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Summary. Primary human umbilical vein endothelial cells (HUVECs) were in-
fected with Influenza virus A/Aichi/2/68 (H3N2) in order to determine the role
of endothelial cells in mediating inflammation induced upon virus infection.
Structural proteins of the virus and mRNA of the M2 protein were detected in
the infected cells, indicating that virus infection had occurred in HUVECs. The
Influenza A virus-infected HUVECs showed elevated levels of gene expression of
interferon (IFN)-inducible protein (IP)-10 and monokine induced by IFN-γ (Mig),
while heat-, formalin- and diethyl ether-inactivated viruses did not enhance the
IP-10 and Mig gene expression. The results thus indicate that infection of live
Influenza A virus is responsible for elevation of IP-10 and Mig gene expression.
The elevation of IP-10 and Mig gene expression in infected HUVECs was not ac-
companied by the elevation of IFN-γ gene expression, indicating that the elevation
of IP-10 and Mig gene expression was independent of the IFN-γ pathway.

Introduction

Influenza A viruses cause respiratory tract infection and develop various com-
plications in humans, especially during pandemics [53]. Involvement of a wide
spectrum of the central nervous system (CNS) has also been observed during
Influenza A virus infection [15]. Recently, quite a few cases of rapid progressive
encephalitis/encephalopathy have been reported [15, 47, 58]. Edematous changes
in the brain and intravascular thrombus formation suggest damage of endothelial
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cells, destruction of the blood-brain barrier and subsequent vascular leakage in en-
cephalitis/encephalopathy patients [16, 54, 56]. However little is known about the
role of human endothelial cells in the pathogenesis of encephalitis/encephalopathy.

Many studies have been carried out to determine the functional contribution of
chemokines to inflammation [32]. Interferon (IFN)-inducible protein (IP)-10 is a
non-ELR (glutamic acid-leucine-arginine) CXC chemokine that has been shown
to be a potent chemoattractant for activated T cells and NK cells by binding
to the receptor CXCR3 [14, 40]. IP-10 has been shown to be expressed at an
early stage within the CNS in response to mouse adenovirus type-1, Lymphocytic
choriomeningitis virus, Borna disease virus, Theiler’s murine encephalomyelitis
virus and mouse hepatitis virus infections [3, 8, 20, 25, 51], suggesting that IP-
10 plays an important role in host defense by serving to initiate and maintain an
inflammatory response [4]. These observations led us to investigate the chemokine
expression of endothelial cells upon infection with Influenza A virus.

Influenza A viruses replicate in epithelial cells and leukocytes, resulting in
the production of chemokines and cytokines. Epithelial cells produce interleukin
(IL)-6, IL-8 and RANTES (regulated upon activation, normal T-cell expressed and
presumably secreted) in response to Influenza A virus infection [1, 35]. It has been
reported that Influenza A virus-infected monocytes/macrophages secrete IFN-α/β,
IL-1β, IL-6, IL-18, tumor necrosis factor (TNF)-α, macrophage inflammatory
protein (MIP)-1α, MIP-1β, MIP-3α RANTES, monocyte chemotactic protein
(MCP)-1, MCP-3 and IP-10 [6, 7, 18, 34, 36, 41, 45, 50, 52]. Although it is known
that human endothelial cells also produce IL-6 in response to Influenza A virus
infection [59], it is not clear whether chemokines are expressed in endothelial cells
infected with Influenza A virus. In the present study, we assessed the susceptibility
of human endothelial cells to Influenza A virus. We then examined the profiles of
cytokine and chemokine gene expressions in human umbilical vein endothelial
cells (HUVECs) infected with Influenza A virus. We found that the IP-10 and
monokine induced by IFN-γ (Mig) gene expression was enhanced as well as that
of IL-6.

Materials and methods

Cells

HUVECs were purchased from Kurabo Industries, Ltd. (Osaka, Japan) and maintained in
the medium supplied by the manufacturer, which contained 2% fetal calf serum, 10 ng/ml
human endothelial growth factor, 1 µg/ml hydrocortisone, 5 ng/ml human fibroblast growth
factor basic, 10 µg/ml heparin and antibiotics. Madin-Darby canine kidney (MDCK) cells
were maintained in minimal essential medium (MEM) with 10% calf serum and antibiotics.

Virus preparation

Influenza virus A/Aichi/2/68 (H3N2) and influenza virus A/PR/8/34 (H1N1) were used. The
supernatant of influenza virus-infected MDCK cells cultured in MEM with 1 µg/ml trypsin
was harvested at 48 h after inoculation and used for infection. The propagated influenza virus
A/Aichi/2/68 (H3N2) in MEM was inactivated with heat at 65 ◦C for 60 min. Uninfected
MDCK cells were cultured in MEM with trypsin and the supernatant was also collected
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and used as sample of mock infection. A seed stock of influenza virus A/Aichi/2/68 (H3N2)
was grown in the allantoic cavities of 11-day-old embryonated chicken eggs and purified by
differential centrifugation and sedimentation through a sucrose gradient [23]. The purified
virus was inactivated with heat at 65 ◦C for 60 min, 0.1% formalin, or 50% diethyl ether [27].
Purified live and inactivated viruses were used to certify the infectivity to HUVECs and the
chemokine production. The virus was titrated on MDCK cells by plaque assay as described
previously [5].

Chemicals

Cycloheximide (CHX) was purchased from Sigma-Aldrich Co. (St. Louis, MO).

Infection of HUVECs with influenza virus

The virus was inoculated onto semi-confluent HUVECs in a T25 tissue culture flask at a
multiplicity of infection (MOI) of 1 at room temperature. The inoculum was removed after
1 h. After washing with phosphate-buffered saline (PBS), a fresh medium was added to the
flask, and the cells were incubated in a 5% CO2 humidified incubator at 37 ◦C.

Antibodies

Chicken polyclonal antiserum to influenza A/Aichi/2/68 (H3N2) and mouse monoclonal
antibody (L164/1) specific to hemagglutinin (HA) were used as a primary antibody in Western
blot analysis [23]. Horseradish peroxidase-conjugated goat anti-chicken IgG polyclonal and
goat anti-mouse IgG polyclonal antibodies were purchased from Bethyl Laboratories, Inc.
(Montgomery, TX).

Western blot analysis

Cells were lysed with sodium dodecyl sulfate (SDS), and the lysate of 1 × 105 cells equivalents
was subjected to an SDS-12% polyacrylamide gel electrophoresis (SDS-PAGE) under reduc-
ing (for chicken polyclonal antibody) or non-reducing conditions (for mouse monoclonal an-
tibody) [49]. The separated proteins were electrotransferred onto a nitrocellulose membrane.
The antibodies were allowed to bind to the filter and then to react with horseradish peroxidase-
conjugated goat anti-chicken IgG or goat anti-mouse IgG polyclonal antibodies, and the
proteins were detected by a chemiluminescent method (ECL Western Blotting Detection
Reagents, Amersham Pharmacia Biotech, Inc., Piscataway, NJ).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total cellular RNA was isolated [9]. cDNA was synthesized from 2 µg of total RNA in a 14-
µl reaction solution using First-Strand cDNA Synthesis Kit (Amersham Pharmacia Biotech,
Piscataway, NJ) according to the manufacturer’s instruction. After incubation for 1 h at 42 ◦C,
the samples were diluted to 45 µl with low TE buffer (10 mM Tris-HCl [pH 7.5] and 0.1 mM
EDTA). One µl was used for the 30-µl PCR solution containing 50 mM KCl, 10 mM Tris-
HCl (pH 8.3), 1.5 mM MgCl2, 0.001% (w/v) gelatin, 0.2 mM dNTP, 0.4 µM primers and 1 U
AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA). Primer design and PCR
conditions are shown in Table 1. Eight µl from each reaction solution was electrophoresed
on a 2% agarose gel stained with ethidium bromide and visualized under ultraviolet light.
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Real-time PCR

Real-time PCR was performed using the SYBR Green PCR Master Mix from Applied
Biosystems (Foster City, CA) according to manufacturer’s protocol. Following primer se-
quences were used: IP-10 forward (AGCCAATTTTGTCCACGTGTT), reverse (GGCCTTC
GATTCTGGATTCAG); Mig forward (TCTTTTCCTCTTGGGCATCATC), reverse (CAGG
AACAGCGACCCTTTCTC); β-actin forward (CCTGGCACCCAGCACAAT), reverse (GC
CGATCCACACGGAGTACT). One µl of cDNA described above was used for the 100-µl
reaction solution. The following conditions of ABI Prism 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA) were used: Initial denaturation at 94 ◦C for 10 min,
followed by 45 cycles with denaturation at 94 ◦C for 20 sec, annealing and elongation at
60 ◦C for 1 min. Quantities of specific mRNA in the sample were measured according to the
corresponding gene-specific standard curve. The level of expression of IP-10 and Mig gene
were normalized to that of β-actin gene.

Sequencing

The PCR-amplified products were sequenced directly by using an ABI PRISMTM Dye termi-
nator cycle sequencing ready reaction kit with an ABI 310 Genetic Analyzer (Perkin-Elmer,
Foster City, CA).

Results

HUVECs are susceptible to Influenza A virus infection

To determine the susceptibility of HUVECs to Influenza A virus infection, in-
fluenza A/Aichi/2/68 (H3N2) virus propagated in MDCK cells was inoculated
onto HUVECs. Cells were harvested at 24 h post infection (p.i.), and viral proteins
were analyzed by Western blot. The specific reactivity of the antiserum to the
components of influenza A/Aichi/2/68 (H3N2) has been determined (data not
shown). A 30-kDa protein, most likely matrix protein (M1) was detected in the
infected HUVECs (Fig. 1A, lane 1, asterisk), whereas this protein was not found in
uninfected (Fig. 1A, lane 2), mock-infected (Fig. 1A, lane 3) and heat-inactivated
virus-inoculated HUVECs (Fig. 1A, lane 4). Although the sizes of 60-kDa and
97-kDa bands detected in the infected HUVECs (Fig. 1A, lane 1) were consistent
with those of nucleoprotein (NP) and uncleaved HA respectively, this analysis
could not specify these viral proteins. The viral 60-kDa band was overlapped
with a cellular 60-kDa protein, which was reacted with the chicken polyclonal
antiserum to Influenza A virus (Fig. 1A, lane 2). To determine whether these
bands are viral proteins, we then used mouse monoclonal antibody specific to
HA. Uncleaved HA was detected in the infected (Fig. 1B, lane 2), but not in
mock-infected HUVECs (Fig. 1B, lane 1). These results demonstrated that viral
protein synthesis occurred in the infected HUVECs.

The expression of viral proteins in HUVECs was also analyzed at 1, 5, 10
and 24 h p.i. and compared to that of mock infection (Fig. 1C). The viral proteins
became detectable at 10 h p.i., and the level of protein expression rose at 24 h p.i.
(Fig. 1C).

The M2 protein is assumed to function as a pH-activated ion channel and is
expressed on the surface of virus-infected cells [10]. The M2 protein is produced
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Fig. 1. A Western blot analysis in
HUVECs infected with Influenza
A virus using chicken polyclonal
antiserum to influenza A/Aichi/2/68
(H3N2). Influenza A virus-infected
HUVECs (1), uninfected HUVECs
(2), mock-infected HUVECs (3)
and heat-inactivated virus-inoculated
HUVECs (4). B Western blot analysis
in HUVECs infected with Influenza
A virus using mouse monoclonal
antibody (L164/1) specific to HA.
Influenza A virus-infected HUVECs
(2), mock-infected HUVECs
(1). C Time course of viral protein
expression in HUVECs after infection
of Influenza A virus. Total protein
was harvested at different time points
(1, 5, 10 and 24 h after infection)
from infected and mock-infected
HUVECs. Asterisk showed the viral
structual proteins: matrix protein 1
(M1)(∗). Uninfected MDCK cells (N)
and Influenza A virus-infected MDCK
cells (P) were used as negative and
positive controls, respectively

in infected cells by alternative splicing of RNA segment 7 of Influenza A virus
[10]. The cDNA was synthesized from HUVECs infected with Influenza A virus
and amplified using M2-1 and M2-2 primers shown in Fig. 2A. Bands of 982-
and 294-bp were detected from infected HUVECs (Fig. 2B, lanes 4–7) and were
confirmed by sequencing to be parts of RNA segment 7 and the M2 gene of
influenza A/Aichi/2/68, respectively (data not shown) [22]. The M2-specific 294-
bp product was not amplified at 1 h p.i. (Fig. 2B, lane 4) but was detected at 5 h
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Fig. 2. A Design of PCR primers. The M1 and M2 proteins of Influenza A virus were produced
by alternative splicing of RNA segment 7. Small arrows indicated the PCR primers (M2-1 and
M2-2) used for amplification. The 982- and 294-bp products were parts of RNA segment 7
and the M2 gene of influenza A/Aichi/2/68, respectively. B Detection of M2-specific products
in RT-PCR. 1, negative control (double-distilled water, DDW); 2, negative control (MDCK
cells); 3, positive control (infected MDCK cells); 4–7, infected HUVECs, at 1, 5, 10 and
24 h after infection; 8, HUVECs; 9, mock infection (24 h after infection); 10, heat-inactivated

virus infection (24 h after infection)

p.i. (Fig. 2B, lane 5), demonstrating that the virus RNA was transcribed
in the infected HUVECs. The maximum amplification of mRNA was
seen at 10 h p.i. (Fig. 2B, lane 6). The M2-specific RT-PCR product was not
detected from the purified virus itself (data not shown). The results of West-
ern blot analysis and RT-PCR demonstrated that HUVECs are susceptible to
Influenza A virus infection and allow transcription and translation of the viral
genes.

Levels of IP-10, Mig and IL-6 gene expression
are elevated in infected HUVECs

We next examined the profiles of cytokine and chemokine gene expressions in
HUVECs infected with Influenza A virus. Total RNA was extracted at 5 h p.i.
and analyzed by the RT-PCR method. Table 1 shows the primer pairs and the
PCR conditions of each amplification: 8 cytokines (IL-1β, IL-2, IL-4, IL-5, IL-
6, IL-10, TNF-α and INF-γ), 2 chemokines (Mig and IP-10), 2 coagulation-
related proteins (tissue factor, TF, and plasminogen activator inhibitor-1, PAI-1),
a chemokine receptor (CXCR3), a growth factor (vascular endothelial growth
factor, VEGF), the M2 protein of Influenza A virus and a cell structural pro-
tein gene (β-actin). Representative results of PCR are shown in Fig. 3. Each
experiment was repeated at least 3 times. In these experiments using conven-
tional RT-PCR method, the expression levels of four genes (IP-10, Mig, IL-
6 and M2) were elevated in response to Influenza A virus infection in
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Fig. 3. Profiles of gene expression in Influenza A virus infected-HUVECs determined by
RT-PCR. HUVECs were infected with Influenza A virus. Total RNA was harvested at
5 h after infection. The primers and conditions of the PCR reaction used are shown in
Table 1. 1, HUVECs; 2, mock-infected HUVECs; 3, Influenza A virus-infected HUVECs;
P, positive control (peripheral blood mononuclear cells stimulated by phytohemagglutinin for
8 cytokines, VEGF and β-actin; spleen cells for Mig, IP-10 and CXCR3; HUVECs for TF and

PAI-1; influenza A virus-infected MDCK for M2); N, negative control (DDW)

HUVECs. The M2-specific 294-bp product was amplified as a result of Influenza
A virus infection in HUVECs as previously described (Fig. 2A, 2B). To assess
the relative quantity of IP-10 and Mig in the infected HUVECs, the expression
levels of IP-10, Mig and β-actin were measured by real-time PCR. Measure-
ments were performed in triplicates. The relative quantities of IP-10 and Mig
to HUVECs were shown in Fig. 4. The expression levels of IP-10 and Mig in
infected HUVECs were increased to 24.5 and 52 folds, but not in mock-infected
cells.

In the present study, we focused on the elevation of chemokine gene ex-
pression, which has not been described previously. To confirm the elevation of
IP-10 and Mig gene expression, we analyzed the gene expression in HUVECs
infected with Influenza A virus at different time points. As shown in Fig. 5,
Influenza A virus infection induced a time-dependent elevation of these gene
expression in HUVECs compared to that in the control. The signal increased
at 5 h p.i. and its expression remained almost constant to 24 h p.i. CXCR3 has
been cloned and characterized as a specific receptor of the CXC chemokines IP-
10 and Mig [30]. Increase in CXCR3 gene expression was not observed in the
Influenza A virus-infected HUVECs by conventional RT-PCR method (Fig. 3)
[17].
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Fig. 4. Summary of IP-10 and Mig mRNA expression in Influenza A virus infected HUVECs.
Bar graphs represent mRNA expression of IP-10 and Mig in mock-infected and Influenza A

virus-infected HUVECs compared to control HUVECs. Data are given as means ± SEM

Fig. 5. Analysis by RT-PCR of IP-10 and Mig gene expression in HUVECs infected with
Influenza A virus. After HUVECs were infected with Influenza A virus, total RNA was
harvested at different time points (1, 5, 10 and 24 h after infection). The IP-10 and Mig
gene expression in infected HUVECs (Influenza A) was compared to that in mock-infected
HUVECs (Mock) and uninfected HUVECs (C). DDW (N) and spleen cells (P) were used as

negative and positive controls, respectively
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Fig. 6. Analysis of IP-10 and Mig gene expression in HUVECs infected with purified
Influenza A virus by RT-PCR. HUVECs were inoculated with only MEM (2) or infected with
live purified (3), heat-inactivated (4), formalin-inactivated (5) and diethyl ether-inactivated
Influenza A virus (6) at an MOI of 1. HUVECs were incubated for an additional 10 h, and the
IP-10 and Mig gene expression was analyzed. 1, HUVECs; 7, positive control (spleen cells
for IP-10, Mig and β-actin; Influenza A virus-infected MDCK for M2); 8, negative control

(DDW)

Live virus infection is required for full elevation
of chemokine gene expression in HUVECs

To investigate the potential of inactivated Influenza A virus to elevate chemokine
gene expression, HUVECs were infected with purified live Influenza A virus at
an MOI of 1 or inoculated with an equivalent amount of inactivated Influenza A
virus for 1 h at 37 ◦C, and the cells were then cultured for an additional 10 h. The
levels of IP-10 and Mig gene expression were analyzed by RT-PCR. The results
are shown in Fig. 6. The IP-10 gene expression was slightly elevated in HUVECs
inoculated with heat-, formalin- or diethyl ether-inactivated viruses compared to
that in HUVECs infected with purified live virus (Fig. 6, lanes 4–6). The Mig gene
expression was not elevated in any of the HUVECs inoculated with inactivated
viruses. The fact that no M2-specific RT-PCR products were detected indicates
that each of the inactivation procedures leaded complete loss of infectivity of the
virus.

CHX does not inhibit the elevation of IP-10 and Mig gene
expression by infection with Influenza A virus

To determine whether the elevation of chemokine gene expression requires viral
and/or host protein synthesis, HUVECs were treated with CHX (an inhibitor
of protein synthesis) for 60 min prior to infection. Incubation of HUVECs with
10 µg/ml CHX did not cause death of HUVECs (data not shown). After infection,
the HUVECs were incubated for additional 10 h in the HUVEC’s medium with
10 µg/ml CHX. The levels of IP-10 and Mig gene expression were analyzed by
RT-PCR. The levels of IP-10 and Mig gene expression in the HUVECs after



28 N. Ishiguro et al.

Fig. 7. Effect of cycloheximide on the IP-
10 and Mig gene expression. HUVECs
were treated with CHX, and infected with
Influenza A virus with (2) or without (1)
CHX. The expression of IP-10, Mig, M2
and β-actin genes was analyzed by RT-
PCR. 3, positive control (spleen cells); 4,
negative control (DDW)

Influenza A virus infection with CHX were similar to those without CHX (Fig. 7,
lanes 1 and 2). These suggest that the process of elevation of IP-10 and Mig gene
expression in HUVECs upon infection with Influenza A virus does not require
new protein synthesis. On the other hand, the M2-specific 294-bp product was
drastically suppressed in the HUVECs after Influenza A virus infection with CHX
(Fig. 7, lane 2). These results suggest that CHX successfully inhibited the protein
synthesis of HUVECs, because the synthesis of M2 protein in Influenza A virus-
infected cells requires the translation of polymerase complexes (PA, PB1 and PB2)
[10].

Discussion

In the present study, we first demonstrated that Influenza A virus infects in human
endothelial cells by Western blot analysis (Fig. 1A–C) and by RT-PCR (figure 2B).
Influenza viruses are known to infect and replicate in bronchial epithelial cells
[13, 43]. On the other hand, influenza virus infects but seldom replicates in non-
respiratory tissues [11, 42]. Certain strains of avian influenza virus fully replicate
in chicken vascular endothelial cells [24]. To determine whether infected HUVECs
produce viral particles, we measured the virus titers of the culture supernatants
collected from infected HUVECs using MDCK cells in three different series
of experiments. In spite of repetitive tests, we could not detect any significant
increase in the virus titer at 24 and 48 h p.i. (data not shown). These results suggest
that Influenza A virus infection is abortive in HUVECs or that the production of
infectious virions is limited.
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A significant finding is that Influenza A virus infection induced elevation of
IP-10 and Mig gene expression in endothelial cells (Figs. 3 and 4), whereas
the basal expression of two genes in uninfected HUVECs were undetectable or
minimum if any (Fig. 3, lane 1; Fig. 5, lane C; Fig. 6, lane 1 and 2). In every
experiment, there was definite elevation in IP-10 and Mig gene expression in
infected HUVECs compared to that in mock-infected HUVECs (Figs. 3, 4, 5 and
6; data not shown). The elevation in IP-10 and Mig gene expression was also
confirmed by the time courses experiment (Fig. 5) and by the experiment using
purified virus (Fig. 6). HUVECs infected with mock virus did not have any positive
message of IP-10 at 1 hr incubation in this experiment (Fig. 5). In another series of
experiments, IP-10 signal in mock-infected HUVECs was consistently detected
at any time point. Although IL-6 induction in HUVECs by Influenza A virus was
described previously [59], this was the first report of elevation of IP-10 and Mig
gene expression in human endothelial cells infected with Influenza A virus. IP-
10 and Mig are members of the CXC subfamily of chemokines [40] and were
originally characterized as early response genes induced after IFN-γ treatment in
a variety of cells [46]. IP-10 can also be induced by IFN-α and IFN-β as well as
by lipopolysacharide and some other proinflammatory cytokines, such as TNF-α
[38, 39]. We therefore examined the levels of IFN-γ and TNF-α gene expression
in Influenza A virus-infected HUVECs in parallel with those of IP-10 and Mig
gene expression. There was no significant increase in the levels of IFN-γ and
TNF-α gene expression at any time point examined (Fig. 3, time-course data not
shown). Influenza virus infection in HUVECs with CHX resulted in the elevation
of IP-10 and Mig gene expression (Fig. 7, lane 2), which was comparable to that
without CHX (Fig. 7, lane 1). These data support that the process of elevation
of IP-10 and Mig gene expression in HUVECs infected with Influenza A virus
does not require new protein synthesis and be independent from INF-γ pathway.
Recently the IFN-independent pathways of IP-10 induction has been reported in
other assay systems [2, 26]. From the results of the experiments using inactivated
viruses (Fig. 6), it is apparent that full elevation of IP-10 and Mig gene expression
requires virus infection.

To address the question whether the elevation of IP-10 and Mig expression
upon Influenza A virus infection is a specific phenomenon of A/Aichi/2/68 strain,
A/PR/8/34 strain was inoculated to HUVECs. The M2-specific 294-bp product
was amplified (data not shown), demonstrating that A/PR/8/34 strain could also
infect to HUVECs. Increase of IP-10 and Mig gene expression was observed at
10 h p.i., and became prominent at 24 h p.i. (data not shown). Thus, the elevation
of IP-10 and Mig gene expression were not a specific phenomenon of Influenza
A/Aichi/2/68 strain.

IL-6 is a multifunctional cytokine, and may also influence leukocyte recruit-
ment [21]. However IL-6 itself had little or no effect on IP-10 expression in primary
human astrocytes [37], astroglioma cell line [37], HUVECs [44] and peritoneal
mesothelial cells [21]. Thus elevated gene expression of IP-10 after Influenza
A virus infection in our experiments was supposed to be regulated by different
mechanism from IL-6 systems.
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IP-10 is produced from endothelial cells in response to various virus infections,
e.g., hantavirus and mouse adenovirus-type 1 infections [8, 55]. Infection by
Borrelia burgdorferi, the causative protozoan of Lyme disease, elevates the Mig
gene expression in endothelial cells [12]. IP-10 and Mig have been shown to exhibit
direct antiviral properties [31, 33, 48] and to be essential in the development of a
protective Th1 response against viral infection in the central nervous system [28,
29]. Both IP-10 and Mig have been reported to play roles in the pathogenesis
of tissue necrosis and vascular damage associated with certain EBV-positive
lymphoproliferative processes [57]. It is still not clear whether influenza virus
infection in vivo is actually associated with elevation of IP-10 and Mig gene
expression in endothelial cells. In our preliminary experiments, the expression of
both chemokine genes were greatly elevated in the cerebrum of an autopsy case of
influenza encephalitis (data not shown). We could not generalize our findings in
overall pathogenesis of influenza virus infection in humans, because endothelial
cells are not primary target cells of human influenza A viruses. However IP-
10 and Mig might play some roles in the pathogenesis of vascular damage and
blood-brain barrier destruction in some limited cases like influenza encephalitis/
encephalopathy.

It has recently been reported that members of the Herpesviridae family (cy-
tomegalovirus and herpes simplex virus) can damage endothelial cells. Herpes
virus infection of vascular endothelial cells can alter the normal thrombo-resistant
surface and alter hemostasis by increasing amount of plasminogen activator in-
hibitor type 1 (PAI-1) and tissue factor (TF) [19]. We did not detect a significant
change in PAI-1 and TF gene expression in infected HUVECs by conventional
RT-PCR method (Fig. 3). However further studies using real-time quantitative
PCR will be necessary to conclude the roles of coagulation factors in vascular
damage of Influenza A virus.

In summary, the present study demonstrated that Influenza A virus infection
elevated the of IP-10 and Mig gene expression in HUVECs. The elevation of IP-10
and Mig gene expression after Influenza A virus infection was independent of the
IFN-γ pathway.

Acknowledgments

The authors thank Mr. Stewart Chisholm for proofreading the manuscript.

References
1. Adachi M, Matsukura S, Tokunaga H, Kokubu F (1997) Expression of cytokines on

human bronchial epithelial cells induced by influenza virus A. Int Arch Allergy Immunol
113: 307–311

2. AsensioV, Maier J, Milner R, Boztug K, Kincaid C, Moulard M, Phillipson C, Lindsley K,
Krucker T, Fox H, Campbell I (2001) Interferon-independent, human immunodeficiency
virus type 1 gp120-mediated induction of CXCL10/IP-10 gene expression by astrocytes
in vivo and in vitro. J Virol 75: 7067–7077

3. Asensio VC, Campbell IL (1997) Chemokine gene expression in the brains of mice with
lymphocytic choriomeningitis. J Virol 71: 7832–7840



Induction of IP-10 and Mig by influenza 31

4. Asensio VC, Kincaid C, Campbell IL (1999) Chemokines and the inflammatory
response to viral infection in the central nervous system with a focus on lymphocytic
choriomeningitis virus. J Neurovirol 5: 65–75

5. Barrett T, Inglis SC (1985) Growth, purification and titration of influenza viruses. IRL
Press, Oxford, England

6. BenderA,Amann U, Jager R, Nain M, Gemsa D (1993) Effect of granulocyte/macrophage
colony-stimulating factor on human monocytes infected with influenza A virus.
Enhancement of virus replication, cytokine release, and cytotoxicity. J Immunol 151:
5416–5424

7. Bussfeld D, Kaufmann A, Meyer RG, Gemsa D, Sprenger H (1998) Differential
mononuclear leukocyte attracting chemokine production after stimulation with active
and inactivated influenza A virus. Cell Immunol 186: 1–7

8. Charles PC, Chen X, Horwitz MS, Brosnan CF (1999) Differential chemokine induction
by the mouse adenovirus type-1 in the central nervous system of susceptible and resistant
strains of mice. J Neurovirol 5: 55–64

9. Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162: 156–159

10. Cox NJ, Kawaoka Y (1998) Orthomyxoviruses: Influenza. In: Collier L (ed) Topley and
Wilson’s microbiology and microbial infections. Arnold, London, pp 385–433

11. Davis LE, Kornfeld M, Daniels RS, Skehel JJ (2000) Experimental influenza
causes a non-permissive viral infection of brain, liver and muscle. J Neurovirol 6:
529–536

12. Ebnet K, Simon MM, Shaw S (1996) Regulation of chemokine gene expression in human
endothelial cells by proinflammatory cytokines and Borrelia burgdorferi. Ann NY Acad
Sci 797: 107–117

13. EndoY, Carroll KN, Ikizler MR,Wright PF (1996) Growth of influenzaA virus in primary,
differentiated epithelial cells derived from adenoids. J Virol 70: 2055–2058

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

15. Fujimoto S, Kobayashi M, Uemura O, Iwasa M, Ando T, Katoh T, Nakamura C, Maki N,
Togari H, Wada Y (1998) PCR on cerebrospinal fluid to show influenza-associated acute
encephalopathy or encephalitis. Lancet 352: 873–875

16. Fujimoto Y, Shibata M, Tsuyuki M, Okada M, Tsuzuki K (2000) Influenza A virus
encephalopathy with symmetrical thalamic lesions. Eur J Pediatr 159: 319–321

17. Gasperini S, Marchi M, Calzetti F, Laudanna C, Vicentini L, Olsen H, Murphy M, Liao
F, Farber J, Cassatella MA (1999) Gene expression and production of the monokine
induced by IFN-gamma (MIG), IFN-inducible T cell alpha chemoattractant (I-TAC), and
IFN-gamma-inducible protein-10 (IP-10) chemokines by human neutrophils. J Immunol
162: 4928–4937

18. Gong JH, Sprenger H, Hinder F, BenderA, SchmidtA, Horch S, Nain M, Gemsa D (1991)
InfluenzaA virus infection of macrophages. Enhanced tumor necrosis factor-alpha (TNF-
alpha) gene expression and lipopolysaccharide-triggered TNF-alpha release. J Immunol
147: 3507–3513

19. Hajjar DP, Nicholson AC (1997) Viral activation of coagulation: implications for
thrombosis and atherosclerosis. Ann N Y Acad Sci 811: 155–165; discussion 165–167

20. Hoffman LM, Fife BT, Begolka WS, Miller SD, Karpus WJ (1999) Central nervous
system chemokine expression during Theiler’s virus-induced demyelinating disease.
J Neurovirol 5: 635–642

21. Hurst SM, Wilkinson TS, McLoughlin RM, Jones S, Horiuchi S, Yamamoto N, Rose-
John S, Fuller GM, Topley N, Jones SA (2001) Il-6 and its soluble receptor orchestrate a



32 N. Ishiguro et al.

temporal switch in the pattern of leukocyte recruitment seen during acute inflammation.
Immunity 14: 705–714

22. Ito T, Gorman OT, Kawaoka Y, Bean WJ, Webster RG (1991) Evolutionary analysis of
the influenza A virus M gene with comparison of the M1 and M2 proteins. J Virol 65:
5491–5498

23. Kida H, Yanagawa R (1979) Isolation and characterization of influenza a viruses
from wild free-flying ducks in Hokkaido, Japan. Zentralbl Bakteriol [Orig A] 244:
135–143

24. KobayashiY, Horimoto T, KawaokaY,Alexander DJ, Itakura C (1996) Neuropathological
studies of chickens infected with highly pathogenic avian influenza viruses. J Comp Pathol
114: 131–147

25. Lane TE, Asensio VC, Yu N, Paoletti AD, Campbell IL, Buchmeier MJ (1998) Dynamic
regulation of alpha- and beta-chemokine expression in the central nervous system during
mouse hepatitis virus-induced demyelinating disease. J Immunol 160: 970–978

26. Lee TV, Kim DK, Peoples GE, Castilleja A, Murray JL, Gershenson DM, Ioannides CG
(2000) Secretion of CXC chemokine IP-10 by peripheral blood mononuclear cells from
healthy donors and breast cancer patients stimulated with HER-2 peptides. J Interferon
Cytokine Res 20: 391–401

27. LimYK, Takada A, Tanizaki T, Ozaki H, Okazaki K, Kida H (2001) Mucosal vaccination
against influenza: protection of pigs immunized with inactivated virus and ether-split
vaccine. Jpn J Vet Res 48: 197–203

28. Liu MT, Chen BP, Oertel P, Buchmeier MJ, Armstrong D, Hamilton TA, Lane TE (2000)
The T cell chemoattractant IFN-inducible protein 10 is essential in host defense against
viral-induced neurologic disease. J Immunol 165: 2327–2330

29. Liu MT, Armstrong D, Hamilton TA, Lane TE (2001) Expression of Mig (monokine
induced by interferon-gamma) is important in T lymphocyte recruitment and host
defense following viral infection of the central nervous system. J Immunol 166:
1790–1795

30. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I, Baggiolini M,
Moser B (1996) Chemokine receptor specific for IP10 and mig: structure, function, and
expression in activated T-lymphocytes. J Exp Med 184: 963–969

31. Lokensgard J, Hu S, Sheng W, van OM, Cox D, Cheeran M, Peterson P (2001) Robust
expression of TNF-alpha, IL-1beta, RANTES, and IP-10 by human microglial cells
during nonproductive infection with herpes simplex virus. J Neurovirol 7: 208–219

32. LusterAD (1998) Chemokines–chemotactic cytokines that mediate inflammation. N Engl
J Med 338: 436–445

33. Mahalingam S, Farber JM, Karupiah G (1999) The interferon-inducible chemokines
MuMig and Crg-2 exhibit antiviral activity In vivo. J Virol 73: 1479–1491

34. Matikainen S, Pirhonen J, Miettinen M, Lehtonen A, Govenius-Vintola C, Sareneva T,
Julkunen I (2000) Influenza A and sendai viruses induce differential chemokine gene
expression and transcription factor activation in human macrophages. Virology 276:
138–147

35. Matsukura S, Kokubu F, Noda H, Tokunaga H, Adachi M (1996) Expression of IL-6, IL-
8, and RANTES on human bronchial epithelial cells, NCI-H292, induced by influenza
virus A. J Allergy Clin Immunol 98: 1080–1087

36. Nain M, Hinder F, Gong JH, Schmidt A, Bender A, Sprenger H, Gemsa D (1990)
Tumor necrosis factor-alpha production of influenza A virus-infected macrophages and
potentiating effect of lipopolysaccharides. J Immunol 145: 1921–1928

37. Oh JW, Schwiebert LM, Benveniste EN (1999) Cytokine regulation of CC and CXC
chemokine expression by human astrocytes. J Neurovirol 5: 82–94



Induction of IP-10 and Mig by influenza 33

38. Ohmori Y, Hamilton TA (1994) IFN-gamma selectively inhibits lipopolysaccharide-
inducible JE/monocyte chemoattractant protein-1 and KC/GRO/melanoma growth-
stimulating activity gene expression in mouse peritoneal macrophages. J Immunol 153:
2204–2212

39. Ohmori Y, Hamilton TA (1995) The interferon-stimulated response element and a kappa
B site mediate synergistic induction of murine IP-10 gene transcription by IFN-gamma
and TNF-alpha. J Immunol 154: 5235–5244

40. 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

41. Pirhonen J, Sareneva T, Kurimoto M, Julkunen I, Matikainen S (1999) Virus infection
activates IL-1 beta and IL-18 production in human macrophages by a caspase-1-
dependent pathway. J Immunol 162: 7322–7329

42. Portincasa P, Conti G, Chezzi C (1990) Abortive replication of influenza A viruses in
HeLa 229 cells. Virus Res 18: 29–40

43. Reiss TF, Gruenert DC, Nadel JA, Jacoby DB (1991) Infection of cultured human airway
epithelial cells by influenza A virus. Life Sci 49: 1173–1181

44. Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, Faggioni R,
Luini W, van Hinsbergh V, Sozzani S, Bussolino F, Poli V, Ciliberto G, Mantovani A
(1997) Role of IL-6 and its soluble receptor in induction of chemokines and leukocyte
recruitment. Immunity 6: 315–325

45. Ronni T, Sareneva T, Pirhonen J, Julkunen I (1995)Activation of IFN-alpha, IFN-gamma,
MxA, and IFN regulatory factor 1 genes in influenza A virus-infected human peripheral
blood mononuclear cells. J Immunol 154: 2764–2774

46. Rossi D, Zlotnik A (2000) The biology of chemokines and their receptors. Annu Rev
Immunol 18: 217–242

47. Ryan M, Procopis P, Ouvrier R (1999) Influenza A encephalitis with movement disorder.
Pediatr Neurol 21: 669–673

48. Salazar-Mather TP, Hamilton TA, Biron CA (2000) A chemokine-to-cytokine-to-
chemokine cascade critical in antiviral defense. J Clin Invest 105: 985–993

49. Sambrook J, Russel DW (2001) Commonly Used Techniques in Molecular Cloning. In:
Sambrook J, Russel DW (eds), Molecular cloning. vol 3. Cold Spring Harbor Laboratory
Press, New York, pp A8.40–A8.55

50. Sareneva T, Matikainen S, Kurimoto M, Julkunen I (1998) InfluenzaA virus-induced IFN-
alpha/beta and IL-18 synergistically enhance IFN-gamma gene expression in human T
cells. J Immunol 160: 6032–6038

51. Sauder C, Hallensleben W, Pagenstecher A, Schneckenburger S, Biro L, Pertlik D,
Hausmann J, Suter M, Staeheli P (2000) Chemokine gene expression in astrocytes of
Borna disease virus-infected rats and mice in the absence of inflammation. J Virol 74:
9267–9280

52. Sprenger H, Meyer RG, Kaufmann A, Bussfeld D, Rischkowsky E, Gemsa D (1996)
Selective induction of monocyte and not neutrophil-attracting chemokines after influenza
A virus infection. J Exp Med 184: 1191–1196

53. Stamboulian D, Bonvehi P, Nacinovich F, Cox N (2000) Influenza. Infect Dis Clin North
Am 14: 141–166

54. Sugaya N (2000) Influenza-associated encephalopathy in Japan: pathogenesis and
treatment. Pediatr Int 42: 215–218

55. Sundstrom J, McMullan L, Spiropoulou C, Hooper W, Ansari A, Peters C, Rollin P
(2001) Hantavirus infection induces the expression of RANTES and IP-10 without



34 N. Ishiguro et al.: Induction of IP-10 and Mig by influenza

causing increased permeability in human lung microvascular endothelial cells. J Virol 75:
6070–6085

56. Takahashi M, Yamada T, Nakashita Y, Saikusa H, Deguchi M, Kida H, Tashiro M,
Toyoda T (2000) Influenza virus-induced encephalopathy: clinicopathologic study of
an autopsied case. Pediatr Int 42: 204–214

57. Teruya-Feldstein J, Jaffe E, Burd P, Kanegane H, Kingma D, Wilson W, Longo D,
Tosato G (1997) The role of Mig, the monokine induced by interferon-gamma, and IP-
10, the interferon-gamma-inducible protein-10, in tissue necrosis and vascular damage
associated with Epstein-Barr virus-positive lymphoproliferative disease. Blood 90:
4099–4105

58. Togashi T, Matsuzono Y, Narita M (2000) Epidemiology of influenza-associated
encephalitis-encephalopathy in Hokkaido, the northernmost island of Japan. Pediatr Int
42: 192–196

59. Visseren FL, Verkerk MS, Bouter KP, Diepersloot RJ, Erkelens DW (1999) Interleukin-6
production by endothelial cells after infection with influenza virus and cytomegalovirus.
J Lab Clin Med 134: 623–630

Author’s address: Dr. H. Kikuta, Department of Pediatrics, Hokkaido University School of
Medicine, N-15, W-7, Kita-ku, Sapporo 060-8638, Japan; e-mail: hide-ki@med.hokudai.ac.jp


