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Abstract

Chemokines are members of a family of more than 30 human cyto-
kines whose best-described activities are as chemotactic factors for
leukocytes and that are presumed to be important in leukocyte recruit-
ment and trafficking. While many chemokines can act on lympho-
cytes, the roles of chemokines and their receptors in lymphocyte
biology are poorly understood. The recent discoveries that chemo-
kines can suppress infection by HIV-1 and that chemokine receptors
serve, along with CD4, as obligate co-receptors for HIV-1 entry have
lent urgency to studies on the relationships between chemokines and
lymphocytes. My laboratory has characterized Mig and Crg-2/IP-10,
chemokines that are induced by IFN-y and that specifically target
lymphocytes, particularly activated T cells. We have demonstrated
that the genes for these chemokines are widely expressed during
experimental infections in mice with protozoan and viral pathogens,
but that the patterns of mig and crg-2 expression differed, suggesting
non-redundant roles in vivo. Our related studies to identify new
chemokine receptors from activated lymphocytes resulted in the clon-
ing of STRL22 and STRL33. We and others have shown that STRL22
is areceptor for the CC chemokine MIP-3a, and STRL22 has been re-
named CCR6. Although STRL33 remains an orphan receptor, we
have shown that it can function as a co-receptor for HIV-1 envelope
glycoproteins, and that it is active with a broader range of HIV-1
envelope glycoproteins than the major co-receptors described to date.
The ability of STRL33 to function with a wide variety of envelope
glycoproteins may become particularly important if therapies are
instituted to block other specific co-receptors. We presume that inves-
tigations into the roles of chemokines and their receptors in lympho-
cyte biology will provide information important for understanding the
pathogenesis of AIDS and for manipulating immune and inflamma-
tory responses for clinical benefit.
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Introduction

Chemokines are ancestrally related cyto-
kines that signal through seven-transmem-
brane domain, G protein-coupled receptors,
and whose best-described activities are as
chemotactic factors (reviewed in Ref. 1).
More than 30 human chemokines have been

described. With the exception of lymphotactin
and fractalkine, chemokines fall into two
subfamilies: the CXC subfamily whose genes
are clustered primarily on chromosome 4 in
humans and in which the first two of four
invariant cysteines are separated by a single
variant residue, and the CC subfamily whose
genes are clustered primarily on chromo-
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some 17 in humans and in which cysteines
one and two are adjacent. Most of the CC
chemokines, such as MCP-1 and RANTES,
target monocytes and lymphocytes, and sev-
eral target eosinophils. Most of the CXC
chemokines, i.e., those containing the ELR
motif, such as IL-8, target neutrophils. Mig,
Crg-2/1P-10, and SDF-1 are non-ELR CXC
chemokines. As described below, Mig and
Crg-2/1P-10 target T cells (2,3), while SDF-
1 targets both T cells and monocytes (4).
Crg-2 and IP-10 are mouse and human ho-
mologues of each other, respectively.

In general, relationships between chemo-
kines and their receptors are promiscuous.
Most CC chemokines, for example, can sig-
nal through more than one receptor and as a
rule, chemokine receptors can be activated
by more than one chemokine ligand. Che-
mokines, in addition to their activities as
chemotactic factors, can induce integrin-
mediated adhesion to activated endothelial
cells (5), can act as both stimulators (6) and
inhibitors (7) of proliferation of myeloid
progenitor cells, can function as angiogenic
(8) and angiostatic (9) factors, and can inhib-
it tumor growth in experimental models (10).

Recently, the CC chemokines MIP-1a,
MIP-18 and RANTES, and later, the CXC
chemokine SDF-1, were shown to be able to
suppress infection by HIV-1 (11-13). Like-
wise, it was discovered that chemokine re-
ceptors were the long-sought human co-re-
ceptors for HIV-1 (14) and that the differ-
ences in tropisms among HIV-1 strains cor-
related with the strains’ differential uses of
specific chemokine receptors, with T cell
line-tropic strains using CXCR4 and macro-
phage-tropic strains using CCRS (15-19).
While all HIV-1 strains replicate in peripher-
al blood lymphocytes, most primary isolates,
particularly those isolated early in disease,
will grow in macrophages and not in immor-
talized T cell lines, while laboratory-adapted
viruses and some viruses isolated late in
infection grow in T cell lines in preference to
macrophages. The critical role for CCRS in
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HIV disease was emphasized by the discov-
ery that, with a few notable exceptions (20-
22), individuals homozygous for an inacti-
vating deletion in the CCR5 gene were re-
sistant to HIV-1 infection (23-26).

Despite the work done to date, major
questions about chemokines and their recep-
tors remain to be answered, such as: What
are the precise roles of specific chemokines
and chemokine receptors in physiology and
pathophysiology in vivo? What are the ac-
tivities and relationships among the chemo-
kines and chemokine receptors newly dis-
covered through the recent methods applied
to gene discovery? These questions are par-
ticularly germane to considerations of the
roles of chemokines in lymphocyte biology.
These roles are likely to be complex, based
on the large number of chemokines that tar-
get lymphocytes and the heterogeneity in
lymphocyte populations. Moreover, under-
standing the relationships between chemo-
kines and lymphocytes has become more
pressing given the recent discoveries on the
importance of chemokine receptors in HIV
infection. The discussion below will focus
on recent data from my laboratory on two
chemokines, Mig and Crg-2/IP-10, that spe-
cifically target lymphocytes and on two novel
seven-transmembrane domain proteins,
STRL22 and STRL33 - one proven to be and
the other presumed to be a chemokine recep-
tor - that are expressed in lymphocytes.

Studies on Mig and Crg-2/IP-10

Initial studies in vitro showed that the
genes for both murine (Mu) Mig and Crg-2
were induced dramatically by rIFN-yto more
than 400-fold of baseline levels in a mouse
macrophage cell line (27-29). Unlike mig,
crg-2/IP-10 could also be induced by IFN-a
and -B, and by lipopolysaccharide (28-30).
In addition to macrophages, mig and crg-2/
IP-10 are induced in a wide range of cell
types, including hepatocytes, endothelial
cells, fibroblasts, and keratinocytes (Ebnet
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K, Farber JM and Shaw S, unpublished re-
sults; 30,31).

We have purified recombinant human
Mig (rHuMig), rtMuMig, and rCrg-2 from
transfected CHO cell lines and/or from in-
sect cells infected with recombinant
baculoviruses. We demonstrated that HuMig
was secreted as a collection of polypeptides
due to carboxy-terminal truncations, a form
of processing that has not been described
for other chemokines (2). We demonstrated
that rHuMig induced a calcium flux in acti-
vated human T cell lines derived from tu-
mors (tumor infiltrating lymphocytes, TIL)
and phytohemagglutinin (PHA )-activated pe-
ripheral blood lymphocytes (PBL), but not
in monocytes, granulocytes, or immortal-
ized B cell lines. The purified rMuMig and
rCrg-2 were also able to induce calcium
fluxes in TIL. Using TIL, chemotaxis to
rHuMig was demonstrated. The carboxy-
terminal truncated rHuMig was much less
(1/300) active in the calcium flux assay than
the full-length protein, but did not act as an
rHuMig antagonist, suggesting that the car-
boxy-terminal domain is important for bind-
ing to the HuMig receptor. We demonstrated
that rHuMig and IP-10 could each desensi-
tize cells to the response to the other, con-
sistent with their sharing a receptor. Our
suppositions were confirmed by the subse-
quent identification by others of CXCR3, a
receptor shared by HuMig and IP-10 and
expressed specifically on activated lympho-
cytes (32). Taken together, these data sug-
gest that Mig and IP-10 are unusual among
chemokines - unlike the ELR CXC chemo-
kines or the CC chemokines described to
date - in specifically targeting lymphocytes,
and in particular activated T cells.

As part of studies of the biology of Mig
and Crg-2, and in collaboration with Ricardo
Gazzinelli, Gunasegaran Karupiah, and Alan
Sher at the NIH, we analyzed the expression
of Mumig and crg-2 in mice during acute
experimental infections with Plasmodium
yoelii, Toxoplasma gondii, and vaccinia vi-

rus (33). During these infections, the genes
for MuMig and Crg-2 were both dramati-
cally induced in multiple organs. The genes
differed, however, in their dependence on
inducers and in their relative levels of ex-
pression among the organs. The expression
of Mumig, unlike crg-2, was absolutely de-
pendent on IFN-y. The dependence of Mumig
induction on IFN-y was demonstrated most
dramatically in infection of IFN-y knockout
mice with T. gondii, where there was no
Mumig mRNA detected by Northern analy-
sis. In each of the infections analyzed, the
Mumig gene was expressed at highest levels
in the liver, in some cases clearly distant
from the primary site of infection and in-
flammation. This was not the case for crg-
2, which was induced to highest levels in
those tissues that also showed the most dra-
matic induction of IFN-y.

These data suggest that MuMig may have
a systemic role during infection unrelated to
influencing local leukocyte trafficking. More-
over, these studies make the point that part of
the biological advantage in creating and re-
taining genes for chemokines with redun-
dant activities may be the ability to inde-
pendently and differentially regulate expres-
sion of these proteins in vivo depending on
the stimuli and the tissue. At the level of the
organism, each chemokine is likely to serve
a non-redundant function.

Identification of the novel chemokine
receptors STRL22 and STRL33

Our interest in the activities of Mig, Crg-
2/IP-10 and other chemokines on lympho-
cytes led us to screen lymphocytes for new
chemokine receptors. We chose to do this
using RT-PCR and pools of degenerate prim-
ers based on conserved sequences in the
transmembrane domains of known recep-
tors, and we used as our starting material
RNA prepared from human TIL that we had
shown to respond to a panel of chemokines
and express mRNAs for many of the known
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chemokine receptors. From this TIL mRNA
we isolated fragments for 11 receptors, a-
mong which were two novel sequences that
we designated STRL22 (34) and STRL33
(35), for seven-transmembrane domain re-
ceptors from lymphocytes, clones 22 and 23,
respectively. For STRL22, we isolated both
genomic and cDNA clones and for STRL33
we isolated cDNA clones. The cDNAs were
obtained from a library we constructed from
a TIL line.

Sequence comparisons revealed that
STRL22 and STRL33 showed identities at
37% of their amino acid residues and were
related to chemokine receptors. They were,
however, more closely related to the orphan
receptors GPR-9-6 and EBII than to the
known CXC chemokine receptors (CXCRs)
or CC chemokine receptors (CCRs). The
genes for STRL22 and STRL33 are located
on chromosomes 6 and 3, respectively. Both
genes are prominently and primarily ex-
pressed in a range of lymphoid tissue, al-
though STRL22 is also expressed in pan-
creas and STRL33 in placenta. In leukocyte
populations, both receptor genes are ex-
pressed in TIL but not in a number of immor-
talized T cell lines or in monocytes or granu-
locytes. STRL22 is expressed in resting PBL
and in a B [ymphoblastoid line, while STRL33
is poorly expressed in resting PBL, but promi-
nently induced in PBL by activation in vitro
with PHA and ionomycin.

To identify agonists for STRL22 and
STRL33, expression vectors containing ge-
nomic or cDNA sequences were transfected
into human embryonic kidney 293 cells. Cell
lines with high levels of receptor mRNA
expression were tested in the calcium flux
assay with chemokines as well as with a
variety of crude supernatants from cultured
cells. No signals were found with the STRL33-
transfected cells.

For STRL22-transfected cells, the CKf34
CC chemokine, recently provided to us by
Human Genome Sciences, Inc.Inc. (Rockville,
MD), produced a signal. Initial descriptions
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of'the CKB4 chemokine have now been pub-
lished under the names LARC (36), MIP-3a
(37), and Exodus (38), and for the sake of
clarity I will use the name MIP-3a. The MIP-
3a gene is expressed in some lymphoid tis-
sue and liver, and MIP-3a is active as a
chemotactic factor for lymphocytes, but not
for monocytes or granulocytes. In addition
toidentifying STRL22 as a receptor for MIP-
3a, we have shown that MIP-3a produces a
calcium signal in TIL expressing STRL22,
and in freshly isolated PBL (39). The ability
of MIP-3a to produce a calcium flux in
freshly isolated PBL is noteworthy, since in
studies with a broad panel of both CC and
CXC chemokines, we have not detected cal-
cium responses in PBL unless the cells have
first been activated in vitro (Rabin RL and
Farber JM, unpublished results).

Of the 27 chemokines we have tested,
only MIP-3a signalled through STRL22. In
cross-competition binding studies using
['#1]-MIP-3a and a number of unlabelled
CC chemokines, done in collaboration with
Ralph Alderson of Human Genome Sciences,
only unlabelled MIP-3a was able to inhibit
['Z31]-MIP-3a binding to STRL22-transfected
cells. Taken together, these data indicate - in
contrast to the promiscuous relationships
among other chemokines and chemokine re-
ceptors - a highly specific interaction be-
tween MIP-3a and STRL22. Data identify-
ing STRL22 as a receptor for MIP-30 have
been published by others (40). The finding
of'achemokine ligand for STRL22 has led to
it being re-named CCR6.

In collaboration with Edward Berger’s
laboratory at NIH, using a cell-cell fusion
assay, we tested STRL22 and STRL33 for
activities as fusion/entry cofactors for HIV.
Cells expressing CD4 and transfected with
DNA encoding STRL33 were able to fuse
with cells expressing envelope glycoproteins
(Envs) from HIV-1 (35). Similar assays us-
ing STRL22 have thus far been negative. Of
greatest interest and, in contrast with the
major known HIV-1 co-receptors, CXCR4
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and CCRS5, STRL33 could mediate fusion
with cells expressing Envs from HIV-1 strains
of diverse tropisms: from T cell line-tropic,
laboratory-adapted strains, from macro-
phage-tropic strains, and from dual-tropic
strains. Importantly, as noted above, STRL33
is expressed in activated PBL, activated T
cell lines and in lymphoid tissue, i.e., in
natural targets of HIV-1.

Using Jurkat T cell clonal lines that we
derived after transfection with DNA encod-
ing STRL33 we have demonstrated, in col-
laboration with Keith Peden at the FDA, that
STRL33 can mediate productive, spreading
infection of HIV-1g ;. Taken together, these
data demonstrate that STRL33 is active with
a broader range of Envs than has been de-
scribed for any of the co-receptors discov-
ered to date. This exceptional attribute sug-
gests that STRL33 may be of particular value
in unraveling the structural determinants of
Env/co-receptor interactions and will be of
importance in the pathogenesis of HIV dis-
ease. This also suggests that strains of HIV-
1 that use CCR5 or CXCR4 preferentially
may nonetheless be able to adapt to use
STRL33 efficiently if selective pressure is
applied by therapeutic attempts to block the
use of the primary co-receptors.

Our work has focused on identifying and
characterizing chemokines and chemokine
receptors that convey signals among macro-
phages, lymphocytes, and other cells as part
of an immune response. Because these cellu-
lar interactions are involved in a wide range
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