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Borrelia burgdorferi, an agent of Lyme disease, establishes persistent infection in immunocompetent animals
and humans. Although the infection in humans can be cleared by antibiotic therapy, persistence in reservoir
animals is necessary for the maintenance of the bacterium in the natural reservoir host&Stick vector infectious
cycle. B. burgdorferi binds to 3,- and (;-chain integrins, and the P66 outer membrane protein is responsible
for at least some of the integrin binding activity of the spirochete. Because integrins are transmembrane,
bidirectional signaling molecules, integrin binding may alter the nature of the host response to the bacteria.
We used isogenic B. burgdorferi p66* and Ap66 strains to analyze the responses of cultured human cells to
P66-integrin interaction during infection. Microarray results suggest that the response differs according to the
cell type, infection time, and experimental conditions. Clusters of genes in functionally related categories that
showed significant changes included proteins involved in cell-extracellular matrix interactions, actin dynamics,
stress response, and immune responses. Integrin binding by P66 may therefore help B. burgdorferi establish
infection by facilitating tissue invasion and modulating the activation of the immune system to other compo-
nents of the bacteria, e.g., lipoproteins. These results provide insight into how B. burgdorferi is able to establish

infection in immunocompetent hosts.

Lyme disease is the most prevalent arthropod-borne illness
in the United States and is also common throughout Europe
and parts of Asia. It is caused by the spirochetes Borrelia
burgdorferi, Borrelia garinii, and Borrelia afzelii, which are main-
tained in a zoonotic cycle involving small mammals and birds,
as well as specific Ixodes species ticks. The Lyme disease Bor-
relia bacteria cause a multisystemic illness as a result of dis-
semination from the tick bite in the skin to distal sites in the
body, including the heart, knee joints, and nervous system.
These bacteria are able to establish persistent infection in
some tissues in immunocompetent animals. Since B. burgdor-
feri is an extracellular pathogen, it must employ various strat-
egies to avoid clearance by the host immune system, to dis-
seminate, and to colonize distant tissues.

B. burgdorferi is known to bind glycosaminoglycans, decorin,
fibronectin, native collagen, laminin, complement factor H,
and integrins in vitro. Bacterial ligands that bind to each of
these mammalian receptors, with the exception of collagen,
have been identified (3, 5, 6, 10, 20-23, 25, 27, 29, 32, 34, 36).
The B. burgdorferi outer membrane protein P66 was identified
as a Bs-chain integrin ligand (10) and is used as a diagnostic
antigen in human Lyme disease serologic testing (8, 16). Al-
though P66 does not have an RGD sequence, which is a com-
mon integrin-binding motif, recombinant P66 binds to both
Bs-chain integrins and can compete with whole B. burgdorferi
for binding to purified B;-chain integrins and cultured cells
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(10). Replacement of the integrin-binding domain of P66 by a
kanamycin resistance marker significantly decreases the bacte-
rium’s ability to bind both purified integrins and epithelial cells
transfected to overexpress the integrin o,B; (11). P66 also
binds integrin a;B,, and it may bind additional integrins.

Integrins are divalent, cation-dependent, heterodimeric
transmembrane proteins involved in cell-to-cell contact and
communication, inflammatory responses, changes in actin dy-
namics, and many other processes. Integrin-mediated signaling
is complex, as the signaling intermediates and the end result
depend on the particular integrin heterodimer present, the cell
type in which it is expressed, and the ligand to which it binds.
Since integrin signaling is also bidirectional (outside the cell to
inside the cell and vice versa) (26), cells may respond in a
variety of ways, including modulation of integrin signaling and
availability in the active conformation, to integrin ligation.
Expression of integrins varies between cell types and in re-
sponse to other environmental stimuli; o,B5 is present only
on platelets megakaryocytes, and mast cells; o,B5 is more
widely distributed; and one or more 3, integrins are produced
by all cell types except erythrocytes in mammals.

It has been hypothesized that to establish a persistent infec-
tion, B. burgdorferi evades the host immune system through
generation of antigenic variants of the VlIs surface protein
(40-42) and through binding of the complement cascade in-
hibitor factor H (6, 23, 27, 29). It is also apparent that B.
burgdorferi elicits a robust humoral and cellular immune re-
sponse, in part mediated by Toll-like receptors (TLRs), par-
ticularly TLR2, in response to bacterial lipoproteins (2, 24, 37,
38). However, it is important to note that the lipoprotein acyl
moiety recognized by TLR2 is not exposed on the surfaces of
healthy, intact bacteria. Manipulation of host cell biology and
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the host response through binding of a bacterial surface pro-
tein to an integrin is therefore an important mechanism by
which the bacteria may manipulate their environment in the
host while still viable, intact, and able to replicate and dissem-
inate.

Microarray analysis has made it possible to survey the whole
transcriptome for an overview of changes in response to time,
infection stresses, or a combination of factors. Here, we exam-
ined the mammalian host responses to infection with B. burg-
dorferi, focusing specifically on the role of P66 binding to in-
tegrins.

MATERIALS AND METHODS

Mammalian cell culture. The human kidney epithelial cell line HEK 293
(abbreviated 293 here) and a derivative transfected to express the genes for the
integrin o, and B subunits (hereafter referred to as 293+, 35 cells) were grown
in monolayers at 37°C under 5% CO, in Dulbecco modified Eagle medium
(DMEM) and Ham’s F-12 medium supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 wg/ml streptomycin.
The medium for the 293 +a, 35 cells was also supplemented with 400 ng/ml G418
(Sigma). The human macrovascular endothelial cell line EA.hy926 (17, 18) was
grown in monolayers at 37°C under 5% CO, in DMEM with 4.5 g/liter glucose,
supplemented with 10% FBS and hypoxanthine-aminopterin-thymidine (HAT)
(Sigma) to final concentrations of 100 uM hypoxanthine, 0.4 wM aminopterin,
and 16 wM thymidine, and with 2 mM r-glutamine, 100 units/ml penicillin, and
100 wg/ml streptomycin. Each of these cell lines has previously been shown to
bind Borrelia burgdorferi (13, 28), with different host cell substrates contributing
to B. burgdorferi attachment. In particular, the pair of transfected 293+« 85 cells
and parental HEK 293 cells were chosen in the hope of revealing Bs-integrin-
specific responses. The human microvascular endothelial cell line HMEC-1 (1)
was used as a second endothelial line and was cultured in endothelial basal
medium (Clonetics, San Diego, CA) supplemented with 15% heat-inactivated
fetal bovine serum (HyClone, Logan, UT), 1 pg/ml hydrocortisone (Sigma-
Aldrich, St. Louis, MO), and 10 ng/ml epidermal growth factor (Sigma-Aldrich).

For infections, two protocols were used. In one protocol, designed to allow
longer-term infections of cells in association with the matrix, the cells were
infected while adherent to the culture flask after washing the layers with phos-
phate-buffered saline (PBS) to remove the antibiotics in the culture medium. In
the second approach, designed to maximize the availability of integrins, the cell
monolayers were washed with PBS and lifted with PBS containing 5 mM EDTA,
pelleted at 400 X g for 10 min, washed in medium without antibiotics, and
resuspended in a total of 5 ml of medium without antibiotics per cell line. The
cells were counted with a hemocytometer, and 6 X 10° to 1 X 107 cells were
dispensed into 1.5-ml microcentrifuge tubes.

Culture of endothelial cells on Matrigel. For some experiments, Ea.hy926 cells
were cultured on Matrigel, which allows assessment of certain endothelial cell
activities thought to model certain responses to vascular endothelial growth
factor (VEGF) by endothelial cells in vivo. The cells were plated, and 2 days
later, they were treated with purified VEGF (obtained from the NCI Repository)
or infected with B. burgdorferi at a multiplicity of infection (MOI) of 10:1.
Growth of the endothelial cells was monitored, and structure formation was
quantified visually for 7 to 10 days, depending on the lot of Matrigel. Data were
analyzed for statistical significance using one-way repeated-measure analysis of
variance (ANOVA) and Dunnett’s posttest as well as Tukey’s multiple-compar-
ison test.

Bacterial culture and infections of mammalian cells. The high-passage-num-
ber, noninfectious Borrelia burgdorferi strain HB19/KO1 (p66*), which contains
an intact p66 (bb0603) locus marked with an adjacent kanamycin resistance
cassette, and HB19/KO4 (Ap66), in which the portion of p66 encoding the
integrin-binding domain is replaced by the kanamycin resistance cassette, were
grown in MKP medium supplemented with human serum and 200 pg/ml kana-
mycin as previously described (11). Mid-log-phase cultures supplemented with
glycerol to 20% final volume were stored at —80°C until use (12, 13). For
individual experiments, frozen aliquots of bacteria were thawed, washed twice
with PBS containing 0.2% (wt/vol) bovine serum albumin (BSA), and then
resuspended in 200 pl of cell culture medium without antibiotics. The bacteria
were enumerated and assessed for viability (which for these experiments was
assessed by morphology and motility) using a Petroff-Hausser counting chamber
and dark-field microscopy; for all experiments, >90% of the bacteria were intact
and motile. The bacteria were added to either tubes containing lifted cells or to
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adherent cell layers to achieve a multiplicity of infection of 10 bacteria per
mammalian cell. Lifted cells were incubated with the bacteria by gently rocking
at ambient temperature (for consistency with our previously published condi-
tions) for 1 or 3 h. The mammalian cells were subsequently harvested by cen-
trifugation at 400 X g for 10 min to remove unbound bacteria and washed with
PBS, and total RNA was extracted. The adherent cells were incubated with the
bacteria at 37°C under 5% CO, (to allow survival under prolonged infection
conditions) for 3, 6, or 24 h. After incubation, the monolayers were washed once
with PBS, lifted with trypsin-EDTA (TE), centrifuged for 10 min at 2,000 rpm,
and washed with PBS. In both protocols, the cells were then resuspended in lysis
buffer for RNA extraction using the RNeasy kit (Qiagen, Valencia, CA).

RNA purification and ¢cDNA synthesis. RNA was extracted from uninfected
and infected human cells using the Qiagen RNeasy kit with on-column DNase
digestion using the Qiagen RNase-free DNase kit. The quality of RNA was
checked using an Agilent bioanalyzer (Agilent, Santa Clara, CA). Labeled cDNA
was prepared from 10 pg of RNA per HEEBO chip or 15 pug of RNA per Qiagen
chip using an oligo(dT) primer with Superscript II reverse transcriptase in the
presence of aminoallyl-dUTP. Each cDNA sample was then coupled to either a
Cy3 or Cy5 dye in the presence of 0.1 M NaHCO3;, and the reaction was ended
by adding 4 M hydroxylamine. Labeled cDNAs were purified over a Cyscribe
GFX column (Amersham Biosciences) separately and concentrated, and the two
solutions were then mixed and hybridized to the microarray slide. Earlier hy-
bridizations were performed using in-house-generated arrays made from Oper-
on’s human v2.1.2 plus v2.1.4 ¢cDNA library, representing 27,175 human open
reading frames (ORFs) (Operon Technologies, Inc., Alameda, CA). Later hy-
bridizations employed HEEBO chips (Stanford Functional Genomics Facility,
Stanford CA), consisting of 44,544 70-mer probes representing 30,718 known
genes. A trial of both chips in parallel with a single set of samples yielded similar
results, with the exception of genes that were not represented on the lower-
complexity chips.

Microarray hybridization and analysis of data. Hybridizations were generally
performed in three biological replicate samples with two of the replicate slides in
one dye configuration and the third as a dye swap. Hybridization was performed
overnight using the Pronto microarray hybridization kit (Corning, Corning, NY).
Images were obtained using a Packard Scanarray 4000 two-color microarray
scanner (GMI, Ramsey, MN), and image analysis was done with ImaGene
software (BioDiscovery, Inc., El Segundo, CA) (30). Statistical significance and
fold changes were generated by using both GeneSifter (VizX Labs [Seattle, WA],
which has since been acquired by Geospiza [Seattle, WA]) and GeneSpring
(Agilent, Santa Clara, CA).

Statistical analysis. The different chips used in these experiments required
slightly different approaches to the analyses. For the chips from Operon Tech-
nologies, the data were first filtered based on flag values from the ImaGene
analysis to eliminate bad spots. Raw intensity values were used in GeneSifter for
data analysis. The median background of each spot was subtracted from the
median signal and uploaded into the program. The spot intensity values were
normalized to the median intensity of all spots over the entire chip, and projects
were set up in GeneSifter placing all conditions side by side. Comparisons were
made between each infection condition and the uninfected control within a time
point, and each infection condition was also compared to the same condition at
different time points.

The minimum fold change considered for further study in any comparison was
1.5-fold up or down. The genes that had a passing flag quality value as defined by
ImaGene for a majority of the biological replicates were the only ones consid-
ered. A two-way ANOVA test was then performed to judge statistical signifi-
cance. P values were calculated in relation to infection condition and time point.
A P value of less than 0.05 for either infection or time is considered significant
for the data obtained from the Operon Technologies chips, which were probed
with cDNAs derived from the lifted Ea.hy926, 293, and 293+, 5 cells.

For the HEEBO chips, which were probed with cDNAs derived from adherent
cells and lifted HMEC cells, background values were subtracted from each spot,
and the median intensity expression ratios were uploaded into GeneSifter and
normalized using LOWESS. A two-way ANOVA was used to filter the data using
a P value of <0.01 and by a fold change of 1.5 or greater compared to uninfected
cells.

For both sets of chips, genes that were significantly different between the
infection conditions were sorted into functional groups using Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways (http:/www.genome.jp/kegg)
and gene ontologies, WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt) (39),
and the Cluster and Treeview programs (http://rana.lbl.gov/eisen/?page_id=42).
Gene ontologies and KEGG pathway information were applied for all genes by
the GeneSifter program and used to group genes by function. Z-scores were
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TABLE 1. Primers used for quantitative reverse transcriptase PCR amplification

mRNA target 5’ primer sequence

3 pri Product length
primer sequence

(bp)
B-Actin CAGGCACCAGGGCGTGATG GTACATGGCTGGGGTGTTGA 286
MAPKS (JNK) CAGTCAGGCAAGGGATTTGT TGATGATGGATGCTGAGAGC 270
ROCK1 GGTTAGGGCGAAATGGTGTA AGTTGATTGCCAACGAAAGC 207
COLS5A1 GGCTGTGCTACCAAGAAAGG GAGGTCACGAGGTTGCTCTC 197
18S rRNA (normalization control) CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT 186

calculated by GeneSifter to gauge over- or underrepresentation of certain func-
tional groups. A z-score of over 2 or less than —2 was considered significant.

gqRT-PCR. Select genes representing the different functional groups identified
by microarray analysis were chosen for validation by quantitative reverse trans-
criptase PCR (qQRT-PCR). RNA preparations were those used for microarray
analyses, and no PCR products were detected in control reactions from which
reverse transcriptase was omitted. The primer sequences are shown and de-
scribed in Table 1. qRT-PCR was performed in a Stratagene Mx3000P system
(La Jolla, CA) and using Qiagen Quantitect SYBR green PCR kit (Qiagen,
Valencia, CA). Each 20-ul reaction mixture contained 10 pl of 2X SYBR green
master mix, 5 pmol of each primer, and either 150 ng of template cDNA (for 18S
rRNA and actin) or 75 pg (for all other genes). These differences were due to the
abundance of 18S rRNA and actin mRNA in the samples and the higher effi-
ciency of these primer sets.

To calculate fold changes, the AAC, method was used. The cycle threshold (C,)
of the gene of interest was subtracted from the C, of the 18S rRNA gene for each
condition. The difference of the normalized C, values of the two conditions was
used to calculate fold change as follows: for infection condition 1, C,1 of the gene
of interest — C,1 of the 18S rRNA gene = ACt, and for infection condition 2, C,2
of the gene of interest — C,2 of the 18S rRNA gene = ACt,, where C,1 is the
cycle threshold for infection condition 1 and C,2 is the cycle threshold for
infection condition 2. The fold change was calculated as follows: fold change =
JACH — ACE2.

Fluorescence microscopy. Mammalian cells were plated in tissue culture-
treated chamber slides and incubated for 1 or 2 days at 37°C with 5% CO,. The
cell layers were then washed and infected essentially as described above. After
incubation for various periods of time, the layers were washed and then fixed
with 3% paraformaldehyde in PBS. The samples were then permeabilized with
Triton X-100. After washing and blocking in HEPES-buffered saline supple-
mented with 1% BSA, the slides were probed with anti-Lyme spirochete antise-
rum (gift from Allen Steere), washed, and then probed with phalloidin plus
secondary anti-rabbit IgG, each conjugated to a different fluorescent dye. All
images in each figure were processed the same way.

Assessment of GTPase activity. Rho, Racl, and CDC42 activation states in
adherent cells, infected as described above for the microarray analyses, were
determined using a pulldown plus immunoblot kit from Cell Biolabs (San Diego,
CA), according to the manufacturer’s instructions.

Assessment of iNOS production. The levels of inducible nitric oxide synthase
(iNOS) at the protein level were measured using a enzyme-linked immunosor-
bent assay (ELISA) kit from R&D Systems (Minneapolis, MN), according to the
manufacturer’s instructions. The means, standard deviations, and statistical sig-
nificance were calculated using the unpaired ¢ test in the GraphPad Prism
software package.

Purified rec nt P66 prot Recombinant P66 integrin-binding do-
main fused to maltose-binding protein (MBP-P66M) was prepared as described
previously (15). MBP-Bgal (MBP fused to B-galactosidase), the fusion protein
encoded by genes on the pMalC2 vector, was purified in parallel and used as a
control. Site-directed amino acid changes were made in the P66 portion of the
MBP-P66 fusion protein using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The changes are designated by the single-letter
amino acid code corresponding to the full-length protein encoded by the genes
on the prototype sequenced B. burgdorferi strain B31M1 (7, 19). All constructs
were sequenced to ensure that no additional mutations had been introduced. The
purified proteins were compared to wild-type P66 and MBP alone for binding to
purified integrin as previously described (10, 15).

Microarray data accession number. All microarray data have been deposited
at GEO under accession number GSE27996.

RESULTS

To assess the effect of the Borrelia burgdorferi integrin ligand
P66 on human cell gene expression, we took two distinct ap-
proaches. In the first, we lifted adherent cells with EDTA, then
restored the divalent cations required for integrin function,
and incubated the cells with the bacteria in suspension. This
approach was used to maximize the number of integrin het-
erodimers per cell available for interaction with B. burgdorferi.
With prolonged time in suspension, however, adherent cells
may undergo anoikis (apoptosis in response to loss of adhe-
sion to substrate), so we also performed infections of cells
that were adherent in the culture flasks, although this limits
the availability of integrins. Three cell lines were used in both
conditions: the human macrovascular endothelial cell line
EA.hy926, the kidney epithelial cell line HEK 293 (293), which
does not express the integrin B subunit, and HEK 293 cells
transfected to overexpress integrin o, 5 (293+a,B5 cells). All
experiments used a multiplicity of infection (MOI) of 10 bac-
teria per human cell, with no centrifugation step to facilitate
bacterial and human cell interactions. In addition, all experi-
ments included infections with bacteria that express P66
(p66™) and that do not express P66 (Ap66), as well as unin-
fected controls. Results for endothelial cells versus epithelial
cells will be presented in separate sections. In all cases, anal-
yses were focused on functional pathways, as opposed to indi-
vidual genes, that showed statistically significant differences in
expression between infection conditions.

P66 affects expression of genes in several functional path-
ways in EA.hy926 endothelial cells. On-chip comparisons were
done between cells that were not infected with B. burgdorferi,
cells that were infected with p66™ bacteria, and cells infected
with Ap66 bacteria. Using the designations assigned from the
z-scores generated by GeneSifter and processed through We-
bGestalt, several pathways were found to be differentially reg-
ulated in the infections of both lifted and adherent cells with
the p66™ bacteria versus the Ap66 bacteria (Table 2). Several
pathways were also differentially expressed in either the adher-
ent cells or the lifted cells, but we have focused on those
common to both infection conditions, as they are most likely to
be informative specifically regarding the cellular response to
integrin binding by P66. In support of this choice, one pathway,
apoptosis, showed significant differences between infection
with p66™ bacteria versus Ap66 bacteria only in the lifted cells,
as would be expected if the cells are “rescued” by P66-integrin
interaction. While supportive of our other data demonstrating
that P66 binds integrins (5, 10-13), this was not the focus of
interest in this work, so more-detailed analyses of pathways of
potential interest in terms of pathogenesis were analyzed.
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TABLE 2. Clusters of genes with changes in expression common to lifted and adherent Ea.hy926 cells infected
with p66™ versus Ap66 B. burgdorferi

Lifted cells”

Adherent cells”

KEGG pathway”

No. of genes P value No. of genes P value
Focal adhesion® 46 1.42E-09 10 4.89E—-03
Regulation of actin cytoskeleton 39 5.77E-06 9 1.85E—02
MAPK signaling pathway” 47 1.68E—-05 15 3.1E-04
Colorectal cancer® 20 3.60E—-05 7 1.01E-03
Glioma“ 16 9.27E-05 4 3.38E—02
Fc epsilon receptor I signaling pathway 18 1.27E—-04 7 6.85E—04
VEGEF signaling pathway” 16 5.27E—04 5 1.16E—-02
Natural killer cell-mediated cytotoxicity® 23 6.28E—04 6 3.27E-02
Jak-STAT signaling pathway® 26 7.65E—04 9 2.96E—03
Chronic myeloid leukemia“ 16 8.66E—04 6 3.38E—03
GnRH signaling pathway* 19 1.03E—-03 5 4.12E—02
Dorsoventral axis formation 8 1.97E-03 3 1.41E-02
Phosphatidylinositol signaling system* 14 4.33E-03 6 3.38E—03
Pyrimidine metabolism 16 8.16E—03 5 3.26E—02
Sphingolipid metabolism 8 1.64E—-02 3 3.59E—-02
Alanine and aspartate metabolism 7 2.22E—-02 3 227E-02
Inositol phosphate metabolism® 9 2.51E—02 4 1.56E—02
Cell cycle® 17 2.95E-02 6 2.26E—02
T cell receptor signaling pathway” 14 4.03E—02 5 3.53E—02

“ A complete list of KEGG pathways can be found at http://www.genome.jp/kegg/pathway.html.
b P values considered to be statistically significant for lifted and adherent cells were <0.05 and <0.01, respectively, due to differences in the arrays used.
¢ These pathways were also significantly different (P < 0.01) in lifted human microvascular endothelial cells (HMECs) infected with p66* B. burgdorferi versus Ap66

B. burgdorferi.

The differences in gene expression varied with infection
time, but in many cases, they were consistent between the
shorter infection time periods of 1 to 3 h. At the 24-h time
point (at which time only adherent cells were analyzed), the
differences between all the samples were minimal, indicating
that the initial responses to the p66™ bacteria versus Ap66
bacteria are lost over time, perhaps due to downregulation of
the cellular responses to the bacteria. An overview of gene
expression changes is diagrammed in Fig. 1, which summarizes

Lifted Cells Adherent Cells
20 30 40 50 60 70 0.0 0.2 0.4 0.6
{ Y S Y 1SS S| L I 1 1
P66+ 1h -p66/un 3hr
—p66/un 6hr
P66+ 3h
un/un
uninf 1h |
un/un
uninf 3h +p66/un 24hr
—p66/un 24hr
P&6-1h
+p66/un 3hr
P&6- 3h
+p66/un Bhr

FIG. 1. Analysis of gene expression in Ea.hy926 cells in response to
B. burgdorferi cells that express P66 and that do not express P66. The
overall expression levels of genes represented on the microarrays were
compared for the three conditions (uninfected [uninf and un], infected
with p66™* B. burgdorferi [P66+ and +p66], and infected with Ap66 B.
burgdorferi [P66— and —p66]). Cluster analysis was performed using
the Cluster and Treeview programs and based on the subset of genes
that were statistically significantly different based on the different in-
fection conditions. Scales were arbitrarily set by the program.

the differences between infection conditions (infected with
p66™" bacteria versus Ap66 bacteria versus not infected) and
time points. In the lifted cells, the notable result is that the
differences between the cells infected with p66™* bacteria and
the uninfected controls are less than those between the cells
infected with Ap66 bacteria and the uninfected cells. In the
adherent cells, the cells infected with Ap66 bacteria are again
the most different from the uninfected controls at the earlier
time points, but the differences in gene expression between the
cells in any infection condition are minimal after 24 h of in-
fection.

The pathways that were common to infection of both adher-
ent and lifted cells are listed in Table 2. Two of these pathways,
the focal adhesion pathway and regulation of actin cytoskele-
ton pathway, contain many common genes, and so are consid-
ered together. The relevance of some pathways (e.g., colorectal
cancer) to B. burgdorferi infection is not clear, but these path-
ways include a number of signaling intermediates common to
the other pathways. Additional KEGG pathways with no ob-
vious connection to infection also were illuminated, but simi-
larly, they contain genes (e.g., those encoding signaling pro-
teins) that are common to many pathways. Pathways that were
also significantly different between the p66™ versus Ap66 bac-
terial infection conditions in a different endothelial cell line,
HMEQC, are indicated but not discussed here.

Focal adhesion and actin cytoskeleton pathways are affected
by P66. The regulation of actin cytoskeleton and focal adhe-
sion pathways were two KEGG pathways that were signifi-
cantly enriched in both adherent and lifted cells for genes
differentially expressed in response to p66™ or Ap66 B. burg-
dorferi. While both pathways were significantly affected by the
presence versus absence of P66, the specific genes that were
significantly affected in the adherent versus lifted cells were
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generally different, demonstrating the importance of the con-
text of the cells during infection. While an apparent total of 85
genes were differentially regulated in the focal adhesion and
regulation of actin cytoskeleton pathways in the lifted cells, the
actual number of genes affected is smaller, due to the signifi-
cant overlap of the two pathways. Focal adhesion kinase
(FAK) (or protein tyrosine kinase 2 [PTK2]), ROCKI, Racl,
myosin, and B-actin (ACTB) were all upregulated at least
2-fold in the cells infected with Ap66 bacteria at 3 h postinfec-
tion compared to uninfected cells (Table 3). Compared to
uninfected cells, the cells infected with p66™ bacteria had non-
significant changes of expression in these genes at the same
time point. The ratios of gene expression changes in the cells
infected with p66™* bacteria compared to cells infected with
Ap66 bacteria for multiple genes whose products are involved
in the regulation of actin and in focal adhesion were, however,
statistically significantly different. For select genes, these re-
sults were validated by quantitative reverse transcriptase PCR
(qRT-PCR) (Table 3). This would suggest that rearrangement
of the cytoskeleton should be occurring in cells infected with B.
burgdorferi and is affected by the interaction of P66 with its
receptor, again consistent with integrin ligation.

Eight genes involved in actin cytoskeleton dynamics were
differentially expressed in adherent cells infected with p66™
bacteria versus Ap66 bacteria. Five of these showed a similar
pattern in which cells infected with the p66™ bacteria showed
downregulation. For example, mRNA levels for RhoGEF1 and
gelsolin were decreased =1.6 fold in response to p66™ bacteria,
which would suggest a decrease in overall actin polymerization.
In cells infected with the Ap66 mutant bacteria, actinin alpha 4
was decreased =1.6 fold, which would potentially lead to de-
creased focal adhesion complex formation. The ratios of the
change in expression in the comparison of cells infected with
p66™ bacteria and Ap66 bacteria were consistent with signifi-
cant differences in the actin dynamics of cells infected with
p66™ bacteria versus Ap66 bacteria.

To determine whether B. burgdorferi might be affecting the
actin cytoskeleton at the functional as well as the mRNA level,
adherent Ea.hy926 cells were infected with p66™* or Ap66 B.
burgdorferi under conditions similar to those used to generate
mRNA for the microarray analyses. The cells were fixed, per-
meabilized, and then stained with phalloidin, which stains fil-
amentous actin. Anti-Lyme spirochete antiserum was used to
stain the bacteria. As shown in Fig. 2, both the p66™ bacteria
and the Ap66 bacteria alter the actin in the endothelial cell
layers. The p66™ bacteria lead to greater loss of stress fibers
and cortical F-actin (phalloidin) staining and to the develop-
ment of a lace-like network in the cells. Less-extensive rear-
rangements were seen after infection with the Ap66 bacteria.
These changes were, like the gene expression changes, subtle
and transient and did not result in gross loss of endothelial
layer integrity.

To determine whether any of the Rho family GTPases might
be involved in these changes, their activation states in infected
cells were determined. No significant differences were seen for
Rho, Rac, or CDC42 in any of the conditions tested: unin-
fected or infected with p66™ bacteria or with Ap66 bacteria at
any time point through 24 h infection (data not shown). It is
possible that other GTPases are more affected by the presence
of P66 than are the three recognized by the reagents used.
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Nevertheless, it is apparent that the presence of P66 does affect
how the endothelial cells respond to the bacteria at the mRNA
level and beyond.

Signaling pathways that are altered by P66. The adherent
and lifted cells also showed significant changes in the mitogen-
activated protein (MAP) kinase, Jak-STAT, phosphatidylino-
sitol, and vascular endothelial growth factor (VEGF) signaling
pathways, all of which are involved in cellular responses to
changes in the environment, as well as responses to infection.
Several genes in these pathways are also included in the focal
adhesion and regulation of actin cytoskeleton pathways and so
have already been mentioned above but are listed in each
applicable section of Table 3.

In the lifted cells, the transcript levels of two MAP kinases,
a Rap guanine nucleotide exchange factor (Rap GEF) and
Racl, were decreased in the cells infected with the p66™ bac-
teria compared to the cells infected with Ap66 bacteria (Table
3), suggesting that P66 is decreasing signaling in the MAP
kinase pathways leading to inflammation. In support of this, a
protein kinase C subunit, phosphatidylinositol (PI) 3-kinase
forms, and calcium channel subunits, as well as three forms of
STAT (signal transducer and activator of transcription), were
also decreased in the comparison of cells infected with p66™*
bacteria versus Ap66 bacteria, again suggesting that the cells
are not activating as robust an immune response if P66 is
expressed by the bacteria. It should be noted, however, that the
proinflammatory STAT4 mRNA level was significantly higher
in the comparison of cells infected with p66™ bacteria versus
Ap66 bacteria. This form, STAT4, is expressed at low levels
and is activated by alpha interferon (IFN-«) in endothelial
cells (9). The only IFN-a form that was differentially ex-
pressed, IFN-a8, was downregulated approximately 1.8-fold in
the comparison of cells infected with p66™* bacteria versus
Ap66 bacteria (not shown), so these preliminary results will
require further investigation at additional levels but overall
may suggest a downregulation of normal cell signaling.

Several genes in the MAP kinase (MAPK) and other signal-
ing pathways were also differentially expressed in the adherent
cells (Table 3). TAO kinase 2 (TAOK2) was downregulated in
the cells infected with p66™ bacteria and is involved in actin
cytoskeleton signaling as well as Jun N-terminal protein kinase
(JNK) activation. This alteration would be predicted to de-
crease MAPK p38 signaling and the induction of inflammatory
cytokines in the presence of P66. In both adherent and lifted
cells, heat shock protein 72 (HSP72) was increased in response
to the Ap66 bacteria but not to the p66™ bacteria. This result
suggests an increase in proinflammatory cytokine production
and protection against stress in the cells infected with the Ap66
bacteria. PI 3-kinases were also affected by the expression of
P66 by B. burgdorferi (Table 3). Three forms showed consistent
increases in expression in response to the Ap66 bacteria. Par-
ticular forms of phospholipase A2, however, were found to be
upregulated in response to the p66™ bacteria and downregu-
lated in response to the Ap66 bacteria in both adherent and
lifted cells in comparison to the uninfected controls. Phospho-
lipase A2 enzymes (PLAZ2s) are both secreted and cytosolic
and participate in generation of inflammatory responses
through production of arachidonic acid and so may contribute
to the inflammation seen with particular manifestations of
Lyme disease.
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FIG. 2. P66 affects endothelial cell morphology. Ea.hy926 cells were plated in tissue culture-treated glass chamber slides and then infected at
an MOI of 10 with p66™ or Ap66 B. burgdorferi HB19. The infections were allowed to proceed at 37°C under 5% CO, for 1 h or 3 h, after which
the cells were washed to remove unbound bacteria and fixed in paraformaldehyde. After permeabilization in 0.1% Triton X-100, the samples were
stained with antibody against the B. burgdorferi plus fluorescein isothiocyanate (FITC)-phalloidin. In the endothelial cells, cortical actin is
perturbed and stress fibers are less apparent after infection with the p66™ bacteria. All panels are shown at the same magnification.

Effects of P66 on the VEGF signaling pathway. Modulation
of the VEGF signaling pathway, in which several of the afore-
mentioned gene products participate, was intriguing in light of
B. burgdorferi being an arthropod-borne pathogen. VEGF was
originally known as vascular permeability factor, so to deter-
mine whether the p66™ versus the Ap66 B. burgdorferi display
differences in the ability to cross endothelial cell layers,
Ea.hy926 macrovascular endothelial cells were grown to con-
fluence on 3-pm-pore-size inserts. The bacteria were added to
the cells in the upper chamber, and migration across the cell
layer was quantified by counting bacteria in both the upper and
lower chambers over time for up to 72 h. In this system, no
statistically significant differences were seen (L. C. Ristow and
J. Coburn, data not shown). In a second measure of VEGF
signaling effects on endothelial cells in culture, the same cell
line was plated on Matrigel, an extracellular matrix that allows
the cells to respond to growth factor stimuli in a more physi-
ologically relevant setting than is possible using culture in
plastic dishes. In addition, the cells may form multicellular
structures thought to model angiogenesis when cultured on
Matrigel and stimulated with VEGF (31). In this setting, B.
burgdorferi that express P66 stimulated growth of the cells in a
manner that mimicked VEGF, while the Ap66 B. burgdorferi
had a smaller effect (Fig. 3).

To determine whether the stimulation of endothelial cell
growth was due to P66 or other bacterial factors, purified
MBP-P66 and the control MBP were tested for the ability to
promote growth of the cells. While in the bacterial infections
P66 was not the only determinant of endothelial cell responses,
purified MBP-P66 alone did promote growth of the cells, while
MBP alone and MBP-P66 D207A (which is defective in B5
integrin binding) were less effective (Fig. 3). We recently found
that OspC of B. burgdorferi also stimulated endothelial cell
growth (4), so while this property is not unique to P66, the
effect of P66 appears to be correlated with B5 integrin binding
activity. For B. burgdorferi, the more relevant test of vascular
permeability in response to intradermal infection of mice with
wild-type and mutant strains will be pursued in future studies,

but the cell culture model demonstrates that this is a direction
of potential interest.

Immune response signaling affected by P66. Several of the
genes that were differentially regulated in both adherent and
liftted endothelial cells are involved in the immune response as
well as in the signaling pathways as described above. In addi-
tion to the genes described earlier, HSP72, which is involved in
the response to a variety of stresses and promotes production
of proinflammatory cytokines via the JNK pathway, was de-
creased in response to the p66™* bacteria versus Ap66 bacteria.
This may alter the type/balance of immune response to infec-
tion. Likewise, the downregulation of the transcription factor
STAT6, p38 MAPK, JNK, coagulation factor II receptor-like
3, interleukin 11 (IL-11) receptor, tumor necrosis factor alpha
(TNF-a)-interacting protein, PI 3-kinase, and especially nitric
oxide synthase 2A (NOS2A) would all decrease the response
to the p66™ bacteria compared to the response to the Ap66
bacteria. This was verified at the protein level for NOS2A,
which is also known as NOS2 and iNOS (Fig. 4). This form of
nitric oxide synthase is induced by mammalian cells in response
to a variety of stresses, including bacterial infection. The cells
infected with the Ap66 bacteria showed increased iNOS pro-
tein levels in comparison to the uninfected controls. In con-
trast, the cells infected with the p66™ bacteria showed no
increase in iNOS protein, suggesting that P66 might repress
induction of iNOS in response to other bacterial components.

Similarities and differences of HEK 293 epithelial cells and
endothelial cells. In addition to the endothelial cells, compar-
isons between responses to the p66™ and Ap66 B. burgdorferi
were made between HEK 293 epithelial cells, which express no
Bs-chain integrins, and a derivative expressing a5, after in-
fection with p66™ B. burgdorferi versus Ap66 B. burgdorferi.
Although 293 cells do not express B5 integrins, P66 does also
display some binding to integrin as3, and has been demon-
strated to affect signaling through o3, in human chondro-
cytes. The two epithelial cell lines showed many fewer statis-
tically significant differences in gene expression in response to
the different bacterial strains (Table 4). These data demon-
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FIG. 3. B. burgdorferi promotes growth and structure formation by endothelial cells in Matrigel. Cells were plated at low density on either
conventional plastic tissue culture plates or on the same culture plates precoated with Matrigel. After 2 days of incubation, the cells were treated
with recombinant vascular endothelial growth factor (VEGF), B. burgdorferi, or the medium control and followed visually over several days of
additional incubation. (A) Representative micrographs from day 5 postinfection or posttreatment. Multicellular structures distinct from clumps are
boxed. Wild-type (WT) B. burgdorferi and Ap66 B. burgdorferi were examined. (B) Quantification of multicellular structures on day 5. At earlier
time points, there were no statistically significant differences between the values for the different conditions. On day 5, the number of structures
in the cells infected with WT B. burgdorferi or in the cells treated with VEGF was significantly higher (P < 0.05) than that of the untreated cells.
(C) Quantification of overall endothelial cell growth to form multicellular clusters and structures. The growth and formation of structures do not
depend solely on the presence of P66 expression, as the Ap66 bacteria stimulate growth and structure formation by the endothelial cells, but to
a lesser degree than do the wild-type bacteria. While in the bacterial infections, P66 was not the only determinant of endothelial cell growth, when
purified proteins were tested in similar experiments, the integrin binding activity of P66 was critical (panels D and E). (D) P values in comparisons
of purified maltose-binding protein (MBP)-P66 fusion proteins and control proteins in comparisons to VEGF and no additions (positive and
negative controls, respectively). Bgal, B-galactosidase. (E) Integrin a5 binding activity of MBP-P66 carrying site-directed changes to two aspartic
acid residues in the previously identified integrin-binding domain. E. coli never resulted in structure formation or endothelial cell growth but did
kill the cells within 3 days regardless of the presence or absence of Matrigel (not shown).

strated that the responses to B. burgdorferi infection in these tissue culture plastic ware and are more resistant to lifting

cells are quite different from the responses in the endothelial
cells. An additional difference between the epithelial and en-
dothelial cells is that there was no overlap of genes that were
differentially expressed in both the lifted and adherent epithe-
lial cells.

There are differences between the 293 and the 293+«,B5
epithelial cell lines responses to infection with p66™ B. burg-
dorferi versus Ap66 B. burgdorferi, demonstrating that the in-
tegrin and the different physiology resulting from the expres-
sion of integrin o,B; affect how these cells respond to the
bacteria. In fact, the 293+, 5 cells are morphologically quite
distinct from the parental 293 cells, as they spread out more on

with EDTA (unpublished observations). Nevertheless, the
293+a,B5 cells did show changes in expression of genes that
are predicted to affect the actin cytoskeleton (Table 5). Stain-
ing of these cells with phalloidin after infection revealed
changes in the actin cytoskeleton (Fig. 5), demonstrating that
although changes in expression of genes that affect cytoskeletal
dynamics were not dramatic at the mRNA level, the integrin
ligand P66 affects the mammalian cell at functional levels.
Unlike the EA.hy926 cells and the 293+« 5 cells, much of
the 293 epithelial cell response appeared to be centered on
changes that may affect the production of cell surface and
extracellular matrix components. For example, in the lifted 293
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FIG. 4. Inducible nitric oxide synthase (iNOS) induction by p66™
versus Ap66 B. burgdorferi. Ea.hy926 endothelial cells were incubated
with either p66™* or Ap66 B. burgdorferi at an MOI of 10 or with no
bacteria. After 1 or 3 h, the cell layers were washed and lysed, and
iNOS protein levels in cell lysates were measured using a commercially
available ELISA kit. The values are the means plus standard deviations
(error bars) of three replicate samples from a single representative
experiment. At the 3-h time point, comparing the value for Ap66 B.
burgdorferi-infected cells to the value for p66" B. burgdorferi-infected
cells yielded a P value of <0.02, and comparing the value for Ap66 B.
burgdorferi-infected cells to the value for the uninfected control at the
3-h time point yielded a P value of 0.03. At 1 h, there were no
significant differences, and there was no significant difference between
the uninfected and the p66*B. burgdorferi-infected cell samples at 3 h.

cells, expression of collagen chain 11A1l is decreased, while
collagen chains 5A1 and 9A1 are increased in the cells infected
with the Ap66 bacteria. The level of transcript encoding
laminin 4 is initially increased but then declines in the cells
infected with the Ap66 bacteria, while the opposite pattern was
observed for thrombospondin 1. In the adherent cells,
B-laminin transcript increases in cells infected with the p66™*
bacteria and decreases in cells infected with the Ap66 bacteria,
and protocadherin 4 increases in cells infected with the p66™
bacteria. The 293 epithelial cells therefore undergo changes in
gene expression consistent with rearrangement of their outer
surfaces and extracellular matrices. This may result in altered
exposure of molecules that participate in defense against the
pathogen or altered availability of potential receptors used by
the bacteria.

INFECT. IMMUN.

DISCUSSION

The B. burgdorferi outer membrane protein P66 was identi-
fied as an integrin ligand, but its role in B. burgdorferi infection
is not yet known. Our hypothesis was that integrin binding
might allow the bacteria to trigger changes in host cell biology
that would promote bacterial survival and dissemination within
the host. In contrast to invasin, a 3, integrin ligand of Yersinia
pseudotuberculosis, P66 would not be expected to promote
uptake of the bacteria by mammalian cells, as there is no
current evidence that B. burgdorferi occupies an intracellular
niche during mammalian infection. The significance of P66 is
also predicted to be in the mammal rather than in the tick, as
P66 is not produced by B. burgdorferi in unfed ticks but is
expressed during mammalian infection and as the bacteria are
acquired by, or transmitted by, the tick (14). P66 expression
then correlates with factors specific to mammalian infection.
Indeed, preliminary evidence suggests that P66 is required for
mammalian infection (unpublished observations). A second
consideration is that P66 was also identified as a channel-
forming porin (33, 35), an activity that may also influence
bacterial survival in the host. We therefore sought to deter-
mine whether the mammalian host cells would respond differ-
ently to B. burgdorferi that express P66 than to B. burgdorferi
that that do not express P66. Taken together, our results sug-
gest that the presence of P66 may decrease the human endo-
thelial cell response to B. burgdorferi and affect the nature of
the responses of endothelial and epithelial cells to these bac-
teria. In this work, several groups of genes that appear to be
differentially expressed by human cells that have been infected
by B. burgdorferi that produce the P66 protein and that do not
produce the P66 protein were identified. These groups include
actin cytoskeleton and focal adhesion, cell adhesion proteins,
immune response/stress response genes, and signaling path-
ways.

Alterations in the actin cytoskeleton may have at least two
functions during B. burgdorferi infection. One possibility is that
manipulation of actin may allow increased migration of B.
burgdorferi through various cell layers and tissues. A second
possibility is that the effects on actin dynamics may alter the
ability of immune cells to migrate to sites of infection. The
presence of P66 was also shown to increase the expression of
multiple cell surface adhesion proteins, which may again have
two functions. In one scenario, this could serve to increase the

TABLE 4. Clusters of genes with changes in expression common to lifted and adherent 293 and 293+« 35 cells infected
with p66™ versus Ap66 B. burgdorferi®

Lifted cells® Adherent cells®
Cell KEGG pathway® No. of No. of
. P value ’ P value
genes genes
293 NA? NA NA NA NA

293+a,B5 Cell communication 3 0.0384 5 3.68E—02

Pathogenic Escherichia coli infection (EHEC) 2 0.0362 3 439E-02

Pathogenic Escherichia coli infection (EPEC) 2 0.0362 3 4.39E—-02

¢ Human kidney epithelial line HEK 293 (293 cells) and a derivative transfected to express the genes for the integrin «, and B3 subunits (293+a,B5 cells) were

examined.

» KEGG pathways listed at http://www.genome.jp/kegg/pathway.html. EHEC, enterohemorrhagic Escherichia coli; enteropathogenic EPEC, Escherichia coli.
¢ P values considered to be statistically significant for lifted and adherent cells were <0.05 and < 0.01, respectively, due to differences in the arrays used.
4 NA, not applicable. There were no pathways significantly differentially affected by infection with p66™ versus Ap66 B. burgdorferi in both adherent and lifted cells.
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TABLE 5. Genes significantly differentially expressed in 293 and 293+a,5 cells infected with p66™ versus Ap66 bacteria®

Cell line Gene name” Protein encoded

Fold change comparing
the following®:

Predicted effect(s) or note(s)®

p66" and  Ap66 and  p66* and
uninfected  uninfected Ap66
293 COLL11A1" Collagen XI alpha 1 NS 3.05 —2.83  Increased cell-extracellular matrix
(ECM) adhesion —P66
COLL5A1%* Collagen V alpha 1 NS 2.61 —2.97 Increased cell-kECM adhesion —P66
COLLYA1"  Collagen IX alpha 1 NS —3.28 3.58 Decreased cell-ECM adhesion —P66
MAN1A2-  Mannosidase, alpha, class 1A, NS 2.86 —2.72  Fewer N-glycans on the cell surface
member 2 —P66
MGAT1- Mannosyl (alpha-1,3-)-glycoprotein NS —2.65 2.67  Fewer N-glycans on the cell surface
beta-1,2-N-acetylglucosaminyl —P66
transferase
ALG14" Asparagine-linked glycosylation 14 NS —2.50 2.84  Fewer N-glycans on the cell surface
homolog —P66
LAMA4- Laminin, alpha 4 NS —1.52 1.61  Decreased cell-ECM adhesion —P66
PCDHB4*  Protocadherin beta 4 1.5 NS 1.9 Increased cell-cell adhesion +P66
PPP1CB* Protein phosphatase 1 NS 1.8 =25 Decreased actin polymerization —66
ACTB"* B-Actin NS NS —1.64  Decreased actin polymerization +P66
SOS1* Son of sevenless homolog 1 NS —1.94 231 Decreased proliferation of cells —P66
THBS2- Thrombospondin 2 NS 2.92 —2.97 Decreased angiogenesis —P66
TLN1A Talin 2.0 NS 1.8 Increased actin polymerization +P66
TNFSF11*  Tumor necrosis family super —1.8 NS —-2.2 Decreased immune response +P66
family, member 11
HEK 293+a,8; HAPLN3*  Hyaluronan and proteoglycan link NS -1.8 -23 Decreased cell adhesion —P66
protein 3
FGFR24 Fibroblast growth factor receptor 2 NS 1.9 =25 Decreased actin polymerization +P66
VAV2A Rho family GEF NS 22 -2.0 Increased Rho activation, actin
polymerization —P66
JAK2A Janus kinase 2 NS 2.0 -23 Increased immune response —P66
ULBP1* UL16-binding protein 1 NS -1.6 2.1 Increased immune response —P66
MEKKK5*  Mitogen-activated protein kinase NS 1.5 -2.0 Increased immune response —P66
kinase kinase 5
STAT5B* Signal transducers and activators of NS 2.0 -25 Increased immune response —P66
transcription 5B
ERK5% Mitogen-activated protein kinase 7 NS -1.7 22 Increased apoptosis —P66
EMID2" Collagen al1-26 —1.57 NS —1.61 Decreased cell-ECM adhesion +P66
CTNNB1"  Catenin beta 1 2.5 NS 2.07 Increased cell-cell adhesion +P66
SCYE1* Small inducible cytokine subfamily NS 1.6 -2.0 Increased immune response,

E 1

apoptosis —P66

¢ Human kidney epithelial line HEK 293 (293 cells) and a derivative transfected to express the genes for the integrin «, and B3 subunits (293 +a, B cells) were infected
with B. burgdorferi at an MOI of 10 or left uninfected. Bacterial cell-host cell contact was not facilitated by centrifugation. For genes represented more than once on

each array, all the data were averaged.

> Adherent cells are indicated by a superscript A letter, and lifted cells are indicated by a superscript L letter. Some genes were validated using quantitative reverse

transcriptase PCR (qRT-PCR); these genes are indicated with an asterisk.

¢ The fold change for values for the following three comparisons is shown: p66™ B. burgdorferi-infected cells and uninfected cells (p66* and uninfected), Ap66 B.
burgdorferi-infected cells and uninfected cells (Ap66 and uninfected), and p66 ™ B. burgdorferi-infected cells and Ap66 B. burgdorferi-infected cells (p66* and Ap66). The
data shown are the average fold changes for three independent experiments at any time point. NS, not significant.

4 The predicted effect or note in the presence of P66 (+P66) or in the absence of P66 (—P66) is shown.

availability of receptors for the bacteria. An alternative, but
not mutually exclusive, possibility is that the changes may affect
the ability of infiltrating immune cells to traffic to the site of
infection.

We also observed a decrease in expression of genes involved
in the immune response in cells infected with p66™* B. burgdor-
feri, and conversely, increased expression of genes relating to
the immune response in cells infected with the Ap66 bacteria.
This may be one factor that contributes to the ability of B.
burgdorferi to establish persistent infection in immunocompe-
tent animals in the absence of antibiotic therapy. We did,
however, observe increases in expression of genes encoding
certain proinflammatory molecules, such as phospholipases
and metalloproteinases (data not shown), which may contrib-
ute to the inflammation in particular tissues seen in Lyme

disease. The MAPK and Jak-STAT pathways, which contrib-
ute to effecting the immune response and inflammation down-
stream of integrins, also showed differences in the expression
of the genes whose products participate in these signaling
cascades. Together with changes seen in signaling and re-
sponse pathways, particularly VEGF signaling, it is possible
that the significance of P66 in B. burgdorferi infection is pri-
marily due to subtle influences on host cell and tissue biology.

It is important to note that gene expression changes are not
the only mechanism by which important changes can occur in
how mammalian cells respond to bacteria. Many of the
changes are immediate and short-lived alterations in the activ-
ities of signaling pathways that mediate the host response to
the bacteria. However, modest changes in expression of signal-
ing intermediates may have significant effects at the cellular
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FIG. 5. P66 disrupts cortical actin in epithelial cells. HEK 293 cells transfected to express integrin o, 35 were infected at an MOI of 10 with p66™*
or Ap66 B. burgdorferi. The infections were allowed to proceed at 37°C under 5% CO, for 1 h, after which the cells were washed to remove unbound
bacteria and fixed in paraformaldehyde. After permeabilization in 0.1% Triton X-100, the samples were stained with anti-OspA mouse serum plus
Alexa Fluor 350-phalloidin. Note that in the cells infected with the bacteria that express P66, the cortical rim of actin has largely dissipated, and
the cells appear to have contracted. All panels are shown at the same magnification.

level. Changes in expression of several genes within the same
pathway also suggest that the host cell response can affect the
outcome of the interaction over longer periods of time, par-
ticularly in the cases of pathogens such as B. burgdorferi that do
not rapidly kill their hosts but need to maintain a persistent
infection.

This work also emphasizes that, although changes in gene
expression may be important, analysis of changes at the protein
and cellular levels are also important to consider, due to the
multiple layers of regulation of the activities of many proteins.
This is particularly true for interactions of bacteria with host
cells mediated by signaling molecules such as integrins. The
invasin protein of Yersinia is a well-established example of how
binding to integrins can contribute to bacterial virulence. In
addition, for many years, the importance of bacterial toxins in
manipulation of host cell biology has been appreciated, but B.
burgdorferi has not been demonstrated to produce toxins. Ma-
nipulation of host cell biology through binding to integrins may
therefore be a tool used by B. burgdorferi to its own advantage
in facilitating establishment of persistent, disseminated infec-
tion in immunocompetent hosts.
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