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H174 is a new member of the CXC-chemokine family. A cDNA probe containing
the entire H174 coding region recognized a predominant inducible transcript of
approximately 1.5 kb expressed in interferon (IFN) activated astrocytoma and
monocytic cell lines. H174 message can be induced following IFN-a, IFN-b, or
IFN-g stimulation. H174 message was also detected in IFN treated cultures of
primary human astrocytes, but was absent in unstimulated astrocytes. H174,
like IP10 and Mig, lacks the ELR sequence associated with the neutrophil
speci®city characteristic of most CXC-chemokines. Preliminary experiments
suggest H174, IP10 and Mig are independently regulated. Recombinant H174 is
a weak chemoattractant for monocyte-like cells. H174 can also stimulate
calcium ¯ux responses. The data support the classi®cation of H174 as a member
of a subfamily of interferon-g inducible non-ELR CXC-chemokines. Brain
tissues were obtained at autopsy from one patient with AIDS dementia, one
patient with multiple sclerosis, and two normal control patients. H174 and Mig
were detected by RT ± PCR in brain tissue cDNA derived from the patients with
pathological conditions associated with activated astrocytes but not in cDNA
from control specimens.
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Introduction

Chemokines (for chemotactic cytokines) are a
family of small, inducible protein or glycoprotein
molecules that play an essential role in evoking
in¯ammatory responses. Perhaps the most impor-
tant attribute of chemokines is their ability to act as
potent selective chemoattractants for monocytes,
lymphocytes, eosinophils, and/or neutrophils (Lus-
ter, 1998; Schluger and Rom, 1997). Chemokines
can also initiate proin¯ammatory processes in these
in¯ammatory cells, e.g. granule exocytosis and
respiratory burst (Baggiolini et al, 1994).

Chemokines and chemokine receptors appear to
play important roles in the pathogenesis of many
diseases, including in¯ammatory diseases such as
psoriasis and rheumatoid arthritis, and infectious
diseases like malaria (Koch et al, 1992; Gillitzer et
al, 1993; Horuk et al, 1993). However, chemokines
have raised the greatest interest in the study of HIV-

1 infection where selected chemokine receptors
serve as co-receptors for HIV-1 and the chemokine
ligands can block HIV-1 infection (Alkhatib et al,
1996; Bleul et al, 1996a).

The two major families of chemokines (termed
CC- and CXC-chemokines) are de®ned by homo-
logies in the spacing of between the ®rst two
cysteine residues. These structural features gener-
ally correlate with distinctive biological activities.
CC-chemokines act principally on monocytes but
not neutrophils, whereas CXC-chemokines primar-
ily attract neutrophils, not monocytes. However,
there are notable exceptions to these ®ndings.
Among CXC-chemokines the tripeptide motif ±
glutamic acid-leucine-arginine (called the ELR
motif) ± located immediately before the ®rst cy-
steine residue is essential, though not suf®cient,
for activity on and binding to neutrophils (Clark-
Lewis et al, 1993, 1994). The observation that CXC-
chemokines (SDF-1, PF4, IP10 and Mig) that do not
possess the ELR motif are unable to activate or
attract neutrophils supports this conclusion (Taub
et al, 1993; Liao et al, 1995; Bleul et al, 1996b). The
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CXC-chemokines lacking the ELR motif attract
mononuclear cells, a trait not typical of the other
CXC-chemokines. Two of these non-ELR containing
CXC-chemokines, IP10 and Mig, are induced by
IFN-g and bind a common receptor on activated T-
lymphocytes (Luster and Ravetch, 1987; Farber,
1990; Loetscher et al, 1996). Non-ELR CXC-chemo-
kines also appear to inhibit angiogenesis while ELR-
containing CXC-chemokines promote angiogenesis
(Strieter et al, 1995). These data suggest subdivision
within the group of CXC-chemokines into the ELR-
containing and the non-ELR subgroups.

The H174 cDNA was cloned from a library
prepared from alloantigen activated human periph-
eral blood leukocytes (Jacobs et al, 1997). H174 is
the newest member of the non-ELR subgroup of
CXC-chemokines. Here we review our knowledge of
this novel chemokine and report the expression of
H174 in cells of the central nervous system.

Results

Classi®cation of H174
A 997 bp cDNA sequence isolated from a library
generated from human leukocytes stimulated by the
presence of allogeneic cells was cloned by a signal
sequence trap technique as detailed previously
(Jacobs et al, 1997). This sequence, termed H174,
included an open reading frame of 285 bp that
encoded a 94 amino acid protein. The predicted
signal peptide cleavage site after the 21st amino
acid predicts that the mature H174 molecule is a 73
amino acid secreted protein. H174 contains four
cysteine residues at positions characteristic of CXC-
chemokines. The mature form of H174 contains no
potential sites for N-linked glycosylation.

Protein sequence comparison showed the closest
homologs to H174 were the human CXC-chemo-
kines Mig and IP10. H174 is 38% identical to
human Mig and 36% identical to human IP10 over
the 73 amino acids of mature protein that are
comparable (Farber, 1997). The sequences of these
molecules and their murine counterparts are
compared in Figure 1. Sequence comparisons
between human and murine Mig or IP10 with
H174 identi®ed 15 identical residues dispersed
along these molecules plus highly conserved amino
acids at 11 additional positions (Figure 1). Gen-
erally, the areas of greatest homology appear to be
clustered adjacent to the invariant cysteine residues
at positions 36 ± 46 and 53 ± 66.

Preliminary examination of the genomic organi-
zation of H174 with a series of PCR primers
indicates the locus encoding H174 is approximately
1.6 kb. There are at least three introns within the
coding region. The ®rst intron is approximately
600 bp and is located between residues 124 and 174
based on the cDNA sequence (GenBank accession
#AF002985). The second intron is about 130 bp and
is localized between 251 and 292 bp, and the third

intron (about 400 bp) is between nucleic acids 304
and 531. This genetic organization is similar to that
reported with other CXC chemokines including
IP10 and IL8 (Baggiolini et al, 1994).

Expression of H174 mRNA
Since the genes most homologous to H174 encode
chemokines that are inducible following treatment
with IFN-g, this method of activation was used to
follow gene expression. Using a 453 bp probe which
included the entire coding region for H174, the
induction of a major 1.5 kb and a minor 4.0 kb RNA
transcript was noted in the THP-1 monocytic
cell line following 8 h treatment with IFN-g
(1000 U/ml). No H174 message was detected in
unstimulated cells (Figure 2A). IFN-g stimulated U-
937 monocyte-like and U-373 astrocytoma cell lines
also expressed a major 1.5 kb band, but the weak
4.0 kb band was not detectable in U-373 RNA (data
not shown). The inability of resting astrocyte cell
lines to produce H174 was con®rmed by RT ± PCR.
A band at the expected size (439 bp) was ampli®ed
from IFN-g-treated CCF, U-373, and SW 1783

Figure 1 Alignment of H174 with other non-ELR CXC-
chemokines. Top panel: Amino acid sequence comparisons to
the human and mouse CXC-chemokines Mig and IP10. Stippling
marks conserved residues and a consensus sequence for this
chemokine subfamily is presented. Bottom panel: Comparisons
of H174 and human and mouse IP10 and Mig amino acid
sequences based on the Wisconsin Sequence Analysis Package,
GCG gap program.
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astrocytoma cells but not from unstimulated cells
(Figure 2B). The amount of H174 PCR product
varied among astrocytoma cell lines; U-373 cDNA
consistently yielded the most H174 PCR product
while CCF cells produced minimal levels (Figure
2B). To establish the presence of H174 in primary
astrocytes the kinetics of H174 expression were
evaluated on cultured human fetal astrocytes. H174
expression was noted after a 4 ± 48 h treatment with
IFN-g, with maximal expression at 24 h (Figure 2C).
Again, without IFN-g treatment no H174 PCR
products were detected. All samples expressed
comparable levels of the control housekeeping
gene, rack1, at the predicted size of 1093 bp (Figure
2B and C).

The same cDNA samples were examined for
expression of another IFN-g inducible non-ELR
chemokine, Mig, by RT ± PCR. H174 and Mig were
both induced by IFN-g in the limited series of
samples tested (Figure 2B and C). To further
compare the regulation of H174 and Mig or IP10
expression we treated cells with type I (IFN-a and
IFN-b) or type II (IFN-g) interferons. SW 1783
astrocytoma cells were stimulated with graded
doses of IFN-a, IFN-b, or IFN-g. As shown in Figure
3, H174 PCR products were detected after activation
with5100 U/ml IFN-g,5100 U/ml IFN-a or51000

IFN-b. In addition to the rIFN-aA used in the above
experiment rIFN-aD and rIFN-aA/D stimulate H174
RNA production with similar ef®cacy (data not
shown). Similarly, native IFN-b was substituted for
the rIFN-b used in the above experiments with
identical results (data not shown). Message for
another non-ELR CXC chemokine, Mig, was de-
tected in these cells after treatment with 5100 U/
ml IFN-g, but was not induced by treatment with up
to 5000 U/ml IFN-a or IFN-b. IP-10 was not
expressed in resting SW 1783 cells but was
inducible following stimulation with all types of
interferon. The above experiment was repeated
with U-373 astrocytoma and U-937 monocytic cells
with similar results, although H174 was inducible
with as little as 1.0 U/ml IFN-g in the latter cell lines
(data not shown). The combined data indicate that
H174 and IP-10 are inducible with all types of
interferon. In contrast, Mig expression is strictly
IFN-g dependent. Recent studies demonstrated IP10
message is constitutively expressed by CaSki
cervical carcinoma cells while message for H174
and Mig are not detected without IFN-g treatment
(data not shown). Thus, the combined data suggest
that these structurally related interferon-inducible
non-ELR CXC-chemokines are differentially ex-
pressed and regulated.

Figure 2 Induction of H174 in astrocytes. (A) Total RNA was prepared from unstimulated or IFN-g stimulated (8 h with 1000 U/ml)
THP-1 monocytic cells. Twenty mg RNA were electrophoresed on a 1.5% agarose-formaldehyde gel and blotted onto a nylon membrane
which was probed with a 453 bp cDNA radiolabeled probe consisting of the entire H174 coding region. A major 1.5 kb species and a
minor 4.0 kb band were identi®ed in cells stimulated with IFN-g. Subsequently the blot was reprobed with a human actin probe. (B)
CCF (lanes A and B), U-373 (lanes C and D), and SW1783 (lanes E and E) astrocytoma cells were cultured in either medium (lanes A, C
and E) or 1000 U/ml IFN-g for 8 h (lanes B, D and F). RNA samples were reverse transcribed and ampli®ed with PCR primers for H174
(439 bp), rack1 (1093 bp), or Mig (325 bp) by RT ± PCR. The housekeeping gene rack1 was used as a positive control for cDNA integrity.
(C) Cultured human fetal astrocytes were treated with 100 U/ml IFN-g for 0, 4, 18, 24 or 48 h (lanes A, B, C, D and E, respectively). The
cells were examined for H174, rack1, and Mig gene expression by RT ± PCR. Lane L contains the ladder of size markers corresponding
to the indicated sizes (B).
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H174 expression in disease
Specimens of white matter from the brain of one
patient with AIDS dementia and HIV-1 encephalitis
(case #2648) and one patient with multiple sclerosis
(case #2684) were obtained at autopsy. Specimens
that exhibited pathological lesions were selected.
The neuropathology was veri®ed by histologic
examination of adjacent tissue sections. The tissues
from both patients revealed the presence of diffuse
reactive astrocytes (i.e. gliosis), perivascular mono-
nuclear cell in®ltrates, and demyelination (data not
shown). Control samples were obtained from
autopsies of two normal control patients without
evidence of reactive astrocytes or other brain
pathology.

cDNA was prepared from each autopsy sample
and examined for expression of the housekeeping
gene rack1 by RT ± PCR. There were indications of
RNA degradation in all samples, therefore fourfold
excess cDNA was used in the PCR reactions. As
shown in Figure 4 each sample expressed the
housekeeping gene, rack1, although the level of
the PCR product varied among samples. H174 and
Mig PCR products were detected in AIDS and
multiple sclerosis brain specimens, but not in
specimens from controls. The level of H174
expression in the multiple sclerosis specimen

appeared low; however, RNA degradation as
evidenced by the low levels of the rack1 control
product contributed to this result. Rack1 was
ampli®ed from both control samples but both
specimens failed to display the H174 or Mig PCR
products.

Puri®cation of H174
The amino acid sequence of H174 predicts a
secreted, mature protein of 73 amino acids with a
molecular weight of 8.3 kDa. Partial puri®cation
of this protein from supernatants of H174-
transfected Sf9 cells was achieved by elution
from a heparin-agarose column with 10 mM
HEPES/2.0 M NaCl. However, this one-step pro-
cess left several contaminating proteins, as
evidenced by the multiple bands observed on
SDS ± PAGE (Figure 5A). Thus the heparin eluates
were next applied, after dialysis against 10 mM
HEPES, to a reverse-phase C18 column and
fractionated by elution with a gradient of 0 to
70% acetonitrile in 0.1% tri¯uoroacetic acid. Two
proteins typically co-eluted from the reverse-
phase column as a major peak over a range of
59 to 62% acetonitrile. Elution at 60% acetoni-
trile produced the highest concentration of these
proteins (Figure 5).

Figure 3 Comparison of non-ELR CXC chemokine induction by interferons. SW1783 astrocytoma cells were treated with the
indicated concentrations (U/ml) of either rINF-g, rINF-aA, or rINF-b for 18 h at 378C. The cells were harvested and RNA samples were
reverse transcribed and ampli®ed with PCR primers for H174, Mig, IP-10, and rack1.
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Antisera prepared against the 28 amino acid
carboxy-terminus peptide of H174 enabled the
speci®c identi®cation of H174 throughout the
various puri®cation steps. Immunoblots indicated
H174 remained bound to heparin-agarose beads
following a wash with 10 mM HEPES/250 mM NaCl
buffer, but eluted completely from them with a
10 mM HEPES/2.0 M NaCl solution (data not
shown). H174 appeared as a peak over a range of
59 to 62% acetonitrile on elution from the reverse-
phase column. The anti-H174 serum failed to react
with proteins isolated from mock transfected Sf9
cells (data not shown).

SDS ± PAGE and silver staining of the HPLC-
puri®ed H174 revealed two distinct bands that ran
at an apparent molecular weight of 8.8 and 10 kDa
(Figure 5A). However, immunoblotting with anti-
sera to the C-terminal peptide revealed a broad
band, the lower portion of this band was usually
faint or smeared so that a distinct second band
could not be clearly distinguished by Western
blotting (Figure 5B). While the predicted H174
sequence lacks the required motif for N-linked
glycosylation, O-linked glycosylation remained a

possibility. Therefore, an O-glycosidase digest was
performed to evaluate the presence of O-linked
sugars. One mg H174 was incubated with 2.5 mU of
neuraminidase (New England Biolabs, Beverly, MA,
USA) for 2 h at 378C to remove potential sialic acid
residues prior to addition of 1 mU of O-glycosidase
for an additional 18 h 378C incubation. Fetuin, a
control protein that contains O-linked sugars, was
treated simultaneously. While fetuin underwent

Figure 4 Analysis of H174 and Mig expression in brain tissues.
White matter from patients with AIDS dementia and severe HIV-
1 encephalitis (lane A), multiple sclerosis (lane B) and two
normal control patients without CNS pathology (lanes C and D)
was examined for H174, rack1, and Mig expression by RT ± PCR.
The size markers are the same as those described for Figure 2. Figure 5 Puri®cation of recombinant H174 protein (A). SDS ±

PAGE analysis of HPLC-puri®ed H174. Two milliliters of
heparin-puri®ed H174 (lane 1) were applied to a Super Pac
pep-S C18 column subjected to reverse-phase chromatography.
H174 was typically eluted from the column over a range of 59 to
62% acetonitrile in 0.1% tri¯uoroacetic acid (lane 2). After
elution from the HPLC column fractions were subjected to 15%
SDS ± PAGE. Silver-stain visualization indicated the highest
concentration of H174 eluted at 60% acetonitrile. (B) Immuno-
blot of H174 puri®cation. Supernatants from H174 baculovirus-
infected Sf9 cells were puri®ed as above. Selected HPLC
fractions (58 ± 63% acetonitrile) were run on 15% SDS ± PAGE
then transferred to a nitrocellulose membrane and stained with
antisera from hamsters immunized with a 28 amino acid
carboxy-terminus peptide of H174. Staining of HPLC-puri®ed
H174 fractions revealed two bands that reacted to differing
degrees or a broad band that correlated with the visualization of
H174 on silver-stained gels, with the highest concentration of
H174 having eluted from the reverse-phase column at 60%
acetonitrile (lane 3).
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glycosylation cleavages resulting in molecular
weight shifts on SDS ± PAGE, H174 demonstrated
no change whatsoever in either of the bands
previously isolated (data not shown). Thus, H174
appears to be a non-glycosylated protein.

H174 stimulates chemotaxis
Mononuclear leukocytes are among the targets of
non-ELR chemokines. Therefore, the ability of
rH174 to induce migration of U937 monocyte-like
cells was evaluated in a 48-well Boyden micro-
chamber. U937 cells exhibited optimal migratory
responses with 1 ng/ml H174; a control CC-chemo-
kine, MIP-1b, demonstrated responses of compar-
able magnitude under these experimental
conditions (Figure 6). In contrast, H174 did not
induce signi®cant migration of human neutrophils
(data not shown). Experiments to evaluate the
activity of H174 on lymphocytes were inconclusive.

The chemotactic responses to H174 were com-
pletely inhibited by pretreatment of cells for 1 h
with 100 ng/ml pertussis toxin (Figure 6). The
sensitivity of H174-induced chemotaxis to pertussis
toxin suggests that H174, like most chemokines,
acts through Gai protein-coupled receptors.

H174 induces a calcium ¯ux
Chemokine receptors are seven-transmembrane
spanning Gai protein-coupled receptors that, upon
binding their appropriate chemokine, provoke a
transient rise in intracellular calcium levels. The

calcium-sensitive ¯uorescent dye fura-2 AM was
loaded into promyelocytic HL-60 cells and their
responses to H174 were assayed in a ¯uorospec-
trophotometer. HL-60 cells experienced a transient
calcium ¯ux in response to H174 at concentrations
of 1 mg/ml and 100 ng/ml (approximately 1077 M
and 1078 M, respectively), but not to 1075 M fMLP
(Figure 7A ± C). The magnitude of the calcium ¯ux
mediated by H174 was comparable to that pre-
viously noted with the chemokine SDF-1a on
transfected target cells (Heesen et al, 1997). The
calcium response was abolished in HL-60 cells that
had been differentiated toward a neutrophil pheno-
type by culture with 1.25% DMSO for 2 days (Figure
7D).

Discussion

H174 is a new member of the CXC-chemokine
family. The four cysteine residues characteristic of
all CXC-chemokines are conserved in H174. The N-
terminus of most CXC-chemokines encodes an ELR
motif that is critical for neutrophil speci®city
(Clark-Lewis et al, 1993, 1994). The ELR sequence
is missing in H174. The closest homologs of H174
are Mig and IP10, both of which also lack the ELR
motif suggesting that these chemokines may form a
subgroup of IFN-inducible non-ELR CXC-chemo-
kines. The structural homologies among these
molecules indicate a clustering of conserved
residues with the group. However, this non-ELR
CXC subgroup does not have a readily identi®able
contiguous motif at the N terminus. Nonetheless, a
few interesting features are notable in their N-
terminal sequences. Most CXC chemokines have
variable numbers of residues preceding the ®rst
cysteine. In contrast, H174, IP10 and Mig consis-
tently display only eight amino acids in this region
of which only residues three, ®ve and eight are
highly conserved. A truncated form of IP10 lacking
the ®rst three amino acid residues was non-
functional and failed to bind to receptor bearing
cells (Piali et al, 1998). Mutational analysis will be
required to establish the critical residues involved
in H174 binding and function.

Although H174, Mig and IP10 are all inducible
following IFN-g stimulation, type I interferons only
stimulate expression of H174 and IP10. The
observation that some cervical carcinoma cell lines
constitutively express IP10 but not H174 or Mig
suggests that each of these non-ELR CXC chemo-
kines is selectively expressed and regulated. A
better understanding of the process controlling
chemokine expression may be obtained by future
comparisons of the relevant promoter regions
(Wright and Farber, 1991).

Undifferentiated HL-60 promyelocytic cells are
targets for H174 while HL-60 cells differentiated
toward the neutrophil lineage are not responsive to

Figure 6 Migration of U-937 monoytic cells. U-937 cells were
incubated for 1 h with or without 100 ng/ml of pertussis toxin
and then assayed for chemotaxis toward H174 or MIP-1b. HPLC-
puri®ed rH174 or MIP-1b were evaluated at a concentration of
1 ng/ml and 10 ng/ml, respectively (approximately 0.1 and 1 nM,
respectively). Migratory responses (cells per high power ®eld)
were assayed in triplicate. The data are an average from three
experiments, with error bars indicating the s.e.m. Background
migration without addition of chemokine is also presented.

A new interferon-inducible non-ELR CXC chemokine
Y Luo et al

580



H174. These ®ndings mirror other reports, demon-
strating that IP10 inhibits colony formation of
human bone marrow progenitor cells but neutro-
phils fail to respond (Dewald et al, 1992; Sarris et al,
1993).

However, the major cellular target of IP10 and
Mig are activated T lymphocytes (Loetscher et al,
1996). Characterization of lymphocyte responses to
H174 remains incomplete. CXCR3 is the T cell
receptor for both IP10 and Mig and CXCR3
transfected cells migrate in response to IP10 or
Mig (Loetscher et al, 1996). However, CXCR3 is
apparently absent on monocytes, U-937, and HL-60
cells (Loetscher et al, 1996). Therefore, an alter-
native receptor molecule on U-937 and HL-60 cells
is presumably involved in H174 responsiveness.
We noted that rH174 possessed chemoattractant
activity at subnanomolar concentrations suggesting
a high af®nity receptor (see Addendum). The
complete inhibition of the migratory response by
pretreatment of cells with pertussis toxin is con-
sistent with previous observations that suggest
chemokine receptors are coupled to Gai proteins
(Kuang et al, 1996) as is the ®nding that recombi-
nant H174 protein induces calcium mobilization in
target cells (Figure 7).

RNA transcripts for H174 are inducible by IFN in
monocytic and astrocytoma cell lines. In contrast,
treatment with bacterial lipopolysaccharide in-
duces only minimal H174 expression (data not

shown). This implies that H174 will be preferen-
tially produced by astrocytes following activation of
cellular responses particularly those involving NK,
Th1 and/or CD8 cells which release IFN-g.

A deduced protein sequence with 93.5% homol-
ogy to H174 was initially reported by Rani et al
(1996). These investigators identi®ed a partial
nucleic acid sequence from astrocytes stimulated
with IFN-b but not IFN-a. In contrast, IFN-a and IFN-
b both stimulate H174 production (Figure 3). We
cannot understand the basis for these disparities,
although the possibility of alternative spliced
products remain.

In preliminary studies H174 and Mig expression
were noted in brain tissue samples from two
patients with clinical disease (AIDS dementia and
multiple sclerosis) and histological evidence of
astrocyte activation and in¯ammation. Presumably,
in these conditions IFN-g producing CD8, NK, and/
or CD4 cells stimulate astrocyte chemokine produc-
tion within CNS lesions resulting in ampli®cation of
the in¯ammatory response by recruitment and
activation of mononuclear cells which mediate
demyelination.

If chemokines such as H174, IP10 and Mig
function synergistically, stimulation of multiple
chemokine species may provide more effective
in¯ammatory responses and may account for the
redundancy frequently noted among chemokines.
The implications from these hypotheses are that the

Figure 7 Calcium mobilization in HL-60 cells. HL-60 promyelocytic cells were loaded with fura-2 dye and assayed for elevations in
[Ca2+]i in a ¯uorospectrophotometer. (A) H174 induced a calcium increase in 26106 undifferentiated HL-60 cells at concentrations of
1000 ng/ml (approx. 1077 M). (B) Stimulation of 26106 undifferentiated HL-60 cells with 100 ng/ml H174 (approximately 1078 M). (C)
26106 undifferentiated HL-60 cells fail to mobilize calcium in response to 1075 M fMLP. (D) 26106 HL-60 cells treated with 1.25%
v/v DMSO for 2 days to cause differentiation to a neutrophil phenotype do not display a calcium ¯ux in response to 1000 ng/ml H174.
The time of H174 addition is indicated with a closed triangle (~).
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predominant interferons released in response to
viral infection may directly in¯uence the ability of
astrocytes to recruit in¯ammatory cells to the CNS.
Perhaps the most vigorous responses resulting in
CNS demyelination require expression of all three
of these non-ELR CXC chemokines. It has been
reported that in the in¯ammatory demyelinating
autoimmune disease murine experimental allergic
encephalomyelitis (EAE) astrocytes are the major
source of mRNAs encoding IP10 (Ransohoff et al,
1993). The current data demonstrate that MS
patients can also produce H174 and Mig at
in¯ammatory sites. Thus, the source of expression
and the ability to attract mononuclear cells im-
plicate H174 as a potential participant in in¯am-
matory responses within the central nervous system
in several diseases including AIDS dementia and
multiple sclerosis.

In summary, H174 is a new member of the non-
ELR CXC-chemokine subfamily. H174 is inducible
in astrocytes and astrocytoma cell lines by treat-
ment with IFN-g. Recombinant H174 is chemotactic
for monocytic cells and induces a transient calcium
¯ux in the targets. H174 message was detected in the
brain lesions from patients with neuropathological
conditions associated with activated astrocytes.

Materials and methods

Cells and cell lines
The human HL-60 (promyelocytic leukemia), U-937
(monocyte-like), U-373 MG (glioblastoma/astrocy-
toma), CCF-STTG1 (astrocytoma) and SW 1783
(astrocytoma) cell lines were purchased from the
American Tissue Culture Collection (Rockville,
MD). Cells were maintained in RPMI 1640 (Life
Technologies, Grand Island, NY) containing 10%
fetal calf serum. Dr FW Luscinskas and Dr Keith
Crawford (Harvard Medical School) generously
provided human peripheral blood neutrophils and
monocytes, respectively.

Cytokines
Human interferon-gamma (IFN-g) and the CC-
chemokine MIP-1b were purchased from R&D
Systems (Minneapolis, MN). Recombinant human
IFN-a subtypes A, D and A/D and IFN-b were
purchased from Biosource International (Camarillo,
CA). Native human interferon-b was purchased
from Access Biomedical, San Diego, CA. Recombi-
nant H174 protein was prepared in Sf9 insect cells
and generously provided by the protein expression
unit at Genetics Institute.

Isolation of astrocytes
Puri®ed fetal astrocyte cultures were prepared from
the cerebral cortex of 16 to 18 weeks fetal human
brain tissue as described (Busciglio et al, 1993).
Tissue was procured using an approved protocol in
compliance with institutional and federal regula-

tions. The tissue was minced and incubated brie¯y
with 0.25% trypsin, dissociated by trituration,
washed, and plated onto plastic culture plates
(100 mm) in Dulbecco's modi®ed Eagle's medium
supplemented with 10% fetal calf serum. The
con¯uent cells were passaged following removal
of the loosely adherent microglial cells by orbital
shaking (Tornatore et al, 1991). Experiments were
conducted after the third cell passage when fetal
neurons and microglia were no longer apparent in
the culture. The purity of astrocyte cultures (499%)
was determined by immunostaining with mouse
anti-glial ®brillary acidic protein (GFAP) (1 : 100,
Sigma) followed by FITC-conjugated goat anti-
mouse IgG (Sigma).

Protein gel electrophoresis and silver staining
Electrophoresis of protein samples was carried out
in 15% SDS ± polyacrylamide mini-gels made with
a Mini-Protean II gel assembly kit (Bio-Rad, Her-
cules, CA). Samples were boiled for 5 min in 5% b-
mercaptoethanol/2% SDS prior to loading and
electrophoresed at 150 V for 1.25 to 1.5 h. Acryla-
mide gels were ®xed in 40% methanol/10% acetic
acid for 30 min, followed by two 15 min ®xing
periods in 30% ethanol/5% acetic acid. Silver
staining followed the manufacturer's protocol
(Bio-Rad).

Production of anti-H174 antisera
Ten-week-old female Armenian hamsters were
immunized subcutaneously with 100 mg of a 28
amino acid carboxy-terminus peptide of H174 in
Complete Freund's Adjuvant (Life Technologies,
Grand Island, NY) and were boosted ®ve times at 3-
week intervals with 100 mg of the peptide in
Incomplete Freund's Adjuvant (Life Technologies).
Anti-H174 antisera from two separately immunized
hamsters were pooled for use in staining immuno-
blots.

Immunoblotting
Proteins separated by SDS ± PAGE were transferred
to a 0.22 mm pore size nitro-cellulose sheet (Bio-
Rad). Sheets were then blocked for 2 h at room
temperature with 3% BSA/PBS, washed three times
with PBS and, if necessary, stored at 7208C.
Nitrocellulose sheets were next reacted with a
1 : 1000 dilution in 3% BSA/PBS of anti-H174
antisera for 2 h at room temperature. The sheets
were then washed three times for 10 min each with
3% BSA/PBS, and reacted for 2 h at room tempera-
ture with a 1 : 1000 dilution of alkaline phospha-
tase-conjugated goat anti-hamster Ig antibody
(Kirkegaard & Perry Laboratories, Gaithersburg,
MD) in 3% BSA/PBS. The nitrocellulose sheet was
®nally washed three times for 5 min each with PBS
and bound antibodies were visualized by incuba-
tion with nitro blue tetrazolium/bromochloroindo-
lyl phosphate (Kirkegaard & Perry Laboratories) at
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room temperature. The reaction was stopped by
vigorous washing with PBS.

Chemotaxis assay
Cell migration was evaluated in 48 well Boyden
microchambers (Neuroprobe, Cabin John, MD) as
previously reported for macrophages (Luo et al,
1994). Cells were washed and resuspended in
endotoxin-depleted RPMI 1640 with 1% BSA
(hence called chemotaxis medium) to a concentra-
tion of 36106 cell/ml. Fifty microliters of cells were
added to the upper well of the Boyden chamber,
which was separated from the chemokine by a
polycarbonate ®lter with 5 mm pores (Poretics,
Livermore, CA) for monocytes or 3 mm pores for
neutrophils. All responses were assayed in tripli-
cate. The chamber was incubated for 1.25 h at 378C
in a moist 5% CO2 atmosphere. After incubation, the
upper surface of the ®lter was scraped to remove
non-migrating cells. Filters were subsequently ®xed
in methanol and stained with Diff-Quik (Baxter,
McGaw Park, IL). The number of migrating cells per
high-powered ®eld was determined microscopi-
cally at 4006magni®cation.

Pertussis toxin treatment
U-937 cells were washed twice and resuspended in
serum-free medium. The cells were then treated
with 100 ng/ml of pertussis toxin (Sigma) for
60 min at 378C. After treatment, the cells were
washed twice and suspended in chemotaxis med-
ium. The viability of cells before and after pertussis
toxin treatment was greater than 95% as assayed by
staining with trypan blue.

Cell stimulation
56106 U-373, SW 1783, CCF, HL-60 cells or human
fetal astroyctes were incubated at 106 cells/ml with
or without 1000 U/ml IFN-g (Sigma) for 8 h at 378C
in a moist 5% CO2 atmosphere.

Measurement of intracellular calcium concentration
[Ca2+]i

HL-60 cells (16106 or 26106 cells/ml) were incu-
bated with 2.5 mM fura-2 AM (Molecular Probes,
Eugene, OR) in HBSS containing 1% BSA and
1.25 mM CaCl2 for 60 min at 378C. Subsequently, the
cells were washed twice and resuspended in a light-
shielded tube at room temperature until use.
Fluorescence measurements were performed at
excitations of 340 nm and 380 nm with a ¯uores-
cence emission at 510 nm in a ¯uorospectrophot-
ometer (Hitachi F-4500, Tokyo, Japan) while
stirring the cell suspension at 378C. The data is
presented as the relative ratio (R) of ¯uorescence at
340 and 380 nm.

RNA isolation
RNA was isolated from cell suspensions following a
RNA Isolation Kit protocol (Stratagene, La Jolla,

CA). Brie¯y, 5 ± 106106 cells were lysed with a
guanidinium thiocyanate solution followed by a
phenol-chloroform single-step extraction. The RNA
was further cleansed by precipitation followed by
washing with isopropranol and 75% ethanol,
respectively. RNA was ®nally resuspended in 50 ml
of DEPC-treated water.

Probe preparation
H174 and human b-actin cDNA probes were labeled
for hybridization following restriction enzyme
digestion and agarose gel puri®cation to remove
vector sequences. The H174 probe, excised from the
vector with EcoRI, was 453 bp in length and
included the entire coding region. DNA was
puri®ed from agarose using JETSORB (Genomed
Inc., Research Triangle Park, NC) protocol, and
labeled by random oligonucleotide priming using
[a32P]dCTP (New England Nuclear, Boston, MA),
dTTP, dATP, dGTP, and Klenow fragment of DNA
polymerase I (New England Biolabs, Beverly, MA).

Northern blotting
Total RNA was prepared as described above.
Twenty micrograms of total RNA were subjected
to electrophoresis in 1.5% agarose-formaldehyde
gels and blotted onto Genescreen Plus nylon
membranes (New England Nuclear). Membranes
were hybridized to radiolabeled probe for 48 h at
428C in 50% formamide. Blots were washed in SET
buffer, pH 8.0 (15 mM NaCl, 0.1 mM Na3EDTA,
3 mM Tris base) with 0.1% sodium pyrophosphate,
0.1% SDS, and 0.1 M sodium phosphate at room
temperature or 558C and exposed on X-ray ®lm
(Kodak, Rochester, NY) with a ¯uorescent screen at
7808C.

RT ± PCR
Before cDNA synthesis, 1.5 mg RNA was treated
with 1 U DNase-I (bovine pancreas; Sigma Chemical
Co.) for 15 min at room temperature in 10 ml 20 mM
Tris-HCl (pH 8.4) containing 2 mM MgCl2 and
50 mM KCl, which was then inactivated by incuba-
tion with 2.5 mM EDTA at 658C for 10 min. Single-
stranded cDNA was synthesized from the RNA in a
20 ml reaction containing 50 ng of random hexam-
ers, 2.5 mM MgCl2, 0.5 mM dNTPs, 10 mM 1.4-DTT
50 mM KCl, 20 mM Tris-HCl (pH 8.4), and 200 U
SuperScript II reverse transcriptase (Life Technol-
ogies, Gaithersburg, MD) for 10 min at 258C,
followed by 50 min at 428C. The sample was then
incubated with 2 U RNase H for 20 min at 378C.
Controls included RNA samples that were not
subjected to reverse transcriptase. H174 gene
speci®c primers were 5'-GCCTTGGCTGTGA-
TATTGTGTGC and 3'-TTTTGGTCCTTTCACC-
CACC. The Mig speci®c primers were 5'-TCA-
TCTTGCTGGTTCTGATTG and 3'-ACGAGAA-
CGTTGAGATTTTCG. The IP10 speci®c primers
were 5'-GGAACCTCCAGTCTCAGCACC and 3'-

A new interferon-inducible non-ELR CXC chemokine
Y Luo et al

583



GCGTACGGTTCTAGAGAGAGGTAC. The primers
for the housekeeping gene control, human rack1
(Shan et al, 1992), were 5'-ATGACTGAGCAGAT-
GACCCTT and 3'-CTAGCGTGTGCCAATGGTCA).
PCR was carried out in a reaction mixture contain-
ing 2 mM MgCl2, 0.5 mM primers, 10 mM Tris-HCl
pH 8.3, 50 mM KCl, and 0.5 U/20 ml Amplitaq DNA
PolymeraseTM (Perkin Elmer, Modesto, CA). The
PCR program for cDNA derived from cell lines and
primary astrocyte cultures was as follows: 40 ng
cDNA were preincubated at 948C for 2 min followed
by addition of enzyme and ampli®cation with 30
cycles of PCR at 948C for 45 s annealing and 50 s
728C extension. The annealing temperature was
558C. For patient samples the PCR conditions were
modi®ed to include addition of 150 ng cDNA and
ampli®cation for 38 cycles with a 508C annealing
temperature. Six ml of the PCR mixtures was
visualized on a 3% agarose gel. FX174 RF DNA/
HaeIII fragments (Life Technologies) were included
as molecular weight standards.

Nucleotide sequence
The H174 nucleotide sequence has been deposited
in the GenBank. The accession number is
AF002985.

Addendum

Subsequent to submission of this manuscript
Cole et al (1998) reported an IFN-g or IFN-b

inducible chemokine termed I-TAC (GenBank
accession #AF030514) which has the same se-
quence as H174 that was previously deposited in
the GenBank (Jacobs et al, 1997). Cole et al
(1998) demonstrated that the synthetic H174/I-
TAC peptide binds CXCR3 transfected cells with
0.3 nM af®nity. However, Cole et al (1998)
reported that synthetic H174/I-TAC peptide
lacked activity on resting monocytes in both
chemotaxis and calcium ¯ux assays. The poten-
tial disparity with our data may re¯ect differ-
ences between recombinant and synthetic
chemokine and/or differences in the sensitivities
of the different target cells used in these experi-
ments.

Acknowledgements

We thank Mr Suhail Mithani for technical assis-
tance. This work was partially supported by NIH
grants CA67416 and NS37284. DG was supported
by NIH grant NS 37277 and an Elizabeth Glaser
Scientist Award from the Pediatric AIDS Founda-
tion. Tissue specimens were obtained from the
National Neurological Research Specimen Bank,
VAMC, Los Angeles, CA, which is supported by
NINDS/NIMH, National Multiple Sclerosis So-
ciety, Hereditary Disease Foundation, and Veter-
ans Health Services and Research Administration,
Department of Veterans Affairs.

References

Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy
PE, Murphy PM, Berger EA (1996). CC-CKR5: A
RANTES, MIP-1a, MIP-1b receptor as a fusion
cofactor for macrophage-tropic HIV-1. Science 272:
1955 ± 1958.

Baggiolini M, Dewald B, Moser B (1994). Interleukin-8
and related chemotactic cytokines ± CXC and CC
chemokines. Adv Immunol 55: 97 ± 179.

Bleul CC, Farzan M, Choe H, Parolin C, Clark-Lewis I,
Sodroski J, Springer TA (1996a). The lymphocyte
chemoattractant SDF-1 is a ligand for LESTR/fusin
and blocks HIV-1 entry. Nature 382: 829 ± 833.

Bleul CC, Fuhlbrigge RC, Casanovas JM, Aiuti A,
Springer TA (1996b). A highly ef®cacious lymphocyte
chemoattractant, stromal cell-derived factor 1 (SDF-1).
J Exp Med 184: 1101 ± 1109.

Busciglio JB, Gabuzda DH, Matsudaira P, Yankner BA
(1993). Generation of beta-amyloid in the secretory
pathway in neuronal and nonneuronal cells. Proc
Natl Acad Sci USA 90: 2092 ± 2096.

Clark-Lewis I, Dewald B, Geiser T, Moser B, Baggiolini
M (1993). Platelet factor 4 binds to interleukin 8
receptors and activates neutrophils when its N
terminus is modi®ed with Glu-Leu-Arg. Proc Natl
Acad Sci (USA) 90: 3574 ± 3577.

Clark-Lewis I, Dewald B, Loetscher M, Moser B,
Baggiolini M (1994). Structural requirements for
interleukin-8 function identi®ed by design of analogs
and CXC chemokine hybrids. J Biol Chem 269:
16075 ± 16081.

Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher
M, Gladue RP, Lin W, Boyd JG, Moser B, Wood DE,
Sahagan BG, Neote K (1998). Interferon-inducible T
cell alpha chemoattractant (I-TAC): A novel non-ELR
CXC chemokine with potent activity on activated T
cells through selective high af®nity binding to
CXCR3. J Exp Med 187: 2009 ± 2021.

Dewald B, Moser B, Barrella L, Schumacher C, Baggio-
lini M, Clark-Lewis I (1992). IP-10, a g-interferon-
inducible protein related to interleukin-8, lacks
neutrophil activating properties. Immunol Lett 32:
81 ± 84.

Farber JM (1990). A macrophage mRNA selectively
induced by g-interferon encodes a member of the
platelet factor 4 family of cytokines. Proc Natl Acad
Sci USA 87: 5238 ± 5242.

Farber JM (1997). Mig and IP-10: CXC chemokines that
target lymphocytes. J Leukocyte Biol 61: 246 ± 257.

A new interferon-inducible non-ELR CXC chemokine
Y Luo et al

584



Gillitzer R, Wolff K, Tong D, Muller C, Yoshimura T,
Hartmann A, Stingl G, Berger R (1993). MCP-1 mRNA
expression in basal keratinocytes of psoriatic lesions. J
Invest Dermatol 101: 127 ± 131.

Heesen M, Berman MA, Hopken UE, Gerard NP, Dorf
ME (1997). Alternate splicing of mouse fusin/CXC
chemokine receptor-4. Stromal cell-derived factor-1a
is a ligand for both CXC chemokine receptor-4
isoforms. J Immunol 158: 3561 ± 3564.

Horuk R, Chitnis C, Darbonne W, Colby T, Rybicki A,
Hadley T, Miller L (1993). A receptor for the malarial
parasite Plasmodium vivax: the erythrocyte chemo-
kine receptor. Science 261: 1182 ± 1184.

Jacobs KA, Collins-Racie LA, Colbert M, Duckett M,
Golden-Fleet M, Kelleher K, Kriz R, LaVallie ER,
Merberg D, Spaulding V, Stover J, Williamson MJ,
McCoy JM (1997). A genetic selection for isolating
cDNAs encoding secreted proteins. Gene 198: 289 ±
296.

Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff
HL, Haines GK, Burdick MD, Pope RM, Strieter R
(1992). Enhanced production of monocyte chemoat-
tractant protein-1 in rheumatoid arthritis. J Clin Invest
90: 772 ± 779.

Kuang Y, Wu Y, Jiang H, Wu D (1996). Selective G
protein coupling by C-C chemokine receptors. J Biol
Chem 271: 3975 ± 3978.

Liao F, Rabin RL, Yannelli JR, Koniaris LG, Vanguri P,
Farber JM (1995). Human Mig chemokine: biochem-
ical and functional characterization. J Exp Med 182:
1301 ± 1314.

Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L,
Clark-Lewis I, Baggiolini M, Moser B (1996). Chemo-
kine receptor speci®c for IP10 and Mig: structure,
function, and expression in activated T-lymphocytes.
J Exp Med 184: 963 ± 969.

Luo Y, Laning J, Devi S, Mak J, Schall TJ, Dorf ME
(1994). Biologic activities of the murine b-chemokine
TCA3. J Immunol 153: 4616 ± 4624.

Luster AD, Ravetch JV (1987). Biochemical characteriza-
tion of a gamma interferon-inducible cytokine (IP10). J
Exp Med 166: 1084 ± 1097.

Luster AD (1998). Mechanisms of disease: chemokines-
chemotactic cytokines that mediate in¯ammation. N
Engl J Med 338: 436 ± 445.

Piali L, Weber C, LaRosa G, Mackay CR, Springer TA,
Clark-Lewis I, Moser B (1998). The chemokine
receptor CXCR3 mediates rapid and shear-resistant
adhesion-induction of effector T lymphocytes by the
chemokines IP10 and Mig. Eur J Immunol 28: 961 ±
972.

Rani MRS, Foster GR, Leung S, Leaman D, Stark G,
Ransohoff RM (1996). Characterization of b-R1, a gene
that is selectively induced by interferon b (IFN-b)
compared with IFN-a. J Biol Chem 271: 22878 ±
22884.

Ransohoff RM, Hamilton TA, Tani M, Stoler MH, Shick
HE, Major JA, Estes ML, Thomas DM, Touhy VK
(1993). Astrocyte expression of mRNA encoding
cytokines IP10 and JE/MCP-1 in experimental auto-
immune encephalomyelitis. FASEB J 7: 592 ± 600.

Sarris AH, Broxmeyer HE, Wirthmueller U, Karasavvas
N, Cooper S, Lu L, Krueger J, Ravetch JV (1993).
Human interferon-inducible protein 10: expression
and puri®cation of recombinant protein demonstrate
inhibition of early human hematopoietic progenitors. J
Exp Med 178: 1127 ± 1132.

Schluger NW, Rom WN (1997). Early responses to
infection: chemokines as mediators of in¯ammation.
Current Opin Immunol 9: 504 ± 508.

Shan B, Zhu X, Chen PL, Durfee T, Yang Y, Sharp D,
Lee WH (1992). Molecular cloning of cellular genes
encoding retinoblastoma-associated proteins: identi®-
cation of a gene with properties of the transcription
factor E2F. Mol Cell Biol 12: 5620 ± 5631.

Strieter RM, Polverini PJ, Kunkel SL, Arenberg DA,
Burdick MD, Kasper J, Dzuiba J, Van Damme J, Walz
A, Marriott D et al (1995). The functional role of the
`ELR' motif in CXC chemokine-mediated angiogenesis.
J Biol Chem 270: 27348 ± 27357.

Taub DD Lloyd AR, Conlon K, Wang JM, Ortaldo JR,
Harada A, Matsushima K, Kelvin DJ, Oppenheim JJ
(1993) Recombinant human interferon-inducible pro-
tein 10 is a chemoattractant for human monocytes and
T lymphocytes and promotes T cell adhesion to
endothelial cells. J Exp Med 177: 1809 ± 1814.

Tornatore C, Nath A, Amemiya K, Major EO (1991)
Persistent human immunode®ciency virus type 1
infection in human fetal glial cells reactivated by T-
cell factor(s) or by the cytokines tumor necrosis factor
alpha and interleukin-1 beta. J Virol 65: 6094 ± 6100.

Wright TM, Farber JM (1991). 5' regulatory region of a
novel cytokine gene mediates selective activation by
interferon g. J Exp Med 173: 417 ± 422.

A new interferon-inducible non-ELR CXC chemokine
Y Luo et al

585


