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As adherence and entry of a pathogen into a host cell are key components to an infection, identifying the
molecular mechanisms responsible for cellular association will provide a better understanding of a microbe’s
pathogenesis. We previously established an in vitro model for Borrelia burgdorferi infection of human neuroglial
cells. To expand on our earlier study, we performed B. burgdorferi whole-genome expression analysis following
a 20-hour infection of human neuroglial cells to identify borrelial genes that were differentially regulated
during host-cell association compared with cultured Borrelia in cell-free medium. This study identifies several

regulated genes, the products of which may be important mediators of cellular pathogenesis.

Lyme disease is a complex illness caused by infection with
the tick-borne spirochetal bacterium Borrelia burgdorferi and
can present with multiple manifestations, such as arthritis, car-
ditis, and neurological syndromes.

B. burgdorferi adapts to disparate environments when trans-
mitted between ticks and mammals. In naturally and experi-
mentally infected murine hosts, B. burgdorferi has been found
in a variety of tissues, including heart, bladder, joints, and ears
(1,2, 6,58). In vitro, B. burgdorferi has been observed to adhere
to endothelial cells, chondrocytes, synovial cells, peripheral
blood fibrocytes, skin fibroblasts, tick cells, macrophages, and
neuroglial cells of several species (12, 23, 27, 34, 35, 41, 42, 62).
This ability to inhabit diverse environments implies that B.
burgdorferi has the capability to adapt its physiology and mem-
brane structure in response to its particular tissue location
within arthropod and mammalian hosts. For example, investi-
gators have demonstrated that B. burgdorferi inversely regu-
lates the expression of outer surface proteins OspC and OspA
as the spirochete migrates from the mid-gut of the tick to a
mammal (45, 59). B. burgdorferi gene expression is orches-
trated by many factors, including pH (7), temperature (46, 51,
59, 61), and host immune response (36-38). However, little is
known about B. burgdorferi gene expression during spirochetal
colonization of different tissues or cell types. Furthering our
knowledge of B. burgdorferi differential gene expression during
cellular infection would increase our understanding of the
pathogen’s adaptive mechanisms responsible for dissemination
and colonization to host cells and identify novel targets for
development of new treatments and diagnostics.

Subsequent to human infection with B. burgdorferi, neuro-
logical syndromes occur in roughly 15% of the untreated pa-
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tients diagnosed with Lyme disease (60). The current case
definition for diagnosis of acute neurological manifestations of
Lyme disease includes meningitis, radiculopathy, cranial neu-
ropathy, mononeuropathy complex and, rarely, encephalo-
myelitis (67). Mechanisms by which B. burgdorferi affects the
nervous system are not known, but association with and/or
invasion of neural cells by this bacterium could be a basis for
the clinical manifestations seen in neuroborreliosis.

The nonhuman primate (NHP) is currently the most widely
accepted model used to study late Lyme disease and neurobor-
reliosis (49). B. burgdorferi-infected NHPs show both central
and peripheral nervous system involvement. In NHPs infected
with B. burgdorferi, researchers have detected spirochetes in
central nervous system (CNS) tissue by PCR and, moreover,
spirochetes have also been visualized by histopathological
staining (5, 17, 48, 49, 55, 56). Although studies of Lyme
disease in NHPs have yielded valuable data, in vitro cellular
association studies have the ability to provide insights into the
molecular mechanisms utilized by B. burgdorferi that contrib-
ute to human neuroborreliosis.

We have previously shown that an infectious strain of B.
burgdorferi invades human endothelial cells and human neural
cells in vitro (40). To obtain a more comprehensive under-
standing of the borrelial mechanisms involved during cellular
association, including attachment and invasion, we used mi-
croarray analysis to determine the expression profile of B.
burgdorferi upon encountering human neuroglial cells. Identi-
fying genes that are differentially regulated during association
with human host cells may provide clues to understanding
borrelial mechanisms of neuropathogenesis and present poten-
tial targets for development of novel diagnostics, prevention
tools, and/or treatments for Lyme disease.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. burgdorferi strain B31 A3 is a
clonal, low-passage infectious strain (16). Frozen stocks of all B. burgdorferi
strains were maintained in 60% glycerol at —70°C. All bacterial strains were
grown in liquid Barbour-Stoenner-Kelly (BSK-II) complete medium at 35°C with
5% CO,.
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Mammalian cell culture. The human neuroglioma cell line H4 was obtained
from the American Type Culture Collection (Manassas, VA). H4 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) with 4 mM L-glutamine
containing 4.5 g/liter glucose, 1.5 g/liter sodium bicarbonate and supplemented
with 10% fetal bovine serum. Cells were grown at 37°C with 5% CO, in a
humidified cell incubator. Cells were harvested from confluent monolayers using
0.05% trypsin with 10 mM EDTA and enumerated with a hemacytometer.

B. burgdorferi infection of mammalian cells. Cell infections and calculations
were performed as described in earlier publications, although they were scaled
up (40). Briefly, mammalian cells were allowed to grow to confluence on a T-225
flask (Corning) and were trypsinized and enumerated the morning of the exper-
iment. After trypsinization, 1.9 X 107 H4 cells were allowed to readhere to the
flask for 4 h at 37°C. B. burgdorferi cultures were grown for 3 days until they
reached mid-logarithmic phase and enumerated using a Petroff Hausser counting
chamber. Bacteria were centrifuged at 500 X g for 20 min and resuspended in
prewarmed DMEM. B. burgdorferi was added to the mammalian cells at a
multiplicity of infection of 40 (7.8 X 10® bacteria) and was incubated at 35°C with
5% CO, for approximately 20 h. Previous calculations of 2 bacteria associated
per cell and an internalization efficiency of 0.013 per cell (40) approximated 3.8 X
107 and 2.4 X 10° Borrelia cells adherent to and internalized in the H4 cells,
respectively. Each experimental sample was done in triplicate.

RNA purification, labeling, and microarray hybridization. After incubation
with B. burgdorferi for 20 h, monolayers were washed three times in phosphate-
buffered saline (PBS) to remove unassociated spirochetes. Cells were then
scraped from the flask and suspended in PBS. The cells were centrifuged at 125 X
g for 5 min, and total RNA was isolated from infected monolayers using the
RNAqueous-Midi kit (Ambion, Austin, TX). RNA was similarly extracted from
uninfected H4 monolayers and from B. burgdorferi organisms incubated in cell-
free DMEM for 20 h. Polyadenylated and ribosomal host RNA was removed
from the total RNA extracted from the infected monolayers by using Microb-
Enrich columns (Ambion). RNA samples were subjected to DNase treatment
using Turbo DNA-free (Ambion). RNA samples were tested for contaminating
DNA by PCR analysis for flaB (flagellin gene) prior to use in the cDNA syn-
thesis, microarray, and quantitative reverse transcription-PCR (qRT-PCR) as-
says. Purified RNA was used to prepare fragmented and biotin-dUTP-labeled
c¢DNA according to standard Affymetrix prokaryotic target preparation methods
(www.affymetrix.com/support/downloads/manuals/expression_s3_manual.pdf). Briefly,
c¢DNA was synthesized from ~10 pg of total RNA in 1X first-strand buffer
containing 25 ng/pl random primers (Invitrogen Life Technologies). Remaining
RNA was removed by hydrolysis with 1 N NaOH, and the reaction mixture was
neutralized with 1 N HCI. cDNA (~3 to 6 pg/sample) was fragmented using 0.6
units/ug of DNase I (Amersham). The average size of the fragmented cDNA was
100 bp. The 3’ termini of the fragmented cDNA were labeled using Affymetrix
GeneChip DNA labeling reagent. The reaction was completed as indicated by
Affymetrix using the Midi format.

Microarray. The Rocky Mountain Lab custom chip 1 (RMLchipa510998
GEO, platform GPL2129, EMBL-EBI A-AFFY-48) is an Affymetrix platform,
antisense oligonucleotide expression array containing genomes from six different
genera. Each gene or probe set consists of 16 randomized, individual probe pairs
containing a perfect match (PM) probe and a mismatch (MM) probe. The MM
probe has a single substitution at base position 13 relative to the PM probe. The
Borrelia component of the RML custom chip 1 consists of probe sets specific to
1,323 full-length genomic open reading frames (ORFs; 846 chromosomal
ORFs and 477 plasmid ORFs) of the sequenced Borrelia burgdorferi B31
strain. Further information is available at http://www.ebi.ac.uk/microarrayas
/aer/result?queryFor="Physical ArrayDesign and http://www.ncbi.nlm.nih.gov
/geo/query/acc.cgi?acc=GPL2129.

Probe sets not unique for a specific ORF were not included in order to
eliminate cross-hybridization. B. burgdorferi contains 21 plasmids; however, 9 of
those are virtual duplicates. Because of this duplication, the full 869 plasmid
ORFs could not be represented without cross-hybridization. Therefore, the chro-
mosome has 97% coverage on the array and the plasmids are at a strict 55%
coverage with arguably over 90% coverage once duplication is removed. Data
analysis of all chips was performed as previously described with minor modifi-
cations (a detailed analysis protocol is included with the supplemental material).
In brief, all chips were globally scaled to an arbitrary value of 500 using
GCOS v1.4 and a scale filter for B. burgdorferi probe sets. Average signal
intensities for each probe set were used to combine biological replicates with
three separate statistical tests to produce P values. The ¢ test, significance
analysis of microarrays (SAM) (66), and analysis of variance P values were
generated for each probe set, producing a final gene list consisting of only
probe sets significant by all three measures. A complete set of microarray
data are provided in Table S1 in the supplemental material and are posted on
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the Gene Expression Omnibus (GEO) database website (http:/Awww.ncbi.nlm.nih
.gov/geo/query/acc.cgi?token=hrgvhouwkaoqsfs&acc=GSES8219).

qRT-PCR. Reverse transcription was performed on 5 pg of total RNA isolated
from infected cell monolayers used for the microarray and on 5 ng of RNA from
cultured B. burgdorferi cells by use of Superscript II (Invitrogen). TagMan PCR
was performed using cDNA generated from the reverse transcription as follows.
TagMan PCR primers and probe sequences were designed using Integrated
DNA Technologies software and Primer Express software and were synthesized
with the probe containing 5’ —6-carboxyfluorescein and 3’-Black Hole Quencher
(see Table 5, below). Real-time PCR was performed in a reaction volume of 50
wl with a final concentration of 1 wM of each primer, 0.15 uM probe, 1X
TaqMan Universal PCR master mix (Applied Biosystems, Foster City, CA), and
1 pl cDNA (from the 20-ul RT reaction mixture). All test sample PCRs were
performed in triplicate in 96-well PCR iCycler plates (Bio-Rad, Hercules, CA)
under the parameters of 1 cycle at 95°C for 3 min and 50 cycles at 95°C for 30 s,
65°C for 30 s, and 72° for 30 s using a Bio-Rad iCycler. Crossing threshold (Cy)
values were determined by the iCycler software. Relative quantitation of gene
expression in infected cells was calculated by the 27*2¢7 method described by
Livak and Schmittgen, whereby transcript levels were normalized against the
constitutively expressed borrelial flaB gene and analyzed relative to cell-free
expression (39). Each plate running PCRs also contained samples with cDNA
from B. burgdorferi incubated in DMEM for relative gene expression calculation
purposes and included water as a no-template negative control.

RESULTS

Analysis of global B. burgdorferi gene expression upon in-
fection of human cells in vitro. We examined B. burgdorferi
differential gene expression during interaction with human
neuroglial cells using an Affymetrix GeneChip microarray. H4
neuroglial cells were chosen for this analysis, as B. burgdorferi
has previously been shown to associate extra- and intracellu-
larly with these cells, which did not affect Borrelia or host cell
viability (40, 64). A 20-hour incubation was performed, which
allowed for optimum spirochete-cell interaction. This time
point included B. burgdorferi cells that were both intra- and
extracellularly localized to the H4 cells with extracellular ad-
herent borrelial cells at approximately a 160-fold-higher ratio
versus internalized Borrelia (40). Therefore, adherent spiro-
chetes were represented at higher numbers than internalized
organisms. After thorough washing with PBS, there were vir-
tually no unassociated spirochetes detected by bacterial plating
of the final wash (data not shown).

After B. burgdorferi infection of these cells, the total cellular
RNA preparation (including H4 RNA and Borrelia RNA) was
enriched for prokaryotic RNA, which concentrated the bacte-
rial message but did not completely eliminate the eukaryotic
RNA (data not shown). Therefore, as a control in our arrays,
eukaryotic RNA from the human H4 cells was also purified,
reverse transcribed, and hybridized to the array. Differential B.
burgdorferi gene expression following H4 cell infection was
measured relative to cell-free cultured B. burgdorferi gene ex-
pression. To control for the spirochetes’ transfer into the H4
cell growth medium from BSK medium, we standardized (nor-
malized) the gene expression data from the experimental con-
ditions (B. burgdorferi-infected human cells) to borrelial ex-
pression after a 20-h incubation in DMEM tissue culture
medium. All samples were assayed in triplicate.

An analysis of gene expression of the 1,323 genes in the
Affymetrix array under the experimental conditions was con-
ducted. A threshold of twofold up- or down-regulation was
statistically derived as a conservative foundation for all of the
following interpretations. Expression levels below this thresh-
old may have biological relevance, but the more stringent anal-
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Number of Up- and Down- Regulated ORFs

FIG. 1. Overview of differentially expressed B. burgdorferi ORFs
after infection of human neuroglial cells. ORFs (n = 72) from the
microarray included in this graph passed three statistical tests, SAM,
partek, and ¢ tests, and were up- or down-regulated at least twofold.
Black bars indicate the fraction of total ORFs up- or down-regulated.
Gray bars represent the fraction of up- or down-regulated genes of the
total ORFs which encode hypothetical proteins.

ysis was employed in this study. The complete data set is
included in Table S1 in the supplemental material and is
posted on the GEO database website. We performed statistical
analyses of the microarray data consisting of SAM, analysis of
variance, and a ¢ test. We evaluated the B. burgdorferi genes
which passed all three of these statistical analyses to minimize
the false discovery rate. Using these criteria, 72 genes from the
H4 infection were found to be differentially regulated (Fig. 1
and Tables 1 and 2). In referring to genes, we adopted the gene
nomenclature and gene designation delineated by The Insti-
tute for Genomic Research (TIGR; http://cmr.tigr.org/).
Genes that were differentially expressed during human cell
association were divided into categories based on function,
genomic location, and gene family. Hypothetical proteins com-
prised the largest category of differentially regulated genes
and totaled 40% (29 genes) of the total differentially regu-
lated genes (Fig. 1).

Distribution of differentially expressed ORFs among the B.
burgdorferi genome. B. burgdorferi is unique in that its genome
consists of a chromosome and a number of smaller linear and
circular plasmids (8, 22). Differential regulation on the chro-
mosome and plasmids was observed, demonstrating the ability
of B. burgdorferi to regulate genes in response to environmen-
tal stimuli, i.e., interactions with human cells (Fig. 2). The
linear chromosome accounts for roughly two-thirds of the bor-
relial genome, and this fraction correlated with the proportion
of differentially expressed genes that localized to the chromo-
some in our experiments. The majority of the differentially
expressed genes lie on the chromosome (55 genes, 76% of total
differentially expressed). Of the plasmid-encoded differentially
expressed genes, eight were on the 54-kb linear plasmid (Ip54),
which represented the most on a single plasmid (Fig. 2). Ip54
(plasmid A) encodes 76 genes, including genes expressed in
tick or mammalian infections: the ospA/B, dbpA/B operons,
and the paralogous gene family 54 (pgf54). The importance of
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this plasmid in nature is underscored in that no isolates have
been discovered missing 1Ip54 or an ortholog of 1p54.

Paralogous gene families of B. burgdorferi. Upon sequencing
of the B. burgdorferi genome, many genes and pseudogenes
were grouped into paralogous gene families (8). In all, the
genome harbors 161 paralogous gene families, of which 107
contain plasmid-borne members. These family members are
largely based on sequence homology and suggest a survival
advantage to the spirochete in carrying multiple paralogs on
different plasmids. The microarray was designed to include 16
unique 25-bp probes randomly dispersed across the array for
each B. burgdorferi gene (for potential ORFs of <400 bp
probes can overlap, or if fewer than 16 probes can accommo-
date a region then fewer are used). Additionally, the identical
16 probes containing a single-base mismatch at bp 13 of 25
were also placed on the array to help control for cross-hybrid-
ization. The paralogous gene families of differentially ex-
pressed genes are included in Table 1. Notably, pgf54 had
three members that were up-regulated in the H4 infection,
which represents the gene family with the highest ratio of
up-regulated genes (that passed the statistical criteria) in our
study. The majority of genes in this family were also differen-
tially regulated in independent microarray studies of B. burg-
dorferi gene expression in environments mimicking B. burgdor-
feri transmission from the tick into the mammalian host (4, 46,
54, 65).

Distribution of differentially expressed B. burgdorferi ORFs
by functional category. TIGR has delineated functional cate-
gories based on sequence homology to known genes across
different bacterial species (clusters of orthologous genes
[COG]) and grouped the borrelial genes into these functional
categories. Although the genome has been sequenced, func-
tions for many of the borrelial genes have not been identified.
Therefore, it is not surprising that the majority of the differ-
entially expressed genes encode hypothetical proteins (Fig. 3).
Further investigation into the functions of these genes is re-
quired, but their differential expression suggests that some of
the genes may be important in the biology of dissemination
and cell attachment of B. burgdorferi within the host.

Lipoproteins fell into the gene category of “cell envelope.”
The B. burgdorferi proteome is predicted to have 136 putative
lipoproteins (8), and 8 of these were differentially expressed
upon borrelial interaction with neuroglial cells (Table 3), sug-
gesting that the spirochete may alter its membrane structure
upon infection of human neuroglial cells. The human neuro-
glial cell infection also yielded a number of up-regulated
genes associated with metabolism (BB014, BB0091, BB0232,
BB0548, BB0581, and BB0607; see Table 1 for functional char-
acterizations), suggesting different energy requirements and
growth properties among cell-free Borrelia and inter- and in-
tracellular interactions. Additionally, during interaction with
these cells in vitro, we saw a reduction in the expression of the
gene products which catalyze the final three steps of glycolysis
(gmpA for phosphoglyceromutase, eno for enolase, and puk for
pyruvate kinase).

Chemotaxis and flagellar synthesis. One gene category that
was differentially regulated between Borrelia cells grown in
culture and Borrelia cells associating with neuroglial cells con-
tained genes related to chemotaxis and motility. In the H4
infection, four chemotaxis-associated genes were up-regulated
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TABLE 1. Mean up-regulation of B. burgdorferi genes on the array after infection of human H4 neuroglial cells

Paralogous gene

Gene Functional description Fold change Replicon family
BBA71 Hypothetical protein 25.11 Ip54 54
BBA37 Hypothetical protein 16.42 Ip54
BBA72 Hypothetical protein 11.63 Ip54
BBAG64 p35 antigen 10.97 Ip54 54
BBA73 p35 antigen, putative 10.21 Ip54 54
BBB19 OspC, outer surface protein C 9.82 cp26
BB0641 Spermadine/putrescineABC transporter, permease protein 8.85 Chromosome 41
BB0640 Spermadine/putrescineABC transporter, permease protein 7.11 Chromosome 41
BBJ24 Hypothetical protein 5.99 1p38 106
BB0549 Hypothetical protein 5.94 Chromosome
BB0129 Conserved hypothetical protein 5.92 Chromosome
BB0670 CheW3, purine-binding chemotaxis protein 5.14 Chromosome 33
BBJ26 ABC transporter, ATP-binding protein 4.90 1p38 4
BB0654 Hypothetical protein 4.85 Chromosome
BBJ28 Hypothetical protein 443 1p38
BB0353 Hypothetical protein 4.41 Chromosome
BB0681 Methyl-accepting chemotaxis protein 4.27 Chromosome 13
BB0270 FIhF, flagellum-associated GTP-binding protein 3.81 Chromosome 10
BB0548 PolA, DNA polymerase I 3.81 Chromosome
BB0255 Hypothetical protein 3.81 Chromosome 2
BB0768 PdxK, pyridoxal kinase 3.69 Chromosome
BB0541 Hypothetical protein 3.62 Chromosome
BB0276 FliZ, flagellar biosynthesis protein 3.49 Chromosome
BB0259 Hypothetical protein 3.45 Chromosome
BBAOS S1 antigen 3.39 Ip54
BB0063 Hypothetical protein 3.37 Chromosome
BB0790 Hypothetical protein 3.34 Chromosome
BBA(7 ChpAl protein, putative 332 Ip54
BB0808 Hypothetical protein 3.31 Chromosome
BB0354 Hypothetical protein 3.27 Chromosome
BBJ25 Hypothetical protein 3.26 1p38
BB0607 Rep:Rep helicase, single-stranded DNA-dependent ATPase 3.14 Chromosome 18
BB0306 Conserved hypothetical protein 3.13 Chromosome
BB0589 Pta, phosphate acetyltransferase 3.13 Chromosome
BB0459 Hypothetical protein 3.04 Chromosome
BB0027 Hypothetical protein 2.97 Chromosome
BB0099 RsgA, ribosome small subunit-dependent GTPase A 2.92 Chromosome
BB0318 MglA, methylgalactoside ABC transporter, ATP-binding protein 2.86 Chromosome 4
BB0803 TruB, tRNA pseudouridine 55 synthase 2.84 Chromosome
BB0172 Hypothetical protein 2.81 Chromosome 121
BB0091 V-type ATPase, subunit I, putative 2.78 Chromosome
BB0018 Conserved hypothetical protein 2.66 Chromosome
BB0671 CheX, chemotaxis operon protein 2.51 Chromosome
BB0095 Hypothetical protein 2.51 Chromosome
BB0090 V-type ATPase, subunit K, putative 2.50 Chromosome
BB0128 Cmk, cytidylate kinase 2.44 Chromosome
BB0567 CheAl, chemotaxis histidine kinase 2.41 Chromosome 134
BB0788 TilS, tRNA(lle)-lysidine synthetase. 2.26 Chromosome
BB0232 tRNA"-lysidine synthetase, HbbU protein 2.20 Chromosome
BB0443 Jag, SpolllJ-associated protein 2.19 Chromosome
BB0442 Inner membrane protein 2.19 Chromosome
BB0014 PriA, primosomal protein N 2.18 Chromosome
BB0468 Conserved hypothetical protein 2.17 Chromosome
BB0581 RecG, DNA recombinase 2.14 Chromosome 20
BB0257 Cell division protein, putative 2.11 Chromosome
BB0625 N-Acetylmuramoyl-L-alanine amidase, putative 2.07 Chromosome
BB0290 FliG2, flagellar motor switch protein 2.06 Chromosome 38
BB0171 Hypothetical protein 2.01 Chromosome

(BB0670/cheW3, BB0681/methyl-accepting chemotaxis pro-
tein, BB0671/cheX, and BB0567/cheAl). There are two well-
conserved operons among spirochetes related to chemotaxis
and motility: one operon includes flaAd, cheA2, cheW3, cheX,
and cheY3 (BB0668 to BB0670), and another includes chelV2,
BB0566, cheAl, cheB2, BB0569, and cheY2 (BB0566 to

BB05700) (reviewed in reference 9). Two chemotaxis-related
genes that were up-regulated in our study (BB0670/cheW3 and
BB0671/cheX) reside on one of these operons, suggesting an
increase in expression of the entire operon. Although only
BB0670 and BB0671 passed all three statistical tests in the
microarray, two of the other five genes in this operon were also
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TABLE 2. Mean down-regulation of B. burgdorferi genes on the array after infection of human H4 neuroglial cells

Paralogous gene

Gene Functional description Fold change Replicon family
BBH37 Hypothetical protein —7.14 1p28-3
BBH37 Predicted coding region —7.14 1p28-3 12
BBD21 Conserved hypothetical protein —5.56 Ip17 32
BB0658 GmpA, phosphoglycerate mutase —4.17 Chromosome
BBJ36 Hypothetical protein —3.70 1p38 92
BBQ41 Conserved hypothetical protein =3.70 Ip56 49
BB0348 Pyk, pyruvate kinase —3.45 Chromosome 16
BB0645 PtsG, PTS system, glucose-specific IIBC component —3.33 Chromosome
BBO0215 Psts, phosphate ABC transporter, periplasmic —2.94 Chromosome

phosphate-binding protein

BB0031 LepB2, signal peptidase —2.86 Chromosome
BB0241 GIpK, glycerol kinase —2.78 Chromosome
BB0518 DnaK2, heat shock protein 70 —2.78 Chromosome 9
BBAS52 Outer membrane protein —2.63 Ip54
BB0337 Eno, enolase —-2.50 Chromosome
BB0693 XylR1, xylose operon regulatory protein —2.04 Chromosome

slightly up-regulated (although they did not pass all three sta-
tistical tests [see Table S1 in the supplemental material]). In-
terestingly, other investigators have also reported an up-regu-
lation in chemotaxis genes under experimental conditions that
mimic the mammalian environment (54, 65). Revel et al. re-
ported an increase in three of the five genes in the one of these
operons (flaAd, cheA2, and cheX) and two of the six genes in
another operon (cheW2 and cheAl) (54) within B. burgdorferi
cells grown in dialysis membrane chambers implanted in rats.
Tokarz et al. similarly saw an increase in cheX and cheW2
expression while reporting cheAl and cheA2 as being up-reg-
ulated in Borrelia with blood added to the culture medium (65).

Additionally, three flagellar synthesis genes were up-regu-
lated in our study (BB0270/flhF, BB0276/fliZ, and BB0290/
fliG2). The B. burgdorferi genome contains a large operon

Number of Up (m) and Down (m) Regulated ORFs

FIG. 2. Distribution of differentially expressed ORFs among B.
burgdorferi replicons after infection of human neuroglial cells in vitro.
ORFs (n = 72) included in this graph passed three statistical tests,
SAM, partek, and ¢ tests, and were up- or down-regulated at least
twofold. The graph displays the number and replicon location of dif-
ferentially expressed B. burgdorferi genes after infection of H4 neuro-
glial cells. Gray bars represent the number of up-regulated genes, and
the black bars represent the number of down-regulated genes.

consisting of 26 genes associated with flagellar synthesis (24).
Of the 26 genes in this operon, only 3 passed all three statistical
tests used in our microarray analysis. However, after analysis of
the raw microarray data, we observed that 21 of 26 genes were
slightly up-regulated (i.e., >1.0), and 3 were unchanged when
less-stringent statistical tests were employed (see Table S1 in
the supplemental material). Since the operon is under the
transcriptional control of one promoter, this suggests that the
genes within the operon were transcriptionally up-regulated as
B. burgdorferi associates with human neuroglial cells. Because
microarray studies give a semiquantitative measurement of the
gene expression trends observed under certain circumstances,
more precise data regarding regulation of genes in the figB
operon would need to be obtained and validated by qRT-PCR.
A previous study of mutant B. burgdorferi cells lacking flagella
demonstrated a decreased ability to penetrate endothelial cells
in vitro (57), thereby leading some investigators to characterize

Number of Up (B) and Down (M) Regulated Genes

FIG. 3. Number of differentially expressed B. burgdorferi ORFs
grouped by putative protein functions. ORFs (n = 72) included in this
graph passed three statistical tests, SAM, partek, and ¢ tests, and were
up- or down-regulated at least twofold. The graph displays the number
of differentially expressed B. burgdorferi genes, grouped by putative
protein function as assigned by TIGR as COGs, after infection of H4
neuroglial cells. Gray bars represent the number of up-regulated
genes, and the black bars represent the number of down-regulated
genes.
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TABLE 3. Differential expression of B. burgdorferi lipoprotein
genes upon infection of H4 neuroglial cells

Effect on B. burgdorferi lipoprotein gene expression

Up-regulated genes Down-regulated genes

BBAOS BBH37
BBAO07 BBI36
BBAG4 (P35)

BBA73

BBA72

BBB19 (ospC)

motility and chemotaxis in spirochetes as major virulence fac-
tors. Roughly 5 to 6% of the genomes of Treponema pallidum
and B. burgdorferi encode putative chemotaxis and motility
genes (9). Motility and chemotaxis gene regulation may be a
critical factor(s) to foster B. burgdorferi dissemination into or
out of neuroglial cells.

Validation of microarray data by real-time PCR. As the
microarray data provided a “snapshot” of the transcriptome
under experimental conditions and gave a general view of the
expression of the borrelial genes, it was important to validate
the trends observed in the microarray by qRT-PCR. A subset
of genes was chosen for further analysis from several func-
tional categories and plasmid locations. Additionally, we ana-
lyzed four genes (ospA, dbpA, dbpB, and BBK32) that did not
pass all three statistical tests in the microarray but were of
interest because of their functions as adhesins and importance
during borrelial transmission (29, 30, 50, 59). The same B.
burgdorferi-infected H4 cell total RNA preparation analyzed in
the microarray analysis was utilized for the qRT-PCR studies.
Relative quantitation of gene expression was calculated by the
27AACT method (39), whereby transcript levels were normal-
ized against the constitutively expressed B. burgdorferi flaB
gene and analyzed relative to expression in organisms incu-
bated in DMEM. The changes measured by qRT-PCR were
compared to the microarray data (Table 4). Primer and probe
sequences for the gene targets are listed in Table 5. The mi-
croarray was successful in predicting the amount of up- or
down-regulation seen with qRT-PCR analysis 70% of the time
(7 of the 10 genes analyzed by qPCR corroborated the mi-
croarray data) (Table 4). The microarray field has adopted a
wide variety of methods for use in data analysis. Differences in
technology and approaches employed for data analysis pro-
duce a wide range of acceptable methods for data confirma-
tion. We chose a simplified approach to analyze our qRT-PCR
validation of the microarray, as we felt this was a more accu-
rate measure of comparison. By qRT-PCR, we observed sig-
nificant up-regulation of genes related to chemotaxis, cheX and
cheW. Additionally, the adhesins dbpA and dbpB were strongly
up-regulated 21- and 19-fold, respectively. This illustrates the
importance of these proteins as mediators in the attachment of
B. burgdorferi, especially in human tissue (20, 21). We saw
roughly a threefold down-regulation in the gene encoding fi-
bronectin-binding protein BBK32, suggesting this adhesin is
not important to neuroglial cell association after 20 h of Bor-
relia infection. Interestingly, osp4 was strongly up-regulated
while ospC was slightly down-regulated. This is in contrast to
the reciprocal ospA/ospC expression observed as B. burgdorferi
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TABLE 4. Comparison of qRT-PCR and microarray data“

Fold up- or down-regulation
ORF

Microarray qRT-PCR”

S1 antigen BBAOS 3.39 12
BBA64 10.97 2.46
BBA71 25.1 1.48
BBA72 11.6 35
BBA73 10.2 1.8
BB0337 =25 34
cheX BB0671 251 9.8
cheW BB0670 5.14 22.6
BBA52 -2.63 1.5
OspC BBB19 9.82 —1.43
ospA BBA15 3.41 8.9%
dbpA BBA24 2.60 21*
dbpB BBA25 2.01 19*
BBK32 1.35 —3.33%

“The agreement between the two methods was 70%.
® ORFs marked with an asterisk did not pass all three statistical tests in the
microarray analysis.

migrates from the tick mid-gut to a mammalian host (45, 59),
although not inconsistent with previous findings regarding dif-
ferential gene expression during the progression of infection.
For example, down-regulation of the OspC gene during infec-
tion has been demonstrated as a mechanism to counter the
host’s specific humoral response to this antigen (36).

DISCUSSION

Since the B. burgdorferi genome has been sequenced (8, 22),
investigators have used microarray technology to study B. burg-
dorferi gene expression under a variety of conditions. Microar-
ray studies have been published examining the differential gene
expression of B. burgdorferi grown under conditions mimicking
unfed ticks compared to conditions similar to ticks feeding on
mammals and by simulation of mammalian infection (4, 46, 54,
65). Additionally, Narasimhan et al. studied in vivo B. burgdor-
feri gene expression in the heart and medulla of infected NHPs
by using microarray technology in conjunction with DECAL
(differential expression using customized amplification librar-
ies), which selectively amplifies specific prokaryotic message
(43). Alternatively, some investigators interested in the host
response to B. burgdorferi infection have used gene arrays to
monitor the expression of human genes, specifically matrix
metalloproteinases, following B. burgdorferi infection of human
chondrocytes, murine cartilage, and synovial fluid from Lyme
disease patients (3).

These gene expression studies have provided important infor-
mation to elucidate B. burgdorferi responses to environmental
changes associated with infection. However, with the exception of
the study reported by Narasimhan et al., the above studies using
B. burgdorferi genomic microarrays were indirect depictions of the
host environment, as they were all extrapolations of cultured
Borrelia grown under different medium conditions in vitro without
host-cell interactions. Our study is the first comprehensive anal-
ysis of changes in B. burgdorferi gene expression as it infects
human cells in vitro. Study of borrelial gene expression in this
model can help in understanding the transcriptional responses
when spirochetes encounter human cells.
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TABLE 5. Primer and probe sequences for qRT-PCR

Gene Forward and reverse primer (5'-3")

Probe

flaB/BB0147 TCTTTTCTCTGGTGAGGGAGCT
TCCTTCCTGTTGAACACCCTCT

AAACTGCTCAGGCTGCACCGGTTC

GACGATGAGCTAGAAAGCGAAGATCCAG

TGTGAAAGAGGTTGAAGCGTTGCTGTC

AGTGCGAGCTACTACAGTAGCGGAAA

AGTGCGAGCTACTACAGTAGCGGAAA

GACGGCAAGTACGATCTAATTGCAACAGT

TGGTGAATTGGAGGAGCCTATTGAAAGTAATGA

ACTATGGCTTTAGCCAATGCTTTGTCTGAA

ATAGAAATGGGTAAGCCCGGGCTT

BBAS52 ATCCAAGCCAAGAATCAGACGAGC
CGATCATCTTGGTACTCTCTTTCCC
ospC/BBB19 CGGATTCTAATGCGGTTTTACTTG
CAATAGCTTTAGCAGCAATTTCATCT
dbpA/BBA24 AGACGCTGCTCTTAAGGGCGTAAA
CACCACTACTTCCAGTTTCTTTGAG
dpbB/BBA25 GGAAACAGTGGTCAATTCTTGGCT
CCGCAAGCAATCTTTCAGCTGTGT
ospA/BBA15 GCGTTTCAGTAGATTTGCCTGGTG
ACGCCTTCAAGTACTCCAGATCCA
BBK32 GTTTAAATTCCCTTAGCGGTGAAA
TTTGGCCTTAAATCAGAATCTATAGTAAGA
cheW/BB0670 TTGGTTGTGGTAGTGGAAAGGAG
ACACCAACCTAGAAGTTTCAACAAC
cheX/BB0671 TGGATGCTGCTTCTTCGGTT
ACAGACCCAGCAAGCCCTACTATT
BBA72 ACTTCATGTGCTGTTAATCCAATTG

CCAGATTTTTGGTTGCTTTCTTTT

S1 antigen/BBAOS GCGCAATTTAACAGACGAAGAA

AAGCCTTTTAAACAAATCGTCAAGA

BB0327 GACCCTTTCTTTGGGATACAATGC
ACACGCCTTTGCCTAGCATGTTCT
BBA64 AGCCCGCAGCTGGAAAA
AGCTTTGCAACTTCAGGATCTAATATT
BBA73 GGATGCAAAGCTGATGGAAA
GCATACTTTTATTTGAGTCGAGTTCA
BBA71 CAGCCCCGATTACGAAAATATAA

AATTCTGCGTGTATTAGTAGATCGTTTAA

TCCAAAAGTAAAAAGCCGCACCGA

AATGTTGCAGGGTTTTGTTGGGCG

AGTGTATCCACCGCACGCATTTGTTG

AATCCCAACGCTAATGCCAACAATGCT

ATTCTCGGAGAAGTAATAAGGGTTGG

TATAGGACTACTTTATCACAAAGCATTGGGCATTCA

In vitro cell culture models have been used by other inves-
tigators to examine differential gene expression of bacteria as
they invade mammalian cells in vitro. Microarray analysis
studying the change in gene expression of Mycobacterium tu-
berculosis as it crossed the blood-brain barrier yielded insights
into the virulence factors associated with CNS invasion (32).
The intracellular gene expression profile of Listeria monocyto-
genes as it invades mouse macrophages and human epithelial
cells has also been described (10, 33). Similarly, the expression
profiles of other bacteria, including Salmonella enterica, Strep-
tococcus pneumonia, Neisseria gonorrhoeae, and Escherichia
coli, as they invade mammalian cells in vitro have been exam-
ined by using microarrays to gain insights into the pathogenesis
of these bacteria (13-15, 18, 19, 47, 63).

Currently, there is little knowledge regarding B. burgdorferi
pathogenesis in the CNS, although previous studies have pro-
vided interesting findings. Grab et al. used an in vitro model
system of the blood-brain barrier to investigate the ability of B.

burgdorferi to invade human brain microvascular endothelial
cells (28). In cultured rhesus monkey astrocytes, lipidated
OspA caused astrogliosis and stimulated interleukin-6 and tu-
mor necrosis factor alpha production (52). Additionally, bor-
relial lipoproteins activated the p38 and Erkl/2 mitogen-
activated protein kinase pathway in B. burgdorferi-infected
astrocytes, demonstrating a dysregulation in the inflammatory
response (53).

The goal of this study was to investigate B. burgdorferi dif-
ferential gene expression during in vitro infection of human H4
glial cells using microarray to identify putative borrelial medi-
ators of cellular infection. After conservative statistical analy-
sis, our data set revealed that B. burgdorferi infecting H4 cells
had 72 genes that were differentially regulated compared to
cell-free Borrelia grown in culture. This implies that B. burg-
dorferi differentially expresses a wide variety of genes to adapt
and survive in host tissues. The majority of the differentially
expressed genes in this data set encode hypothetical proteins,
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suggesting that these proteins may be novel virulence factors
and important markers of cellular association. Further study of
these genes could provide insights to the molecular mecha-
nisms involved in cellular infection. In addition to a large
number of hypothetical proteins, the Borrelia proteome is pre-
dicted to have 136 putative lipoproteins (8), and 8 of these
were differentially expressed upon borrelial association with
neuroglial cells. As lipoproteins are often surface exposed and
immunogenic, they could be important in mediating the at-
tachment of B. burgdorferi to different cell types.

Among the differentially regulated genes, a group that was
up-regulated in the neuroglial cells is related to chemotaxis
and motility, including flagellar synthesis genes. B. burgdorferi
has two characterized operons related to chemotaxis. Gene
products of both operons were “up” in our study, a finding that
corroborates with other microarray studies of Borrelia grown
under conditions mimicking the mammalian environment (54,
65). The B. burgdorferi genome encodes a large motility
operon, flgB, which includes 26 genes relevant to motility and
flagellar synthesis. Since B. burgdorferi lacks o>® (a sigma factor
which typically regulates flagellar gene transcription in bacte-
ria), transcription from this promoter is regulated by o’ (31).
It has been shown that B. burgdorferi synthesizes its periplasmic
flagella throughout its life cycle; therefore, up-regulation of
this operon could signal the bacterium to disseminate upon
encountering neuroglial cells (24). Bacterial motility has been
implicated as an important virulence factor in bacteria, and
transcriptional control of genes coordinating bacterial motility
and chemotaxis may enhance the capacity of B. burgdorferi to
disseminate within the host.

Of the 72 differentially regulated genes in our data set, 55 of
them (including genes related to motility) lie on the chromo-
some. However, eight of them lie on 1p54, and three belong to
pgf54. 1p54 has 8 of the 12 members of pgf54 clustered toward
the end of this linear plasmid. Other investigators have ob-
served that Ip54 has the highest ratio of differentially expressed
genes in response to changes in temperature and pH of the
medium (4, 46, 54). Serological data from Lyme disease pa-
tients have shown antibody responses against BBA64 and
BBAG6, indicating that these proteins are immunogenic and
are expressed during host infection (11, 26, 44). Our data
highlight the potential importance of this paralogous gene
family in the infectious process of B. burgdorferi. Interestingly,
in a long-term murine infection, BBA64 gene expression was
down-regulated as measured by B. burgdorferi cells localized to
ear tissues, despite the host eliciting a strong immune response
against this antigen (25). The up-regulation of the BBA64 gene
observed after neural cell infection suggests that this gene is
expressed during interaction with specific host tissues.

Using this in vitro model of human cell infection, we have
provided the first global gene expression analysis of B. burg-
dorferi during the active process of cellular infection. Prelimi-
nary studies in our laboratory utilizing the microarray to
analyze B. burgdorferi infection of human endothelial cells
demonstrated a different pattern of gene expression than
that observed with the H4 cells (data not shown), suggesting
that a unique set of borrelial genes are expressed when
interacting with specific cell types. Regulation of gene ex-
pression in response to dissemination and host tissue tro-
pism is a complex process researchers in this field are only
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beginning to understand. Elucidation of the mechanisms of
cell association is an important step to understanding how B.
burgdorferi responds to tissue colonization. These data and
analyses are a starting point for further research into the
events and mechanisms leading to the pathogenesis of Lyme
borreliosis.
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