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Abstract

The gene expression of human brain microvascular endothelial cells (HBMEC) in response to 4 h
of infection by Listeria monocytogenes was analyzed. Four hours after infection, the expression of
456 genes of HBMEC had changed (p < 0.05). We noted that many active genes were involved in
the formyl-methionyl-leucyl-phenylalanine pathway in infected HBMEC. In the upregulated
genes, mRNA levels of interleukin-8 and interleukin-15 in infected cells increased according to
microarray and real-time reverse transcription — PCR analyses. Since both cytokines are regarded
as potent chemotactic factors, the results suggest that HBMEC are capable of recruiting cells of
innate and adaptive immune responses during early L. monocytogenes infection.
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Listeria monocytogenes is a facultative intracellular bacterium that can lead to fatal infection
in humans if it invades the central nervous system (CNS). Human listeriosis infection of the
CNS can manifest in many ways, including meningitis, rhombencephalitis, and
choriomeningitis (Gray and Killinger 1966). Direct invasion of vascular endothelial cells by
L. monocytogenes is one of the major mechanisms for CNS infection (Drevets et al. 2004).
The survival of the invading pathogen depends on its virulence and the responses of the host
cells to the pathogen. During the past decade, significant progress has been made to
elucidate the host cell responses to L. monocytogenes (Cohen et al. 2000; Rose et al. 2001;
Baldwin et al. 2002; Schmeck et al. 2006). The varied responses by different types of host
cells to L. monocytogenes indicates the dynamic nature of host—pathogen interactions with
some degree of specificity. Cohen et al. (2000) used oligonucleotide arrays to study the
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interaction between human promyelocytic THP-1 cells and L. monocytogenes EGD. They
reported 74 upregulated and 23 downregulated host cell genes attributed to listerial
infection. On the other hand, Rose et al. (2001) found that human umbilical vein endothelial
cells respond by increasing nitric oxide synthesis and by generating proinflammatory
cytokines and upregulating the cytokines interleukin (IL)-6, IL-8, and granulocyte-
macrophage colony-stimulating factor. The typical primary site for CNS infection is a layer
of human brain microvascular endothelial cells (HBMEC), part of the blood—brain barrier
(Betz 1985). It is known that the virulence factors of L. monocytogenes facilitate the
invasion of HBMEC (Greiffenberg et al. 1998); however, little is known about how
HBMEC responds to the infection. In this study, we used a whole-genome microarray to
identify the transcriptome changes of HBMEC in response to in vitro invasion by L.
monocytogenes, and we validated a subset of the affected genes using real-time reverse
transcription — PCR (RRT-PCR).

HBMEC (Cell Systems, Kirkland, Washington) were cultured in CSC-Complete medium
(Cell Systems) at 37 °C with 5% CO,, according to the manufacturer's instructions. To
control the consistency of the experiments, passage 12 HBMEC cells were used throughout
the entire study. When HBMEC reached 70% confluence, the cells were inoculated with
100:1 multiplicity of infection (MOI) of L. monocytogenes F2365 serovar 4b, which is
known to cause CNS infections in humans. Forty-five minutes after infection, the infected
cells were treated with gentamicin (50 ug/mL) to kill the extracellular bacteria (Greiffenberg
et al. 1998). For a control group, HBMEC was not infected with Listeria but was treated
with gentamicin. Immediately following the gentamicin treatment, we incubated both cell
groups for an additional 3 h and 15 min. RNA (Qiagen, Valencia, California) was later
added to stabilize the integrity of mMRNA. We then extracted cellular RNA using an RNeasy
mini kit from Qiagen by following the manufacturer's instructions.

A human whole-genome microarray (Amersham Codelink, Piscataway, New Jersey) that
targets ~55 000 transcripts and expressed sequence tags was used to determine the
differential gene expression between infected and uninfected cells. Five and four biological
replicates were used for infected and uninfected cells, respectively. RNA was extracted from
the pelleted cells and primed for reverse transcription by a DNA oligonucleotide containing
the T7 RNA polymerase promoter 5 to a d(T),4 sequence. After second-strand cDNA
synthesis, we used cDNA as the template for an in vitro transcription reaction to produce the
target cRNA in the presence of biotinylated nucleotides to label the target RNA. We then
performed hybridization overnight and stained with streptavidin-Cy5 conjugate. We scanned
the microarray with an Axon GenePix Scanner and analyzed it with Axon Acuity 3.0
analysis software. Data were further evaluated through bioinformatics and statistical
analysis.

Image analysis and data acquisition from the microarray were performed using CodeLink
Expression Analysis version 4.1 software (Wu et al. 2005). Functional annotation and
classification of selected genes were performed using the public annotation information
provided at the NCBI databases and the DAVID system (Dennis et al. 2003). Statistically
enriched genes belonging to particular functional categories and molecular interaction
pathways were identified using gene ontology (Ashburner et al. 2000).

To validate the microarray-derived data, RRT-PCR was performed in a Bio-Rad iCycler
(Hercules, California). Cellular RNA used in RRT-PCR was harvested independently from
that used in the microarray experiments. Three biological replicates were performed. Both
cDNA synthesis and RRT-PCR amplification were carried out by using the Super-Script 111
Platinum Two-Step gRT-PCR Kit (Invitrogen), according to the manufacturer's instructions.
For internal standard, B-actin (BACT) mRNA was used to normalize each sample. The data
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were analyzed using Optical System software version 3.1 (BioRad) and presented as the
ratios of target mMRNA to BACT mRNA. All the mRNA samples from the three biological
repeats were prepared in two experimental replicates and presented in the form of mean fold
change + standard error compared with control cell groups. A Student's t test was used for
statistical analysis, with a significance level of p < 0.05. Primers of each target mRNA for
amplifications were designed using the Invitrogen D-LUX Designer software. The
sequences of the IL-8 primers were 5'-CTCTCTTGGCAGCCTTCCTGAT-3' (sense) and 5'-
CGCCTTTACAATAATTTCTGTGTTGGCG-3' (antisense), with an expected product of
188 bp. The sequences of the 1L-15 primers were 5'-
CGAAATGGCTTTGAGTAATGAGAATTTCG-3' (sense) and 5'-
TTAGGAAGCCCTGCACTGAAAC-3' (antisense), with an expected product of 151 bp.
The sequences of the GNB1 primers were 5'-
CGTAACATGAGTGAGCTTGACCAGTTACG-3' (sense) and 5'-
GGCGTCTCGAATCTGGTTCTTA-3' (antisense), with an expected product of 69 bp. The
BACT primers were directly purchased from Invitrogen (catalogue No. 101H-01).

Host transcriptional responses of HBMEC infected with L. monocytogenes 4b F2365 at 4 h
postinfection were determined using a human whole-genome microarray consisting of 55K
gene probes. Based on Cyber-T algorithm analysis (Baldi and Long 2001), 456 genes
changed significantly in response to the bacterial infection. Based on gene ontology
analysis, 310 genes were upregulated. Most of the upregulated genes were involved in cell
cycles, apoptosis or antiapoptosis (mostly antiapoptosis at this stage), transcription, protein
synthesis, and defense responses in reactions to pathogens and chemicals (Fig. 1). In
contrast, most of the 146 downregulated genes were involved in apoptosis or antiapoptosis,
drug resistance, cytoskeleton-associated organelle transport, ion transport, cell arrest and
DNA damage repair, host defense system, brain cell adhesion and differentiation, cell—cell
interaction, genomic stability, and oxidative stress response (Fig. 2). The suppression of
these activities provides evidence that the basic functions of HBMEC were damaged by the
listerial infection.

Gene set enrichment analysis and the molecular signature database (Subramanian et al.
2005) were further used to identify all active genes that are associated with specific
pathways in response to bacterial infection. The microarray data was transformed into 18
126 unique genes, each characterized using the modified T static obtained from the Cyber-T
program. Through this program, 32 pathways (many with overlapping genes) were relatively
enhanced with at least 25 induced genes having a score of >0.50. This score was a weighted
Kolmogorov-Smirnov-like statistic that measured deviation from a random (normal)
distribution. Among these pathways, the N-formyl-methionine-leucine-phenylalanine
(FMLP) pathway (a potent mediator for innate inflammatory reactions) received the highest
score of 0.648, indicating that it was the most active pathway.

To verify the microarray transcription data, the RRT-PCR with three biological and two
experimental replicates was performed. After normalizing the expression level with an
internal control housekeeping gene, BACT, the relative mRNA expression levels between
the infected and noninfected HBMEC groups of tested genes were calculated using the
comparative threshold cycle method. Two proinflammatory-related cytokine genes, IL-8 and
IL-15, which were upregulated in the microarray assays, were further confirmed using the
RRT-PCR assay; the test samples were independent for each assay. To further test the
consistency between the microarray and RRT-PCR results, the GNB1 gene, which was not
altered in the microarray assay, was also tested using RRT-PCR. As expected, the result
showed the same expression level between uninfected and infected cells. 1L-8 and IL-15
MRNA levels rose significantly in infected HBMEC compared with noninfected cells. The
MRNA relative expression levels of IL-8 to BACT showed a 1.7-fold elevation (p < 0.05) at
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4 h postinfection, IL-15 to BACT showed a 1.6-fold increase (p < 0.05), and GNBL1 to
BACT exhibited almost no change (p > 0.05) (Fig. 3).

HBMEC response to L. monocytogenes invasion showed that 310 genes upregulated and 146
downregulated at 4 h postinfection. To the best of our knowledge, these findings represent
the first study delineating global changes in gene expression for human CNS endothelial
cells in response to L. monocytogenes infection. The gene expression profiles indicate that
there is a large scale of reprogrammed gene expression combating this intracellular
bacterium. The results suggest that gene transcription in HBMEC was more activated than
suppressed with infection by pathogenic L. monocytogenes 4b. This disproportionate ratio
between upregulated and downregulated genes of host cell responses to pathogens was
consistent with other studies (Ichikawa et al. 2000; Doran et al. 2003). However, the
magnitude of MRNA expression changes in HBMEC was relatively lower than those
observed in Caco-2 and THP-1 cells in response to L. monocytogenes infection (Cohen et al.
2000; Baldwin et al. 2002). In our microarray data, there were statistically significant 1.5-
and 1.3-fold elevations of IL-8 and IL-15 mRNA, respectively, whereas, 1.7- and 1.6-fold
changes were observed in the RRT-PCR assay. Despite the use of an MOI of 10:1 to infect
macrophages and intestinal cells with L. monocytogenes, an MOI at 100:1 was much better
than MOI at 10:1 to attach or infect HBMEC endothelial cells based on confocal images
(data not shown). The relative lower gene expression levels might be associated with the cell
type (macrophages versus endothelial cells), infection stage, and (or) MOI.

Among the 32 enhanced pathways that responded to the infection, the fMLP signaling
pathway was shown to be most activated. As the fMLP pathway became activated,
chemotactic cytokines were expressed, resulting in activation of neutrophils and migration
to the inflammatory site for the destruction of the pathogens (Heit et al. 2002; Crossley
2003). This pathway is considered an essential part of the host innate immune system. Gao
and his colleagues (Gao et al. 1999) demonstrated that mice lacking an fMLP receptor
suffered from impaired host defense against bacterial infection. The mice lacking the fMLP
receptor not only had higher susceptibility to L. monocytogenes but also a higher mortality
rate. From these data, we speculate that the fMLP pathway may be an important
immunological response for the host to defend invasion of the CNS by L. monocytogenes.

IL-8 is known to be induced by human polymorphonuclear leukocytes when stimulated by
the chemoattractant fMLP (Cassatella et al. 1992). During the bacterial infection, IL-8
served as a proinflammatory cytokine that attracted neutrophils and T-lymphocytes at the
inflammatory site; therefore, it was regarded as essential for both early innate and adaptive
T-cell immune responses (Conlan and North 1994). The reaction in HBMEC in our study
concurs with the findings of Berche et al. (1987) who described an induction of T-cell-
mediated immunity during intracellular growth of L. monocytogenes. The upregulation of
the IL-8 gene appears to be a common event in other host cell responses to listerial infection
(Cohen et al. 2000; Schmeck et al. 2006). Previous studies have also shown that I1L-8
upregulates in HBMEC when stimulated by vascular endothelial growth factor to facilitate
neutrophil transendothelial migration (Lee et al. 2002). Our microarray and RRT-PCR
assays confirmed the induction of IL-8 by around 1.6-fold in HBMEC at 4 h postinfection.
Similar results have been reported for human umbilical vein endothelial cells (Opitz et al.
2006; Schmeck et al. 2006), although IL-8 can elevate dramatically to 50-fold in human
promyelocytic THP-1 cells (Cohen et al. 2000). This is the first report that confirmed the
induction of IL-8 in HBMEC in response to L. monocytogenes infection.

Another cytokine, IL-15, increased notably. This proinflammatory cytokine plays an
essential role in both host innate and adaptive immune systems by stimulating the
proliferation of NK cells (French et al. 2006) as well as recruiting and stimulating growth of
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T-lymphocytes (Wilkinson and Liew 1995). Although the expression of IL-15 has been
found in several types of cells, including unstimulated human umbilical vein endothelial
cells (Nilsen et al. 1998; Stone et al. 2010), the elevation of IL-15 mRNA in stimulated
human brain microvascular endothelial cells by L. monocytogenes has not been reported
elsewhere. Previous research has shown that endogenous IL-15 helps to trigger NK cells and
stimulate their adhesion to vascular endothelial inflammatory sites to kills cells infected with
L. monocytogenes (Allavena et al. 1997). Our finding is similar to a study by Mitani et al.
(1999) that reported that production of IL-15 can be found in stimulated intestinal
intraepithelial lymphocytes by L. monocytogenes at an early stage of the infection.

G-proteins that contain an a-subunit and By-complex (including GNB1 and GNGTL1) are
known to couple with the human formyl peptide receptor (FPR) (Birnbaumer et al. 1990).
FPR is a chemoattractant receptor in host cells (Lee et al. 2002). After bacteria activate the
receptor, the fMLP pathway of host cells becomes activated. Numerous studies have noted
that FPR plays a role not only in bacterial host defense but also in inflammatory reactions
(Lee et al. 2002). During the activation of FPR, the By-complex dissociates from the a-
subunit simultaneously. Previous studies have shown that after the dissociation, the By-
complex activates phospholipase C- and phosphoinositide 3-kinase-y, which are crucial for
downstream fMLP pathway function. The complex will reassemble and finish the G-protein
cycle (Seifert and Wenzel-Seifert 2003). In our microarray study, the gene GNB1 did not
show an upregulated pattern after the bacterial infection, which was confirmed by the RRT-
PCR assay. This lack of upregulation may be due to the fact that GNB1 underwent
dissociation—reassociation cycling without being overexpressed.

HBMEC are the first line of defense against CNS infection. This is the first report that
confirmed upregulation of IL-8 and IL-15 in HBMEC in response to L. monocytogenes
infection. Activating the fMLP pathway and generating certain proinflammatory cytokines,
such as IL-8 and IL-15, in response to the bacterial intracellular invasion may be an
important barrier for the endothelium. Since IL-8 and IL-15 activate and recruit neutrophils,
NK cells, and T-cells, such responses suggest that HBMEC is capable of recruiting cells of
innate and adaptive immune response during an early stage of L. monocytogenes infection.
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Gene ontology analysis showing the functional categories with at least seven genes
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Fig. 3.

Interleukin-8 (IL-8), interleukin-15 (IL-15), and GNBL1 in human brain microvascular
endothelial cells (HBMEC) infected with Listeria monocytogenes relative to that in
uninfected HBMEC (control). Data are expressed as n-fold change compared with values
obtained for control HBMEC. Samples were analyzed in duplicate from three independent
replications, and data are expressed as mean fold change + SE. The asterisk (*) indicates a
significant difference between uninfected and infected HBMEC, at a p value of <0.05.
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