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Circulating lymphocytes are recruited from the blood to the tissue by rolling along the
endothelium until being stopped by a signaling event linked to the G subunit of a
heterotrimeric GTP-binding protein; that event then triggers rapid integrin-dependent
adhesion. Four chemokines are now shown to induce such adhesion to intercellular
adhesion molecule—1 and to induce arrest of rolling cells within 1 second under flow
conditions similar to those of blood. SDF-1 (also called PBSF), 6-C-kine (also called
Exodus-2), and MIP-33 (also called ELC or Exodus-3) induced adhesion of most circulating
lymphocytes, including most CD4* T cells; and MIP-3« (also called LARC or Exodus-1)
triggered adhesion of memory, but not naive, CD4™ T cells. Thus, chemokines can regulate
the arrest of ymphocyte subsets under flowing conditions, which may allow them to control

lymphocyte—-endothelial cell recognition and lymphocyte recruitment in vivo.

The interaction between leukocytes in the
circulation and endothelial cells lining the
blood vessels is an important control point in
the in vivo tratficking of specific leukocyte
subsets. This interaction is mediated by a
multistep process that, in many instances,
involves (i) leukocyte rolling, (ii) rapid ac-
tivation of leukocyte integrins, (iii) adhesion
to endothelial ligands through activated in-
tegrins, and (iv) diapedesis (1-7). Steps (ii)
and (iv) are often mediated through recep-
tors linked to the pertussis toxin (PTX)-
sensitive a subunit of G, (Ga). Molecules
that mediate step (ii) in neutrophils, mono-
cytes, and eosinophils have been identified
by both in vivo and in vitro methods, and
they include interleukin-8 (IL-8), platelet-
activating factor, leukotriene B,, eotaxin,
complement component 5a, and formyl pep-
tide. Rapid adhesion of neutrophils occurs
within seconds in vivo (8, 9). The rapidity of
this event is important because leukocytes
dynamically rolling through a site of inflam-
mation (or a high endothelial venule of a
secondary immune organ) must be stopped
before exiting the area relevant to the adhe-
sion-triggering stimulus.

Lymphocyte homing through high endo-
thelial venules also involves a multistep de-
cision cascade, including a PTX-sensitive
rapid adhesion event (10, 11). Several che-
mokines—including macrophage inflamma-

tory protein—la (MIP-1ax) (12, 13), MIP-18
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(12-14), interferon-a inducible protein 10
(IP-1Q) (12, 15), and RANTES (regulated
on activation, normal T expressed and se-
creted) (12, 13, 15)—have been shown to
induce adhesion of human lymphocytes to
endothelial cells or endothelial cell adhe-
sion ligands. However, these responses
were measured a minimum of 15 min (12,
14) to 1 hour (13, 15) after stimulation,
and they often require a prior additional
cellular stimulation, such as overnight
treatment with cross-linked antibodies to
CD3 (13, 15). Thus, chemokine-stimulat-
ed adhesion of this type may be more
relevant to the behavior of immunoblasts
within tissues than to the arrest of circu-
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lating lymphocytes. Indeed, we and others
have shown that these chemokines are not
effective in triggering rapid adhesion of
normal lymphocytes similar to that ob-
served during physiological lymphocyte—
endothelial cell interactions in vivo (16,

7). However, lymphoid cells overexpress-
ing transfected receptors for classical che-
moattractants or for various chemokines
respond efficiently in adhesion assays,
which suggests that there is not a funda-
mental defect in the rapid integrin respon-
siveness of lymphocytes to chemoattrac-
tant stimulation (18-20).

We have now tested a battery of other
chemokines with attractant activity for
lymphocytes—including stromal cell-de-
rived factor-lae (SDF-1a), SDF-18 (21,
22), C-X3-C-kine (also called fractalkine or
neurotactin) (23, 24), MIP-3B (25, 26),
6-C-kine (27), MIP-3a (25, 28-30), DC-
CK-1 (also called PARC) (31, 32), and
TARC (33)—and compared them with
chemokines more selective for myeloid cells
or eosinophils. In initial experiments, a sim-
ple static assay (18, 19) was used to test the
ability of these chemokines to trigger adhe-
sion to integrin ligands at relatively carly
time points. Freshly isolated human periph-
eral lymphocytes were allowed to settle on
mouse intercellular adhesion molecule-1
(ICAM-1)—coated glass (human LFA-1
cross-reacts with mouse ICAM-1), and were
incubated with chemokine (1 wM) for var-
ious times. Unbound cells were then
washed away, and bound cells were fixed
and counted. SDF-l1a, SDF-18, MIP-38,

and 6-C-kine triggered rapid adhesion of
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Fig. 1. Chemokine-triggered rapid adhesion of lymphocytes to ICAM-1. (A through F) The results of
individual experiments assessing the ability of the indicated chemokines to trigger adhesion of human
peripheral lymphocytes. SDF-1a was included in each assay for comparison (®). SDF-1« induced
robust adhesion, but eotaxin, MIP-1«, MIP-18, RANTES, MCP-1, GRO-«, IL-8, and IP-10 yielded no
detectable binding at these early time points (upper panels). MCP-3 induced a low but reproducible
response. Among other, more recently described chemokines (lower panels), 6-C-kine, MIP-3p3, and
SDF-18 gave robust responses; MIP-3« yielded reproducible binding of a smaller number of PBLs; and
C-X8-C-kine, DC-CK-1, lymphotactin, 1-309, and TARC were without effect.
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most peripheral lymphocytes (Fig. 1) (34).
Monocyte chemoattractant protein-3
(MCP-3) and MIP-3a induced adhesion
of a smaller percentage of cells, suggesting
that they are less potent or activate a
smaller subset of cells, or both. None of
the other 12 chemokines tested triggered
any detectable adhesion in these time
frames. In all instances, adhesion was tran-
sient, returning to baseline within 5 to 8
min of exposure to chemokine (depending
on the cell donor).

To examine whether the adhesion re-
sponse was mediated by chemokine signal-
ing through G,a-linked receptors, we as-
sessed the effects of PTX, an enzyme that
catalyzes the ADP-ribosylation of G,a and
inhibits downstream signaling. PTX treat-
ment completely inhibited chemokine-in-
duced adhesion to ICAM-1. PTX- and
mock-treated cells responded similarly to
phorbol ester, which activates lymphocyte
integrins independently of G protein—
linked receptors (Fig. 2A).

We next assessed the responsiveness of
isolated CD4* T cells, positively selected to
99% purity by isolation with magnetic
beads (35). Most CD4™* T cells adhered to
ICAM-1 in response to SDF-1a, 6-C-kine,

Fig. 2. (A) Inhibition by PTX

and MIP-3pB (Fig. 2B). There was no detect-
able response to MCP-3, whereas MIP-3a
induced a small, but reproducible, response.

It was possible that the suboptimal MIP-
3a response reflected selective activity in a
specialized subset of lymphocytes. Unlike
6-C-kine and MIP-38 mRNAs, which are
most abundant in organized lymphoid tissue
such as lymph nodes (25-27), MIP-3«
mRNA is most abundant in peripheral tis-
sues such as lung and liver (25, 30) and can
be up-regulated by inflammatory mediators
(28), suggesting selectivity for extralym-
phoid and inflammatory sites. Because traf-
ficking to sites of inflammation is a charac-
teristic of memory CD4* T cells (whereas
naive cells traffic predominantly through
organized lymphoid tissues) (7, 36), we
next fractionated CD4™ cells into memory
and naive phenotypes on the basis of their
differential expression of CD45R isoforms
(Fig. 2C) (37). Only CD4* cells of the
memory phenotype responded detectably to
MIP-3a, whereas both subsets responded to
SDF-la. Thus, subsets responded differen-
tially to the proadhesive activity of chemo-
kines. In this context, it should be empha-
sized that minor subsets of circulating cells
(such as immunoblasts) may display pat-
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mokine-induced rapid adhesion of purified CD4* T cells to ICAM-1. (B) Adhesion of isolated CD4* T
cells to ICAM-1 in response to various chemokines. The adhesion assay was performed as in (A). (C)
CD4+* T cells were further fractionated into CD45RA*CD45R0O~ and CD45RA~-CD45RO* subsets by
depletion with antibodies to CD45RO or to CD45RA, respectively, and chemokine-induced binding was
assayed 2 min after addition of agonist. Experiments presented are representative of results obtained
with cells from three independent donors. Error bars indicate range of duplicate wells.
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terns of chemokine-triggered arrest distinct
from those of the major population of rest-
ing lymphocytes studied here.
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Fig. 3. Chemokine-induced adhesion of murine
lymphocytes under shear. (A) Response of mouse
lymph node cells to SDF-1a, 6-C-kine, and MIP-38
in the static ICAM-1 adhesion assay. A mixture of
lymphocytes from axillary, cervical, inguinal, and
mesenteric lymph nodes from Balb/c mice (4 to 6
weeks old) was tested as in Fig. 1. Error bars indi-
cate range of duplicate wells. (B) Comparison of
rolling speeds at a shear of 2 dynes/cm? of murine
lymphocytes in capillaries coated with PNAd alone
or PNAd plus chemokine. For each experiment, the
mean velocity of 10 tumbling cells (cells traveling in
the focal plane of an uncoated region of the capil-
lary) was calculated (gray bars). Rolling speed was
calculated for 25 individual cells between 2 and 4
min after the start of the assay (black bars). Inter-
action of cells with PNAd plus chemokine was less
efficient than that with PNAd alone; given that che-
mokines did not induce a loss of L-selectin expres-
sion on lymphocytes, possible explanations for this
observation include blockade of L-selectin—bind-
ing components within PNAd by the heparin-bind-
ing domain of the chemokine or disruption of the
microvilldus structures that bear L-selectin on the
lymphocytes themselves. Error bars indicate
SEM. (C) The number of cells that adhered
(remained arrested for =1 min) on PNAd plus
chemokine (gray bars) compared with the num-
ber that adhered on ICAM-1 plus PNAd plus
chemokine (black bars). Eight different fields
were counted between 4 and 6 min after the
start of the assay. Error bars indicate the SD of
these counts. Data are representative of three
separate experiments.
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Lymphocyte adhesion and arrest on en-
dothelium in vivo occur in the context of
blood flow. To assess the ability of chemo-
kines to trigger arrest under physiological
shear and to estimate more precisely the
time required for induction of firm arrest,
we turned to an in vitro flow system (Fig. 3)
(38—41). Capillary tubes were coated with
immuno-isolated peripheral node addressin
(PNAJ) or ICAM-1, or both, with or with-
out chemokines. Mouse lymph node lym-
phocytes were then passed through the
tubes at a shear of 2 dynes/cm?. PNAJ is a
ligand for the microvillus tethering receptor
L-selectin and supports efficient contact
initiation and rolling, but not firm arrest, of
L-selectin™ cells (which include most lym-
phocytes, with the exception of a subset of
memory T and B cells) (7). ICAM-1 is a
ligand for the lymphocyte integrin LFA-1,
whose engagement is dependent both on
prior tethering through microvillus recep-
tors and on integrin-activating signals (7,
39). As shown previously (39), lymphocytes
rolled but did not stop on PNAd or on
PNAd plus ICAM-1 (Fig. 3, B and C).
Lymphocytes only stopped when exposed to
capillaries coated with PNAd, ICAM-1,
and either SDF-1a, MIP-3f3, or 6-C-kine.
The absence of adhesion to PNAd plus
chemokine without ICAM-1 indicates that
adhesion was dependent on the latter, and
that the cells were not binding to any of the
diverse proteins that constitute PNAJ. It
also rules out a simple mechanical adhesion
between the chemokine-coated surface and
the chemokine receptors on the cells.

The rolling of representative lymphocytes
on PNAJ alone or with chemokine (Fig. 4,

A through D), and the deceleration of cells
on the surfaces coated with PNAd, ICAM-1,
and chemokine (Fig. 4, E through G), were
plotted. For the experiments shown, the de-
celeration time of 10 randomly chosen cells
that entered the field at tumbling velocity
and arrested for >1 min was calculated. The
mean deceleration times were 380, 510, and
430 ms for cells arresting on MIP-33, 6-C-
kine, and SDF-la, respectively. For each
chemokine, several cells arrested from 100
pm/s in less time than that between video
frames (=30 ms). The maximum rolling
time before arrest was 1.6, 1.4, and 1.0 s for
MIP-3, 6-C-kine, and SDF-1a, respective-
ly. MIP-3a did not induce arrest of signifi-
cant numbers of lymphocytes in the presence
of PNAd and ICAM-1; however, this lack of
effect may reflect a paucity of MIP-3a—re-
sponsive cells in the L-selectin® memory
subset, because in separate preliminary stud-
ies MIP-3a did trigger arrest of a subset of
cells rolling on a surface coated with MAd-
CAM-1 [which can support tethering and
rolling through the integrin o*B? (41)] plus
ICAM-1.

The receptor systems that mediate the
multistep process of leukocyte—endothelial
cell interaction have evolved to meet the
deceleration requirements of cells traveling
at high speed through the vertebrate circu-
latory system. For example, adhesion mole-
cules that mediate the tethering and rolling
steps are concentrated on the tips of mi-
crovilli, the sites of initial lymphocyte con-
tact with the vascular endothelium (7). The
participation of lymphocyte chemoattrac-
tant receptors, especially receptors for che-
mokines, in the rapid physiological conver-
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Fig. 4. Lymphocyte behavior in the flow assay. In these plots, the slope of the line is proportional to the
velocity of the cell. The behavior of four representative cells is shown for each assay. The y axis indicates
the length of the microscopic field (220 um), with zero as the downstream entry into the field and 220 as
the upstream exit from the field. The time at which the cell enters the field is arbitrary. Capillary tubes
were coated with a combination of PNAd plus either medium alone (A), MIP-33 (B), 6-C-kine (C), or
SDF-1a (D), or with ICAM-1 plus PNAd plus either MIP-38 (E), 6-C-kine (F), or SDF-1« (G). Cells were
passed through the tube at a shear force of 2.0 dynes/cm?, The mean velocities of tumbling and rolling
cells from experiments (A) through (D) are shown in Fig. 3B. The mean (+ SD) deceleration times [time
necessary to decelerate from a speed 1 SD greater than the mean rolling speed (~100 um/s) to a
complete stop] for 10 cells in each experiment were as follows: MIP-38 (E), 380 = 490 ms (minimum,
=30 ms; maximum, 1.6 g); 6-C-kine (F), 510 % 470 ms (minimum, =30 ms; maximum, 1.4 s); SDF-1«
(G), 430 = 340 ms (Minimum, =30 ms; maximum, 970 ms).
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sion of rolling behavior to firm integrin-
dependent arrest has been suggested but un-
confirmed since the original proposal of a
general multistep model of leukocyte—endo-
thelial cell interaction. The identification of
chemokines that can trigger almost immedi-
ate integrin-dependent arrest of lymphocytes
under physiological shear not only provides
an important confirmation of the general
role of chemokines as adhesion triggers in
leukocyte—endothelial cell interactions but
broadens the potential for control of lym-
phocyte trafficking by this diverse emerging
family of chemoattractants.
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Structure of the HIV-1 Nucleocapsid Protein
Bound to the SL3 ¥-RNA Recognition Element

Roberto N. De Guzman, Zheng Rong Wu, Chelsea C. Stalling,
Lucia Pappalardo, Philip N. Borer,* Michael F. Summers*

The three-dimensional structure of the human immunodeficiency virus-type 1 (HIV-1)
nucleocapsid protein (NC) bound to the SL3 stem-loop recognition element of the
genomic ¥ RNA packaging signal has been determined by heteronuclear magnetic
resonance spectroscopy. Tight binding (dissociation constant, ~100 nM) is mediated by
specific interactions between the amino- and carboxyl-terminal CCHC-type zinc knuck-
les of the NC protein and the G” and G® nucleotide bases, respectively, of the GS-G”-
A8-G® RNA tetraloop. A® packs against the amino-terminal knuckle and forms a hydrogen
bond with conserved Arg®?, and residues Lys® to Arg'® of NC form a 3, helix that binds
to the major groove of the RNA stem and also packs against the amino-terminal zinc
knuckle. The structure provides insights into the mechanism of viral genome recognition,
explains extensive amino acid conservation within NC, and serves as a basis for the
development of inhibitors designed to interfere with genome encapsidation.

Al retroviruses encode a gag polyprotein
that is produced in the host cell during the
late stages of the infectious cycle and di-
rects the encapsidation of two copies of
the unspliced viral genome during virus
assembly and budding (1). Concomitant
with budding, the gag polyproteins are
cleaved by the viral protease into the ma-
trix (MA), capsid (CA), and nucleocapsid
(NC) proteins, which rearrange during
maturation to form infectious particles
(2). Except for the spumaviruses, all ret-
roviral NC proteins contain one or two
CCHC-type zinc knuckle domains (Cys-
X,-Cys-X,-His-X,-Cys, where X = vari-
able amino acid) (3) (Fig. 1A). These
domains are critical for viral replication
and participate directly in genome recog-
nition and encapsidation (4, 5). Muta-
tions that abolish zinc binding lead to
noninfectious virions that lack their ge-
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nomes (4, 6), and mutations of conserva-
tively substituted hydrophobic residues
within the CCHC arrays can alter RNA
packaging specificity (5). In addition, en-
tire NC domains of HIV-1 and Moloney
murine leukemia virus (MoMuLV) have
been swapped, resulting in the specific
packaging of the non-native genomes (6).

Recognition of the HIV-1 genome oc-
curs by means of interactions between NC
and a ~120-nucleotide region of the un-
spliced viral RNA known as the W-site,
which is located between the 5’ long ter-
minal repeat and the gag initiation codon
(7). Extensive site-directed mutagenesis,
chemical modification, nuclease accessi-
bility mapping, and free energy computa-
tional studies indicate that the HIV-1
W-site contains four stem-loop structures,
denoted SL1 through SL4 (Fig. 1B) (8-
13). Although mutagenesis experiments
indicate that all four of these structures are
important for efficient encapsidation (13,
14), SL3 is of particular interest because
its sequence is highly conserved among
different strains of HIV-1 (10) despite het-
erogeneity at adjacent positions, and be-
cause linkage of SL3 to heterologous
RNAs is sufficient to direct their recogni-
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