding region from gplz20gpl2Q, gpl2@, or gpl2@. The sequences of primers used are
available under request. Protocols for virus production in HEK 293T cells andfigatioh (p24) are
described elsewhere (19).

In this work, guanosine’®-(y-thio)triphosphate (GTF5, from Sigma, St Louis, MO)) ar@uanosine 5'-
[B,y-imido]triphosphate (Gpp(NH)p) were used at 200 and M0 respectively. Treatments of cells with
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the toxin fromBordetella pertussis (PTX) (Sigma) were carried out overnight at a 100 ng/mL concentration.

The M2 anti-Flag monoclonal antibody/from Sigma (St Louis, MO).

Radioligand Binding Assays. Protocols for membrane preparations af8CCL3 binding studies to cell
membrane preparations or intact cells were described previously (19eBerminations fot*1-CCL3 and
¥3-gp120 in intact HEK-R5 cells and membrane preparations from these cellpresceisly carried out
(19). For saturation binding df3-CCL5, CCR5-expressing membranes (@ of proteins/well) and the
radioligand were incubated in 96-well basic Flashplates (PerkinElmer Life ScidocéX) min at room
temperature, in the presence or in the absence of Gpp(NH)p andist MV/C (from the AIDS Research
and Reference Reagent Program) in a 0.1 mL final volume of binding buffeB@®)d and unbount-
CCL5 were separated by centrifugation (800 x g, 10 min) at 4 °C and removal of sastridisplacement
of ¥*S-gp120 in the presence of 30 nM sCD4 was performed as in ref. (19) except thatdnsubate done
in Eppendorf tubes. To remove unboufig-gp120, membranes were pelleted at 4 °C (16.000 x g, 5 min)
and then washed once with washing buffer (50 mM Hepes, pH 7.4, 5 mM,Mg@M CaC} and 500 mM
NacCl). Pellets were resuspended in Optiphase Supermix scintillation liquid@indctivity was counted in
a Wallac 1450 MicroBeta Trilf(PerkinElmer Life Sciences).

Analysis of the binding data was made using the Prism software (GraphPad Software Inéegéan D
The inhibition constants Kf the competing chemokines were calculated according to the Cheng and Prusoff
equation K= [ICsy/(1+L/Kp)], where L is the concentration of the radioligand; i€ the dissociation
constant of the radioligand-CCR5 complex, ang, li§ the concentration of competing ligand displacing
50% of the specific binding of the radioligand (39). In competition experiments, tast was used to

determine whether the experimental data fitted better to a one-site or a two-site daigattng model.

Chemotaxis assays. A3.01.R5 cells (1.5xT in 0.08 mL of assay medium (RPMI-1640 supplemented with
20 mM HEPES and 1 % human serum AB) prewarmed at 37 °C were added to the upper chamti@rs of HT
Transwell-96 Well Permeable Supports with polycarbonate membrangrofpdre size (Corning Inc.), and
0.235 mL of the same medium with or without (spontaneous migration) PSC-RAN&&&dded to the
lower chambers. Chemotaxis proceeded for 6 h at 37 °C in humidified air with 5% I@number of cells
migrating across the polycarbonate membrane was assessed by flow cytontetayRMCS Canto (BD
Biosciences). Specific migration was calculated by subtracting spontaneous migiatiotinér number of

cells that migrated toward the chemokine.

Receptor downregulation. HEK cells stably expressing either WT-CCR5 or ZOR5 fused to a FLAG
epitope at their N-terminal end, pretreated or not overnight with 100 ng/mL PTX, were detachedlfure
plates in EDTA-containing PBS, and then incubated at 37 °C in conical-bottom 96-atet t5x10
cells/well) for the indicated periods of time in 0.25 mL final volume of assay medium (DMEM sgoyiéem
with 20 mM HEPES and 1 % BSA), in the presence or in the absence of the indicatedrations of

chemokines. Cells were then placed on ice, centrifuged (200 x g, 4 °C) and washed ookt RBS
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supplemented with 1 % BSA and 0.1 % sodium azide. Cells were then incubated for 1 h at 4 taLif0.2
PBS/BSA buffer containing the anti-FLAG M2 monoclonal antibody (Sigma)uafiaL, washed once, and
then further incubated with a horse anti-mouse secondary antibody conjugated to phgoogrytg/mL)

(Vector). We controlled that chemokines and M2 did not compete for binding todgjgeet CCR5. The
amount of receptors remaining at the cell surface was assessed by flow gytmimgra FACS Canto (BD

Biosciences) and expressed as indicated in the legend of Fig. 5.

Infection inhibition assays. HeLa P4C5 cells were cultured in flat-bottom 96-well plates (15x10
cells/well) for 24 h and then treated, or not, overnight with PT00 (dg/mL). Unless otherwise mentioned,
cells were then infected with 7 ng of p24 of each virus in the presence or in the afiisehemokines
and/or PTX at 10 ng/mL. Regarding activatebB4" T-cells and A3.01.R5 cells, 2x10@ells treated, or not,
overnight with PTX (100 ng/mL) were dispensed in round or conical-bottom 96-vat#spbnd then
incubated with the viruses (2 ng or 7 ng of p24 for A3.01.R5 cells and TR4lls, respectively) in the
presence or in the absence of the indicated concentration of chemokines and/od®Tg/atL. Incubation

of CD4" T-cells was carried out in the presence of IL-2 at 300 IU/mL. At 48 hipiestion, cells were
lysed, and viral replication was assessed by measuring luciferase d&ROMEGA, Madison, WI), using
the 96-well plate lumi/fluorimeter Mithras LB940 (Berthold).
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Table S1. Half-maximal effective concentrations (ECso) for chemokine-induced downregulation of
WT- or 349-CCR5in HEK 293 cellstreated or not by PTX

ECso (NM)
CCL3 CCL3+PTX CCL4 CCL4+PTX PSC PSC+PTX 6P4 6P4+PTX
WT-CCR5 >1000 >1000 306+229 386+112 3.9+15 3.3+0.7 3.9+0.02 4.5+0.5
349-CCR5 - - 47+23 - 2.6+0.8 - - -
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Fig. S1. Native chemokines show weak anti-HIV-1 activities. CD4ymphocytes &) or HeLa P4C5 cells
(B) were inoculated with BxO8Ren viruses in the presence or in the absence of mgcceasientrations of
the indicated native chemokines or chemokine analogs. Results are expressed as petimntetdéce to
control infection measured in the absence of chemokines (100 %) and were fittesigtooadal dose-
response model with a variable slope. Representative experiments out of atihelependent experiments
performed in triplicate are shown.
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Fig. S2. PTX treatment of activated CDZ -cells A-C) and HeLa P4CH-F) cells neither influences HIV-

1 infectivity nor the anti-HIV-1 activity of chemokines. Cells treat€dafidF) or not 8 andE) by PTX

were infected as in Fig. S1 using 10 ng of p24 of the Bx08Ren, JRRen, 25Ren, 34Ren, 50Ren or 58Ren
viruses in the absencA andD) or in the presence of 10 nM CCL4 or 5P12-RANTBS (andE-F). Panels

A andD are representative experiments. PaBel€, E andF represent means + SEM of four independent
experiments performed in triplicate. For experiments in CD<ells, cells obtained from two different

donors were used.
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Fig. S3. G-protein dependentigh-affinity binding of agonist chemokines to CCRS5 is dispensable for
chemokine-mediated inhibition of infection. PTX-treatment impaired specific birafifgl nM*?31-CCL3

to HelLa P4C5 cells/) but not the ability of chemokines to inhibit infection of these d@)s In PanelA,
results represent means + SEM of eight independent experimentsp(®#*0.001 as compared to the

untreated control in unpaired twailed Student’s t test). The other panel shows representative experiments
out of at least three independent experiments.
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