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Fig. 1. Structure of CA NTD from two different HIV-1mt clones. (A) Alignment of CA sequences. Amino acid sequences in CA (amino acid residues 1 to 137/138/
139) of HIV-1y1 4.3 (GenBank: AF324493), LNEIE [16], LSDQ [15], and SIVmac239 (GenBank: M33262) were aligned by Genetix ver. 11. Dots show the same
amino acid residues with those of HIV-1nr4.3. Hyphens indicate the gap. The domains of $-hairpin and helices 1 to 7 are indicated based on the previous
publication [37]. (B) Structural models for CA NTD from two distinct HIV-1mt clones L.SDQ and LNEIE. Molecular models were constructed by homology
modeling and were refined as previously described [15]. HIV-1 CA NTD at a resolution of 1.95A (PDB code: 4LQW) [20] was used as modeling template. (C)
Superimposition of the CA structures. Superposed structures of LNEIE/LSDQ CAs (left), SIVmac239 (modified structure of PDB code 4HTW)/LSDQ CAs
(middle), and NL4-3 (PDB code 3GV2)/LSDQ CAs (right) are shown using two different colors indicated.
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mononuclear cells (PBMCs) among the macaque-tropic HIV-1
(HIV-1mt) clones examined in each study [15,16]. In this
work, we aimed to gain virological and structural insights into
evasion from TRIMSa-restriction using the two distinct HIV-1
CAs.

2. Materials and methods
2.1. Plasmid DNA

An HIV-1mt clone designated MN4/L.SDQgtu and a stan-
dard SIVmac clone designated SIVmac239 used in this study
were described previously [15]. Clone pLNEIE was con-
structed by introduction of the five mutations [16] into the CA-
coding region of a sub-genomic clone derived from pNL4-3 by
QuickChange Site-Directed Mutagenesis kit (Agilent Tech-
nologies Inc., Santa Clara, CA). Clone pSCA was constructed
from the above sub-genomic clone by overlapping PCR and
QuickChange Site-Directed Mutagenesis kit to have Gag se-
quences as described for stHIV-1gca [16,17]. Proviral clones
designated LSDQ+4gtu, LNEIE+4gtu, and SCA+4gtu were
generated by replacement of the BssHII-SHfI DNA fragment of
MN4/LSDQgtu with the corresponding fragments of “MN4/
LSDQgtu”, pLNEIE, and pSCA clones, respectively.

2.2. Cell culture, virus preparation, and reverse
transcriptase (RT) assays

A human kidney cell line 293T, a RhM lymphocytic cell
line M1.3S and RhM PBMCs were cultured as described
previously [15]. The TRIMS genotypes of PBMCs, prepared
from RhM individuals and used for infection experiments,
were determined as described previously [15]. Virus stocks
were prepared from 293T cells transfected with proviral clones
on day 2 post-transfection. Virus stocks were assayed for RT
activities, and used for infection experiments as previously
described [15].

2.3. TRIMS susceptibility assays

TRIMS susceptibility assays in human MT4 cells were
done by the recombinant Sendai virus (SeV)-TRIMS expres-
sion system as described previously [15,18].

2.4. Multi-cycle virus replication assays

Infection of MI1.3S cells was ordinarily performed as
described previously [15]. For infection of RhM PBMCs, the
spinoculation method [19] was used. Virus replication was
monitored by RT activity released into the culture
supernatants.

2.5. Structural analysis
Molecular models for HIV-1mt CA N-terminal domain

(NTD) were constructed by homology modeling and were
refined as described previously [15]. HIV-1 CA NTD at a

resolution of 1.95A (PDB code: 4LQW) [20] was used as
modeling template. Superimpositions of the structures were
done using the Protein Superpose module in MOE (Chemical
Computing Group Inc., Quebec, Canada).

3. Results

3.1. Sequence and structure comparison of LSDQ and
LNEIE CAs

Determinants in retroviral CA to modulate TRIMS5a-sus-
ceptibility have been mapped to CA surface domains including
B-hairpin, a loop between helices 4 and 5 (H4/5L), helix6, and
H6/7L (Fig. 1A) [15,18,21—29]. LSDQ and LNEIE, the two
RhM TRIM5a-resistant HIV-1 CAs, have different amino acid
sequences, convergently in a cyclophillin A (CypA) binding
loop within H4/5L and in H6/7L.. The loop regions in LSDQ
CA have been replaced with those in SIVmac239 CA
(Fig. 1A). As indicated in Fig. 1B, LSDQ and LNEIE CAs
commonly gained a negatively charged amino acid residue in
helix6 (110D for LSDQ and 116E for ILNEIE) and paired
substitutions in helix6 and H4/5L (114Q/94L for LSDQ and
116E/961 for LNEIE). However, the overall appearance of CA
NTD was different between the two clones mainly due to
difference in H4/5L- and H6/7L-length, which could affect a
surface pattern of viral core (Fig. 1C, left). In addition, the
structure of LSDQ CA was different from those of its parental
CAs, i.e., STVmac239 and NL4-3 CAs, especially in the H4/
5L region (Fig. 1C, middle and right). Moreover, the §-hairpin
domain of STVmac239 CA was structurally distinct from those
of LSDQ, LNEIE, and NL4-3 CAs (Fig. 1C). Conclusively,
LSDQ and LNEIE CAs are structurally unique to each other
(Fig. 1), but both contribute to the TRIMSa-resistance [15,16].

3.2. LSDQ and LNEIE CAs exhibit different
susceptibilities to the restriction mediated by various
macaque TRIMS proteins

To examine potentials of the two distinct CAs for evading
TRIMSa-restriction and for viral replication, we constructed
new proviral clones in the backbone of our best HIV-1mt
designated MN4/LSDQgtu (Fig. 2A) [15]. The BssHII-SbfI
DNA fragment of MN4/LSDQgtu was replaced with the cor-
responding fragments of LNEIE [16] and LSDQ [15] to
generate LNEIE+4gtu and LSDQ+4gtu, respectively. The
sequence differences between the two clones reside only in the
CA NTD (Fig. 1A).

First, we determined susceptibility of LSDQ-4gtu and
LNEIE+4gtu to various TRIMS proteins expressed by SeV
vectors. Ability of viral clones to evade TRIMS5-restriction, in
comparison with that of SIVmac239, can be readily deter-
mined by this recombinant SeV-TRIMS overexpression system
[15.18]. Macaque TRIMS alleles are divided into three func-
tionally different groups: TRIMS5a™7F, TRIM5a9, and
TRIM5<P4 [30~32]. TRIM5a. proteins of both RhM and
cynomolgus macaque (CyM), and CyM TRIMS5CypA inhibit
HIV-1 replication, but not RhM TRIMS5CypA [33,34]. Thus,
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Fig. 2. Susceptibility of viral clones to various macaque TRIMS proteins. (A) Proviral genome structure of an HIV-1mt clone MN4/LSDQgtu [15]. Blue and red
areas show sequences from SIVmac239 and SIVgsn166 (SIV isolated from the greater spot-nosed monkey) (GenBank: AF468659), respectively. Green arrows
show the adaptive mutations that enhance the viral growth potential [38]. Four amino acid substitutions (M94L/R985/Q110D/G114Q) in CA that increase RhM
TRIMS5a-resistance are indicated by black arrows [15]. The BssHII and SH/1 sites used for construction of MN4/LSDQgtu-based viral clones carrying distinct CAs
are indicated. (B) TRIMS5 susceptibility assays. Human MT4 cells (1.0 x 10%) were infected with recombinant SeV expressing B30.2/SPRY (—) TRIMS, CyM
TRIMS0. (TRIM5¢2), RaM TRIMS5¢. (TRIMS5a™™), CyM TRIM5CypA (TRIMS5SY™), or RhM TRIM5CypA (TRIM5SP%). B30.2/SPRY (—) TRIMS without the
ability to restrict viral replication served as a control. Nine hours after infection with recombinant SeVs, cells were super-infected with 20 ng (Gag-p24) of HIV-
1mt clones or 20 ng (Gag-p27) of SIVmac239. Virus replication was monitored by the amount of Gag-p24 (HIV-1mt clones) or Gag-p27 (SIVmac239) in the
culture supernatants. Error bars show fluctuations between duplicate samples. Representative data from two independent experiments are shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

we tested here four different TRIMS alleles, 1i.e.,
RhM TRIMS5a (TRIMS5™F), CyM TRIM5a (TRIMS509),
RhM TRIM5CypA (TRIM5P*%), and CyM TRIMS5CypA
(TRIM5P*), using B30.2/SPRY(—) TRIMS as a control. As
shown in Fig. 2B, SIVmac239 replicated similarly well in the
presence of RhM TRIM5a, CyM TRIMSa, RhM TRIMS-
CypA, or CyM TRIMS5CypA as in control cells expressing
B30.2/SPRY(—) TRIMS. While not complete as compared

with the case of SIVmac239 [15], LSDQ+4gtu showed more
resistance to various RhM/CyM TRIMS5 proteins than
LNEIE+4gtu. In particular, consistent with previous obser-
vations, LSDQ-+4gtu replicated well in the presence of CyM
TRIMCypA, but not at all LNEIE+4gtu [15,16]. Furthermore,
in the presence CyM/RhM TRIMS5a, LNEIE+-4gtu appeared
to replicate (note the data in the presence of CyM TRIMS-
CypA in Fig. 2B) but clearly more poorly than LSDQ+4gtu.
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Table 1

Lethal mutations in CA of MN4/LSDQgtu.”

Mutants CA mutations relative to LSDQ CA domains References
P37S-L.SDQ P38S Helix2 [35)
LSVDQ 109V Helix6 [25]
LSDQY T117Y Helix6

LSVDQY L109v/T117Y Helix6

Mutants of §-hairpin domain Amino acid sequences in $-hairpin”

LSDQ (parental clone) PIVONLQOGQOMVHQAT [15]
Wild-type STVmac239 PVQQIGGNYVHLPL

MI10L-LSDQ PIVONLQGQLVHQAIL [16]
Q13L-LSDQ PIVONLQGOMVHLAT

IGGN-LSDQ PIVQIGGNMVHOAT

Beta-1 PVQQIGGNMVHQAT

Beta-2 PIVQIGGNYVHLAIL

Beta-3 PIVONLOGOMVHLPL

Beta-4 PVQONLQGQMVHQAT

Beta-5 DPIVQIGGNYVHQAT

Beta-6 PVQQIGGNYVHLAT

Beta-7 PVQQOIGGNYVHLPL

Beta-8 PIVQIGGNYVHLPL

@ Lethal mutations as judged by viral replication in M1.3S cells during the observation period (15 days).
° Bold letters show the mutations introduced into LSDQ CA. For alignment of four CA NTD sequences, see Fig. 1A.

These results show that LSDQ and LNEIE have intrinsically
different abilities to negotiate anti-viral effects of various
macaque TRIMS proteins.

Amino acid substitutions in CA contributing to escape from
RhM TRIMS5a-restriction have been identified by in vivo
adaptation of SIVsm (SIV from the sooty mangabey) in RhM
(P37S and R97S in SIVsm CA) [30,35], and by “gain-of-
sensitivity assays” using SIVmac239 CA (L93M, S97R,
VI108L, D109Q, and Q113G) [25]. TRIMS5-resistant LSDQ
CA already has M94L, R98S, Q110D, and G114Q mutations
corresponding to L93, S97, D109, and Q113 residues in
SIVmac239 CA [15]. Therefore, it was possible that amino
acid substitutions such as P38S (corresponding to P37S in
SIVsm and SIVmac239 CAs) and L109V (corresponding to
V108 in SIVmac239 CA) in LSDQ CA might enhance its
TRIMS5-resistance. The $-hairpin domain in retroviral CAs is
also an important determinant for evasion from TRIMS5a-re-
striction [18,25,27] (Fig. 1C). Based on these considerations,
we introduced various amino acid substitutions into the MN4/
LSDQgtu CA (Table 1) to increase TRIMSa-resistance,
hopefully up to the SIVmac239 CA level. Resultant proviral
clones were tested for their growth abilities in a RhM cell line
M1.3S. However, our extensive attempts to obtain biologically
active CAs, potentially more resistant to macaque TRIMS5
proteins than MN4/L.SDQgtu CA, were unsuccessful so far
(Table 1). Thus, some mutation(s) and/or combination(s) of
mutations in CA other than those in Table 1 may be necessary
to confer full resistance to TRIM5a on the HIV-1mt.

3.3. HIV-1mt clones carrying LSDQ/LNEIE CA replicate
well in RhM PBMCs

To compare the effects of a different spectrum of mutations
in CAs on viral growth potential, we examined LSDQ+4gtu

and LNEIE+4gtu for their replication in RhM cells. In M1.3S
cells (TRIMSa™™TFPy [36], LSDQ+4gtu replicated slightly
better than LNEIE+4gtu (Fig. 3A). In PBMCs prepared from
four RhM individuals (TRIMS5a"™9), 1LSDQ+4gtu grew
better (Fig. 3B, upper panel) than or similarly to LNEIE+4gtu
(Fig. 3B, lower panel). Next, to compare the competence of
the CAs to that of SIVmac239 CA in terms of multi-cycle
virus replication in RhM PBMCs, we newly constructed a
proviral HIV-1mt clone carrying SIVmac239 CA. Because
insertion of the entire CA-coding sequence of SIVmac into the
corresponding region of HIV-1 genome was lethal, we
generated a new Gag clone (SCA) exactly as previously re-
ported for stHIV-1gca [16,17] (Fig. 4A), and then made a
proviral clone designated SCA+4gtu as described to construct
LSDQ+4gtu and LNEIE+4gtu (Fig. 2A) for infection exper-
iments. Proviral clone SCA was more replication-competent
than LSDQ [15] (~3-fold) as determined in feline CRFK
cells stably expressing RhM-TRIM5a, (TRIMS5a™ P 7* Py but
showed a lower titer (~2-fold—4-fold) in CRFK-naive cells
and TZM-bl indicator cells relative to LSDQ (our unpublished
results). As shown in Fig. 4B, while LSDQ+-4gtu grew better
than SCA+4gtu in all four PBMC preparations tested (TRI-
M5a™2) 1 NEIE+4gtu did so in two preparations (PBMCs
from RhMs 610 and 611). In these two PBMC preparations,
LSDQ+4gtu and LNEIE+4gtu grew similarly well. In the
other two preparations, of note, LSDQ-4gtu grew better than
LNEIE+4gtu (PBMCs from RhMs 599 and 609 in Fig. 4B). It
remains to be elusive whether the observed difference in
growth potentials in some PBMC preparations of the two
clones are attributable to TRIMSa-restriction, viral fitness
(infectivity of LNEIE determined in TZM-bl indicator cells
relative to that of LSDQ was 0.72 on average), unknown
cellular factor(s), and/or cellular physiological state/
environments.
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Fig. 3. Growth kinetics of two HIV-1mt clones with a distinct CA in RhM cells. Input viruses were prepared from 2937 cells transfected with the indicated clones,
and viral replication was monitored by RT activity released into the culture supernatants. LSDQ, LSDQ-4gtu; LNEIE, LNEIE+4gtu. (A) Infection of M1.3S cells
(TRIMS5™PTP), Cells (2.0 x 10°) were infected with equal virus amounts (High dose, 5.0 x 10° RT units; Low dose, 5.0 x 10* RT units). (B) Infection of
PBMCs from four RhM individuals (TRIMSa™""2). Equal amounts of viruses were spin-infected into the PBMC preparations. Infection conditions were as
follows: 2.4 x 10° RT units/1.0 x 10° cells for monkey 605; 4.0 x 10° RT units/2.0 x 10° cells for monkeys 609, 610, and 611.

4. Discussion

In this study, we performed side by side comparative ana-
lyses of the TRIMS5-resistance/growth ability in RhM cells of
HIV-1mt viruses carrying distinct CAs (LSDQ and LNEIE in
Fig. 1) that are resistant to RhM TRIMS5« [15,16]. LSDQ and
LNEIE CAs exhibited various degrees of susceptibility to
macaque TRIMS proteins, and the former was generally more
resistant to TRIMS-restriction than the latter in our TRIMS-

overexpression system (Fig. 2). However, growth potentials
of HIV-1mt viruses carrying LSDQ or LNEIE CA were similar
in some preparations of RhM PBMCs, and varied among
PBMCs from RhM individuals with TRIMS™™2 (Figs. 3 and
4). These results may only reflect a low endogenous expres-
sion level of TRIMS proteins in PBMCs relative to that in cells
infected with recombinant SeVs. The expression levels of
TRIMS5 proteins in various cells, however, can not be
measured as yet due to the lack of appropriate anti-macaque
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Fig. 4. Growth kinetics of various HIV-1mt clones with a distinct CA in RhM PBMCs. (A) Gag-coding region of pSCA. White and black areas show sequences
from HIV-1np 4.3 and SIVmac?239, respectively. Mutations introduced are indicated. MA, matrix; SP1, spacer peptide 1; NC, nucleocapsid; SP2, spacer peptide 2.
(B) Infection of PBMCs from four RhM individuals (TRIM5a"772). Input viruses were prepared from 293T cells transfected with the indicated clones, and equal
amounts of viruses were spin-infected into the PBMCs. Infection conditions were as follows: 2.4 X 10° RT units/2.0 x 10 cells for monkey 599; 1.2 x 10° RT
units/1.0 x 10 cells for monkeys 609, 610, and 611. Viral replication was monitored by RT activity released into the culture supernatants. LSDQ, LSDQ-+4gtu;

LNEIE, LNEIE+4gtu; SCA, SCA-+4gtu.

TRIMS antibodies. Alternatively, the above results suggest
that overcoming TRIMS-restriction may not be enough for
maximal virus growth of the HIV-1mt clones in RhM cells.
Thus, a new generation of HIV-Imt clones that replicate
constantly well in PBMCs from any RhM individuals like
SIVmac239 would be necessary to establish the HIV-1-
infected RhM model system. Of similar importance, detailed
biological and structural analyses of the interaction between
LSDQ/LNEIE CA and macaque TRIMS5 proteins would
contribute to better understand the underlying molecular
mechanism for HIV-1 restriction by the proteins.

We previously suggested that R98S in HIV-1mt CA may be
a key residue to circumvent macaque TRIMSa-restriction
[15], since the corresponding residues in SIVsm and

SIVmac239 CAs have been shown to contribute to the alter-
ation of TRIMS5a-susceptibility {25,30,35]. The coincidence of
four amino acid residues important for evasion of RhM
TRIMS5-restriction in two independent studies on HIV-1 [15]
and STV [25] (193, S97, D109, Q113 for SIVmac239 CA
and 1.94, S98, D110, Q114 for HIV-Imt CA as described
above) has raised a possible involvement of some specific
amino acids in the TRIMS-regulation. However, comparative
analysis of LSDQ and LNEIE clones here suggests that
combinations of mutations in an appropriate context in CA
rather than individual residues are critical for efficient escape
from TRIMS5a-restriction. As TRIMS5a has evolved to target
diverse retroviral CAs by flexibility of its B30.2/SPRY domain
[7-9,12], HIV-1 can, in turn, gain RhM TRIMSa-resistance
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through several distinct CAs with different amino acid se-
quences and/or CA surface patterns.
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Abstract

During human immunodeficiency virus (HIV) infection, enhanced migration of infected cells
to lymph nodes leads to efficient propagation of HIV-1. The selective chemokine receptors,
including CXCR4 and CCR7, may play a role in this process, yet the viral factors regulating
chemokine-dependent T cell migration remain relatively unclear. The functional cooperation
between the CXCR4 ligand chemokine CXCL12 and the CCR7 ligand chemokines CCL19
and CCL21 enhances CCR7-dependent T cell motility in vitro as well as cell trafficking into
the lymph nodes in vivo. In this study, we report that a recombinant form of a viral CXCR4 li-
gand, X4-tropic HIV-1 gp120, enhanced the CD4 T cell response to CCR7 ligands in a man-
ner dependent on CXCR4 and CD4, and that this effect was recapitulated by HIV-1 virions.
HIV-1 gp120 significantly enhanced CCR7-dependent CD4 T cell migration from the foot-
pad of mice to the draining lymph nodes in in vivo transfer experiments. We also demon-
strated that CXCR4 expression is required for stable CCR7 expression on the CD4 T cell
surface, whereas CXCR4 signaling facilitated CCR7 ligand binding to the cell surface and
increased the level of CCR7 homo- as well as CXCR4/CCR7 hetero-oligomers without af-
fecting CCRY7 expression levels. Our findings indicate that HIV-evoked CXCR4 signaling
promotes CCR7-dependent CD4 T cell migration by up-regulating CCR7 function, which is
likely to be induced by increased formation of CCR7 homo- and CXCR4/CCR?7 hetero-oligo-
mers on the surface of CD4 T cells.
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Introduction

The human immunodeficiency virus type 1 (HIV-1) infects cells by utilizing its major envelope
protein gp120 that binds to CD4 and also to chemokine receptors on human cells. In the case
of CD4" T cells, the HIV gp120 first binds to CD4 and then to CXCR4, which triggers fusion of
viral and cellular membranes and confers virus entry to cells. The gp120/CD4/CXCR4 interac-
tion also initiates various intracellular signaling pathways [1-4], which affect the migration
patterns and activation status of target cells.

Under physiological conditions, recruitment of lymphocytes from the blood into the sec-
ondary lymphoid tissues is regulated by the interaction between lymphoid chemokines such as

whereas CXCL12 acts on T and B cells through its specific receptor CXCR4 [9]. CXCL13 selec-
tively interacts with CXCRS5 in B cells [10], and mediates efficient B cell trafficking to Peyer’s
patches and lymph nodes (LNs) [11], [12]. These lymphoid chemokines are selectively local-
ized on the luminal surface and basal lamina of specialized venules of LNs known as high endo-
thelial venules (HEVSs), and in the parenchyma of the LNs and spleen [13], where they are
presented to the circulating lymphocytes expressing corresponding G-protein-coupled recep-
tors. The chemokine/chemokine receptor interaction induces [, integrin activation, resulting
in lymphocyte adhesion to HEV endothelial cells expressing selective adhesion molecules and
subsequent cell migration across the HEV basal lamina [5], [6].

Although a single chemokine is able to bind to and activate its corresponding chemokine re-
ceptor(s), functional cooperation between different chemokines has also been reported in vari-
ous cell types. CXCL13 promotes CCR7 ligand-dependent chemotaxis of peripheral blood

This enhancing effect of CXCL12 on CCR7 activity was also observed in vivo; CXCL12 pro-
moted CCR7-dependent T cell binding to HEV's and their subsequent migration into the LN
parenchyma [18]. Given that multiple lymphoid chemokines, including CXCL12 and CCR?7 li-
gand chemokines, are closely localized on the luminal surface and/or the basal lamina of
HEVs, it is tempting to speculate that the combinational effects of these chemokines might
cause efficient and specific lymphocyte trafficking to the LNs and Peyer’s patches.

Green et al. [19] implies that non-chemokine ligands may also act to promote chemokine-
induced T cell migration. In particular, they observed that the CXCR4-tropic (X4) envelope
glycoprotein gp120 of HIV-1pyp promoted CD4 T cell responses to CCL21/CCR7 and CCL20/
CCR6 as well as CD4 T cell accumulation in LNs. The promoting effect of HIV-1 on chemo-
kine-dependent CD4 T cell migration raises the possibility that the gp120-CXCR4 interaction
may enhance not only virus entry but also chemokine-dependent intracellular signaling and
subsequent cell migration, thus contributing to rapid virus spread in vivo. However, the precise
mechanism underlying the enhancing effects of gp120 on CCR7 and CCR6 responses as well as
the actual involvement of CXCR4 or CCR?7 in this process remain unclear.

In the current study, we examined the molecular mechanisms underlying the enhancing ef-
fect of gp120 on CCR7 responses using a recombinant HIVyy 4 3-derived gp120. We deter-
mined that the enhancing effect was dependent on CXCR4 and CD4, and that not only
recombinant gp120 but also the whole HIV virions enhanced CD4 T cell responses to CCR7 li-
gands. In addition, we found that CXCR4 signaling facilitated CCR7 ligand binding to the cell
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surface, thereby increasing the level of CCR7 homo- and CCR7/CXCR4 hetero-oligomers with-
out affecting CCR7 expression levels. In the following sections, we will discuss the functional
significance of gp120/CXCR4-induced CCR7 oligomer formation in the up-regulation of
CCR7.

Materials and Methods
Antibodies and reagents

Functional-grade purified anti-human CXCR4 monoclonal antibody (mAb; clone 12G5) and
anti-human CD4 mAb (RPA-T4) were purchased from eBioscience (San Diego, CA, USA).
Anti-human CCR7 mAD (clone 150503), anti-human CCR1 mAb (clone 53504), recombinant
human CXCL12/SDFE-1q, recombinant human 6Ckine/CCL21, and recombinant soluble CD4
(sCD4) were purchased from R&D Systems (Minneapolis, MN, USA). The anti-HIV-1 gp120
mAb 902 was affinity purified from mouse ascites fluid. AMD3100 was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The virus-free and concentrated culture supernatant of CV1
cells infected with recombinant Sendai virus (SeV) expressing the envelope glycoprotein gp120
subunit derived from the HIV-1 X4 strain NL4-3, the virus-free and concentrated culture su-
pernatant of CV1 cells infected with parental SeV, and affinity-purified HIV gp120 in elution
buffer (80 mM acetic acid and 0.17 M Tris-HCI) were all prepared as previously described [20].
tants of the HIV-infected human T cell line MT4 and treated with aldrithiol-2 (AT-2) for

30 min at 37°C to inactivate their infectivity. Virus particles were concentrated through a 20%
sucrose cushion by ultracentrifugation (120,000 x g, 2 h, 4°C) and resuspended in 10% fetal
calf serum (FCS)/RPMI1640. Control samples were prepared from non-infected MT4 cells.

Cells

Human peripheral blood mononuclear cells were obtained from healthy donors under written
informed consent. Use of human materials in this study was approved by the Research Ethics
Committee of Osaka University. Mononuclear cells were obtained by using Lymphoprep
(Axis-Shield Diagnostics, Dundee, Scotland), according to manufacturer’s instructions, and
CD4" T cells were enriched using the CD4" T Cell Isolation Kit II (Miltenyi Biotec, Bergisch
Gladbach, Germany). A human CD4" T cell line, H9 (HTB-176; obtained from American Type
Culture Collection), was cultured in RPMI1640 supplemented with 10% (V/V) FCS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 ug/ml streptomycin, 50 pM
2-ME, 0.1 mM nonessential amino acids, and 10 mM HEPES.

Cell migration assay
A time-lapse cell migration assay was performed using an EZ-TAXIScan system (GE Health-

pended in 0.1% fatty acid-free bovine serum albumin (BSA)/FCS-free RPMI1640 medium, and
were pretreated with the gp120 culture supernatant, control culture supernatant, recombinant
gp120 (1 pg/ml), or elution buffer for 30 min at room temperature in the presence of anti-
CCR7 mAb, anti-CXCR4 antibody, control mouse IgG, sCD4, or AMD3100. After pretreat-
ment, the cell suspension was loaded into each well of the EZ-TAXIScan microchamber. After
cell alignment was complete, human CCL21 (100 ng) was applied to the contra-wells. Cell mi-
gration was recorded along a concentration gradient of the chemokine over a horizontal glass
surface under a silicon chip with a CCD camera at time-lapse intervals, and the digital images
were analyzed. The total number of migrated cells that reached the fixed window, which was
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located in the assay field two-thirds away from the starting point of cell migration, was
counted, as described previously [22].

CD4 T cell chemotaxis was also analyzed by using a transwell-based double-chamber system
with 3-um pore-sized polycarbonate filters (ChemoTx) as described previously [18]. Briefly,
purified human CD4* T cells (1 x 10° cells) were resuspended in 0.1% BSA/phenol red-free
RPMI1640 medium, pretreated with the purified gp120 (5, 10, 20, or 40 pug/ml) or elution buff-
er for 30 min at room temperature, and were applied to the upper wells of a ChemoTx plate.
CCL21 (250 or 1000 ng/ml) or vehicle control (phosphate-buffered saline, PBS) was applied to
the lower wells. After 2 h incubation, the migrated cells were verified by the fluorometric deter-
mination of living cell numbers using a Cell Counting kit-F (Dojindo, Kumamoto, Japan). The
fluorescence intensity was measured on a spectrofluorometer (SpectroMax; Molecular Devices,
Sunnyvale, CA, USA).

Animals

All animal experiments were performed using protocols approved by the Ethics Review Com-
mittee for Animal Experimentation of Osaka University Graduate School of Medicine (ap-
proved number: 24-103). C57BL/6 (Japan SLC, Hamamatsu, Japan) and plt/plt mice on the
C57BL/6 background (provided by Dr. H. Nakano of the National Institute of Environmental
Health Sciences, USA) were housed under specific pathogen-free conditions. All the injections
were carried out under isoflurane anesthesia.

Whole mount analysis

Human CD4 T cells were labeled with 10 uM 5-(and-6)-carboxyfluorescein diacetate, succini-
midyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) for 10 min at 37°C, and resuspended in
RPMI1640 with 10% FCS. The labeled cells (5 x 10° cells) were injected into the footpads of
C57BL/6 or plt/plt mice. A sham operation (PBS injection) was performed on the contralateral
side. Popliteal lymph nodes (pLNs) were harvested from recipient mice after the transfer and
fixed with 4% paraformaldehyde, and then treated with 30% sucrose. The images of pLNs were
analyzed by confocal microscopy (TCS SL or TCS SP5; Leica). The number of cells was counted
by using the publicly available image analysis software Image ] (National Institutes of Health,
Bethesda, MD, USA).

Flow-cytometric analysis

H9 cells (2 x 10°) were transfected with 20 pmol of CCR7, CXCR4, or control siRNA (Santa-
Cruz, sc-39888, sc-35421, and sc-37007) using the Cell Line Nucleofector Kit R (Lonza, Basel,
Switzerland), according to manufacturer’s instructions. Cells were harvested 10 hrs after trans-
fection, and subjected to flow cytometry using anti-CCR?7, anti-CXCR4, anti-CCR1 mAb, or
control immunoglobulin. The fluorescence intensity of the AlexaFluor 488-conjugated goat
anti-mouse IgG (Invitrogen) staining was measured by a FACSVerse (BD Biosciences) and an-
alyzed by Flow]Jo software (Tree Star Inc., Palo Alto, CA). Detection of the CCR7 expression
levels after gp120 or CXCL12 pre-treatment was perfomed as follows. Human peripheral
mononuclear cells or H9 cells were preincubated with or without 0.1% BSA with PBS, CXCL12
(100 ng/ml), or recombinant gp120 (1 pg/ml) for 30 min, and then stained with phycoery-
thrin-conjugated anti-CCR7 mAb or control immunoglobulin. Human peripheral mononucle-
ar cells were stained in the presence of with allophycocyanin-conjugated anti-human CD4
mAD for gating on the CD4™ cells. Each result shown is a representative result of three
independent experiments.

PLOS ONE | DOI:10.1371/journal.pone.0117454  February 17,2015 4/19
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Western blotting

Cell lysates were prepared in 50 mM Tris-HCI, 20 mM NaF, 1 mM Na;VO,, 1% NaPO,, 2 mM
EDTA, and 150 mM NaCl, with proteinase inhibitor cocktail (Sigma-Aldrich). The samples
were separated by SDS-PAGE, transferred onto PVDF membranes for immunoblotting with a
rabbit anti-CCR7 mAb (Abcam, Cambridge, MA, USA, clone Y59) and a biotin-coupled anti-
rabbit IgG antibody (Merck Millipore, Darmstadt, Germany), and detected by using horserad-
ish peroxidase (HRP)-conjugated streptavidin and the ECL system (GE Healthcare Japan).
Anti-f actin mAb (Wako Pure Chemical Industries, Osaka, Japan, clone 2F3) and mouse anti-
CCR7 mAb (clone 150503) were detected by a HRP-conjugated goat anti-mouse antibody
(American Qualex, San Clemente, CA, USA).

Ligand binding assay

H9 cells were seeded on fibronectin-coated wells and treated with 0.1% BSA with PBS,

CXCLI12 (100 ng/ml), or recombinant gp120 (1 pg/ml) for 30 min. Binding of CCL19-Ig (1 pg/ml;
eBioscience) to T cells was detected by staining with 5 pg/ml biotin-conjugated anti-human IgG
(American Qualex) and 5 pg/ml Alexa Fluor 647-conjugated streptavidin (Invitrogen). The
images were captured by a confocal microscope and analyzed with Duolink Image Tool software
(Olink Bioscience, Uppsala, Sweden).

Proximity ligation assay

CCR7 homo-oligomer formation was examined by the Duolink proximity ligation assay (PLA;
Olink Bioscience), in which oligomerized CCR7 appears as orange dots representing the pres-
ence of a protein-protein interaction complex. Briefly, H9 cells in culture media containing
0.1% BSA were treated with or without CXCL12 or recombinant gp120 in fibronectin-coated
wells for 30 min, fixed with 4% paraformaldehyde, and stained with a 7.5 ug/ml anti-human
CCR7 mAb (R&D, MAB197) independently conjugated with the complementary oligonucleo-
tide probe generated by Duolink II Probemaker PLUS or MINUS (Olink Bioscience). CCR7/
CXCR4 hetero-oligomerization was examined by using anti-human CCR7 and anti-human
CXCR4 mAbs (eBioscience, clone 12G5), which were labeled with the PLA-Minus and the
PLA-Plus probes, respectively. As a control, anti-human CCR1 mAb (R&D, clone 53504) was
used. The complementary DNA strands in close proximity (<40 nm) were amplified using
fluorescence, which were visualized using a confocal laser microscope. The images were ana-
lyzed using the Duolink Image Tool software (Olink Bioscience).

Results

The recombinant X4-tropic gp120 and a CCR7 ligand chemokine act
synergistically on CD4 T cell migration

To examine the effect of recombinant gp120 on CCR7-dependent CD4 T cell migration, we
evaluated the number of migrated T cells in response to CCL21 in the presence or absence of
the recombinant HIVyy4.5-derived gp120 in a real-time micro-chemotaxis chamber. CD4 T
cells resuspended in the recombinant gp120-containing cell culture supernatant showed more
efficient migration in the direction of the CCL21 gradient compared with those in the control
(gp120-free) supernatant (Fig. 1A). By the end of the 3-h experimental period, the number of
migrated CD4 T cells in the gp120 pretreatment group was approximately double that in the
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Fig 1. HIV-1y 4.5-derived gp120 promoted CCL21-induced CD4 T cell chemotaxis. (A) Human CD4 T cells were incubated for 30 min at room
temperature with the culture supernatant containing the recombinant HIV-1y 4.s-derived gp120 (50 ug/mi, 420 nM) or a control solution, and chemotaxis in
response to CCL21 was analyzed on a time-lapse video microscope. The number of cells in the fixed window, which was located in the assay field two-thirds
away from the starting point of cell migration, was plotted against time after CCL21 injection. The result shown is a representative result of three independent
experiments. (B) Quantification of the CCL21-induced CD4 T cell chemotaxis shown in panel A. The total number of migrated cells was calculated by
summing the individual cell counts. The relative chemotaxis index represents the ratio of the number of migrated cells in the test treatment to that in control
treatments (control solution in the presence of CCL21). Data represent means + SEM of three independent experiments. *, p < 0.05 **, p < 0.01. (C) Human
CD4 T cells (1 x 10°%) were mixed with the purified gp120 or control elution buffer and added to the upper wells of the transwell plate. The number of migrated
cells in response to CCL21, which was added to the lower wells of the transwell plate, was analyzed. Graphs represent means + SD percentage of input cells
from triplicate wells. *, p < 0.05 *** p < 0.001 by the Student’s t-test.

doi:10.1371/journal.pone.0117454.9001
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X4-tropic HIV-1p-derived gp120 enhances the responsiveness of CD4 T cells to CCR7
ligand chemokines.

We next examined the effect of purified recombinant HIV-1 gp120 on CD4 T cell migration
in a transwell-based chamber assay (Fig. 1C). HIV-1 gp120 alone did not induce CD4 T cell
migration at the concentrations examined in the absence of CCL21. In contrast, at concentra-
tions of 20 pg/ml or higher, gp120 enhanced CD4 T cell migration at least 2-fold over the basal
levels when 250 ng/ml or 1,000 ng/ml CCL21 was applied to the lower wells of the chamber.
The enhancing effect of gp120 was dose-dependent, and was more prominent with an increase
in CCL21 concentration, suggesting that gp120 and CCL21 cooperate synergistically on CD4 T
cell migration.

HIV-1 gp120 promotes CCL21-induced CD4 T cell chemotaxis in a
CXCR4- and CD4-dependent manner

To understand the mechanism underlying the enhancing effects of gp120 on CCR?7 ligand-me-
diated responses, we examined its CXCR4 dependency. As expected, the number of migrated
cells in response to CCL21 was significantly increased in the presence of HIV-1 gp120 and re-
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Fig 2. The effect of gp120 on CCL21-induced chemotaxis was dependent on CCR7 and CXCR4. (A) Human CD4 T cells were incubated for 30 min at
room temperature with the culture supernatant containing recombinant gp120 (50 pg/ml) or a control solution, and chemotaxis in response to CCL21 was
analyzed on a time-lapse video microscope. The total number of migrated cells was calculated by summing the individual cell counts. The assay was
performed in the presence of a neutralizing anti-CCR7 antibody or control IgG (25 pg/ml). The relative chemotaxis index represents the ratio of the number of
migrated cells in the test treatment to that in control treatments (control solution and control IgG). Data represent means + SEM of three independent
experiments. *, p < 0.05 by the Student’s t-test. (B) The assay described above was performed in the presence of a neutralizing anti-CXCR4 antibody or
control IgG. The relative chemotaxis index represents the ratio of the number of migrated cells in the test treatment to that in control treatments (control
solution and control IgG).

doi:10.1371/journal.pone.0117454.9002
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confirming its CCR7 dependency. In addition, CD4 T cell migration was also almost complete-
ly reduced to the basal level in the presence of an anti-CXCR4 neutralizing antibody (Fig, 2B)
although the number of migrated cells was not altered in response to treatment of CCL21
alone, indicating that gp120 acts primarily through CXCR4 to enhance CCR7-dependent CD4
T cell chemotaxis.

It has been well established that HIV-1 gp120 forms a trimolecular complex with CD4 and
CXCR4 in CD4 T cells [23]. We thus investigated the effect of a CXCR4 antagonist, AMD3100,
and sCD4 on CCL21-induced migration using a CD4- and CXCR4-expressing H9 human T-
lymphoma cell line; this cell line showed enhanced CCL21- or CCL19-dependent chemotaxis
in the presence of gp120 at a comparable level to that observed in primary human CD4 T cells
(data not shown). As shown in Fig. 3A, the enhancing effect of gp120 on CCL19-induced che-
motaxis was significantly inhibited by AMD3100 or sCD4, as assessed in a real-time micro-
chemotaxis chamber assay. In addition, in a transwell-based chamber assay, the effect of gp120
was inhibited, with cell numbers reaching almost basal levels, by a neutralizing anti-CXCR4 an-
tibody, and was partially inhibited by sCD4 (Fig. 3B), confirming its dependency on CXCR4
and CD4.

HIV-1 virions promote CCR7-induced CD4 T cell migration

We next examined whether the native gp120 expressed on the viral envelope behaves in the
same manner as recombinant gp120. As shown in Fig. 4A, whereas HIV-1 virion-containing
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Fig 3. HIV-1 gp120 acted on CXCR4 and CD4 to promote CCR7-dependent human CD4 T cell migration. (A} CCR?7 ligand-induced H9 cell migration
after treatment with 1 pg/ml recombinant gp120 (filled symbols) or control buffer (open triangles) was examined on a time-lapse video microscope. CCL19-
induced cell migration in H9 cells was examined in the presence of AMD3100 (25 pg/ml, filled squares), sCD4 (3 pg/mi, filled circles), or vehicle (filled
triangles). The result shown is a representative result of three independent experiments. (B) CCR7 ligand-induced cell migration in the presence of a
neutralizing anti-CXCR4 antibody, sCD4, or control IgG in H9 cells after treatment with 1 ug/ml recombinant gp120 (black bars) or control buffer (open bars).
CCL21-induced cell migration was examined by a time-lapse video microscope, and the total number of migrated cells was calculated. The relative
chemotaxis index represents the ratio of the number of migrated cells in the test treatment to that in control treatments (control solution in the presence of
1gG). Data represent means + SEM of three independent experiments. *, p < 0.05 by the Student’s f-test.

doi:10.1371/journal.pone.0117454.9003
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Fig 4. HIV-1 virions enhanced CCL21-induced CD4 T cell chemotaxis. (A) A CCR7 ligand-induced cell
migration assay was performed using H9 cells (5 x 10*) pre-treated with or without AT-2-inactivated HIV-1
virions (final concentration corresponding to 10 pg/ml p24) or control supernatant for 15 min. The number of
migrated cells in response to CCL21 added to the lower wells of the transwell plate was analyzed. Graphs
represent means + SD percentage of input cells from triplicate wells. *, p < 0.05 by the Student’s t-test. The
result shown is a representative result of three independent experiments. (B) The time-lapse cell migration
assay was performed in the presence of a neutralizing anti-CXCR4 antibody or control IgG. The relative
chemotaxis index represents the ratio of the number of migrated cells in the test treatment to that in control
treatments (control AT-2-treated mock supernatant in the presence of IgG). Data represent means + SEM of
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three independent experiments. *, p < 0.05 by the Student’s #-test. (C) CCR7 ligand-induced H9 cell
migration after treatment with AT-2-inactivated wild-type (WT) HIV-1 (filled triangles), gp120-deficient HIV-1
virions (filled squares) or control mock supernatant (open triangles). CCL19-induced cell migration was
examined on a time-lapse video microscope. The result shown is a representative result of three independent
experiments. (D) CCR7 ligand-induced H9 cell migration after treatment with AT-2-inactivated HIV-1 virions
(filled symbols) or control supernatant (open triangles) in the presence of a neutralizing anti-gp120 antibody
(50 ug/ml, filled squares) or control IgG (filled triangles). CCL21-induced cell migration was analyzed on a
time-lapse video microscope. The result shown is a representative result of three independent experiments.

doi:10.1371/journal.pone.0117454.9004

culture media hardly affected the number of migrated cells in the absence of CCL21, cell migra-
tion was enhanced in the presence of CCL21 (250 ng/ml). A 2-fold increase in the number of
migrated cells was observed in HIV-1 virion media compared with HIV-1-free culture media
(Fig. 4A), and the enhancing effect was significantly inhibited in the presence of a neutralizing
anti-CXCR4 antibody (Fig. 4B). The enhancing effect was significantly, albeit not completely,
abrogated in a mutant HIV-1 lacking gp120 (Fig. 4C), indicating that at least a part of HIV-1
virion’s effect is gp120-dependent. Supporting this result, the enhancing effect of HIV-1 virion
was significantly inhibited by anti-gp120 neutralizing antibody (Fig. 4D). These results indicate
that gp120 on the HIV viral envelope promotes CCR7-dependent CD4 T cell migration in a
manner dependent on CXCR4.

HIV-1 gp120 promotes CCR7-dependent CD4 T cell trafficking to lymph
nodes

Previously, Green et al. [19] reported that treatment of lymphocytes with gp120 from X4-tropic
HIVyp enhanced blood-borne lymphocyte migration to the LNs. In the present study, we in-
vestigated whether gp120 from X4-tropic HIVyr 4.3 promotes lymph-borne T cell trafficking
into lymphoid tissues in a manner dependent on CCR7. Given that lymphatic migration of T
cells from the footpad to draining pLNs is CCR7-dependent and can be quantified by counting
the number of migrating cells from the footpad to the pLN in the mouse [24], we first tested
whether human T cells would migrate appropriately upon footpad injection in the mouse.
After 2 h, injected T cells were observed in the pLN draining the injection side and their num-
bers gradually increased in a time-dependent manner (Fig. 5A), indicating that human T cells
successfully migrated to the LNs via the lymphatic system of the mouse. At 15 h post injection,
a large number of labeled CD4 T cells were observed in the pLN ipsilateral to the injected side
but not in the contralateral pLN, confirming that mouse cells migrated into pLNs via the lym-
phatics but not via the blood vessels (comparable numbers of labeled cells would have appeared
in ipsi- and contralateral pLNs if they had migrated via the blood vessels). Strikingly, when
CCRY ligand-deficient plt/plt mice were used as recipients, hardly any donor T cells appeared
in the pLN even 15 h after injection (Fig. 5B), which further supports the hypothesis that their
migration is CCR7-dependent. We then examined the effect of gp120. When human CD4 T
cells were pretreated with purified recombinant gp120, they accumulated more efficiently in
the pLN than those treated with control solution at time points examined (5, 15, 24 h) after
footpad injection (Fig. 5C). The total number of migrated cells to the pLN was significantly
treated cell hardly migrated to the pLN plt/plt mice (data not shown). Collectively, these data
support the notion that HIV gp120, in either the recombinant form or the native form express-
ed on the viral envelope, promotes lymphatic migration of CD4 T cells into peripheral LNs in a
CCR7-dependent manner.
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Fig 5. HIV-1 gp120 promoted CCR7-dependent CD4 T cell trafficking to the popliteal lymph nodes. (A)
CFSE-labeled human CD4 T cells (5 x 10°) were injected into the footpads of C57BL/6 WT mice. A sham
operation (PBS injection) was performed on the contralateral side. Popliteal lymph nodes (pLNs) were
harvested from the recipient mice at 2 h, 5 h, and 15 h after the transfer. (B) CFSE-labeled human CD4 T cells
(5 x 10°%) were injected into the footpads of C57BL/6 WT mice or pit/pit mice. pLNs were harvested from the
recipient mice at 15 h after cell transfer. The images of pLNs were analyzed by fluorescence confocal
microscopy (original magnification x100). Scale bar, 250 ym. (C) CFSE-labeled human CD4 T cells (5 x 10°)
were pretreated with purified gp120 (40 ug/mi) or control elution buffer, and injected into each side of C57BL/6
mouse footpad. pLNs were harvested from recipient mice at 5, 15, and 24 h after the transfer and analyzed by
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confocal microscopy (TCS SP5; Leica). Representative images of pLNs obtained from 11 recipient mice
subjected to CD4 T cell injection are shown. (D) The images obtained from individual mice (n=11) at 5 h after
the transfer were analyzed and the total numbers of migrated cells per 5 x 10° cells in a recipient mouse tissue
was quantified using ImageJ software (NIH). *, p < 0.05 by the Wilcoxon signed-rank test.

doi:10.1371/journal.pone.0117454.9005

CXCR4 is required for stable CCR7 expression, and CXCR4 signaling
promotes CCR7 ligand binding without affecting CCR7 expression

We next sought to determine the molecular mechanism by which CXCR4 signaling promotes
CCR7-dependent CD4 T cell migration. To this end, we employed a small interfering RNA
(siRNA) approach to suppress the cell surface expression of CXCR4 in CD4 T cells. We ob-
served that CXCR4 siRNA selectively reduced CXCR4 expression by approximately three-fold
(Fig. 6A, left). Interestingly, however, CXCR4 siRNA significantly diminished both the cell sur-
face and total CCR7 expression in H9 cells (Fig. 6B). In contrast, CXCR4 siRNA did not reduce
but rather slightly increased the cell surface CCR1 expression (Fi

sis that CXCR4 expression contributes to stable CCR7 expression.

We then examined whether CXCR4 signaling affects CCR7 quantitatively or qualitatively.
Preliminary experiments indicated that treatment with recombinant gp120 or CXCL12, at any
of the concentrations that showed enhancing effects, did not alter CCR7 expression levels in
human peripheral blood CD4 T cells and H9 cells (Fig. 6D). This result suggests that the en-
hancing effects of CXCR4 ligands on CCR?7 signaling are not mediated by quantitative changes
in CCR7 expression. We thus evaluated the ligand binding ability of CCR7 before and after
CXCR4 ligation with CXCL12 or HIV gp120. As shown in Fig. 6E, gp120 or CXCL12 treatment
increased the level of CCL19-Ig fusion protein binding to CD4 T cells by 3-5 times compared
with mock treatment, in agreement with the hypothesis that CXCR4 signaling facilitates CCR7
ligand binding without affecting CCR7 expression levels, thus enhancing CCR7-mediated re-
sponses in CD4 T cells.

CXCR4 signaling promotes CCR7 homo- and CXCR4/CCR7 hetero-
oligomerization

As receptor oligomerization is an important process for activating chemokine receptors [25],
we next examined whether CXCR4 ligand binding affects CCR7 oligomerization on the surface
of CD4 T cells. Using the in situ DuoLink PLA [26], we found that native gp120 significantly
increased the signals generated by CCR7 homo-oligomers compared with a heat-denatured
gpl120 in CD4 T cells (Fig. 7A). Similarly to gp120, CXCLI2 also increased CCR7 homo-oligo-
merization signals, and CXCL12’s enhancing effect was inhibited by addition of a CXCR4 in-
induced CCR7 homo-oligomerization is CXCR4-dependent.

Interestingly, CCR7 seemed to associate with not only CCR7 but also CXCR4, which ap-
pears to take place under constitutive conditions in CD4 T cells. Using the PLA, strong signals
derived from CXCR4/CCR?7 hetero-oligomers were observed even in the absence of CXCR4 or
CCR? ligands, whereas only very low signals were observed with CXCR4/CCR1 oligomers
under the same conditions (Fig. 7C, D); CCR1 is a chemokine receptor expressed at a level
comparable to that of CCR7 in HO cells. These results indicate a basal association of CXCR4
with CCR7 on the surface of CD4 T cells. The basal CXCR4/CCR?7 association appears to in-
its heat-denatured form, increased the level of CXCR4/CCR?7 hetero-oligomerization by ap-
proximately two-fold. CXCL12 also showed an enhancing effect on CXCR4/CCR?7 hetero-
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