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Abstract

Background: In previous studies, human oligodendrocytes were demonstrated to undergo apoptosis in the
presence of Borrelia burgdorferi under an inflammatory milieu. Subsequently, we determined that the MEK/ERK
pathway played a significant role in triggering downstream inflammation as well as apoptosis. However, the
identity of receptors triggered by exposure to B. burgdorferi and initiating signaling events was unknown.

Methods: In this study, we explored the role of several TLR and EGFR/FGFR/PDGFR tyrosine kinase pathways in inducing
inflammation in the presence of B. burgdorferi, using siRNA and/or inhibitors, in MO3.13 human oligodendrocytes. Cell
death and apoptosis assays were also carried out in the presence or absence of specific receptor inhibitors along with the
bacteria to determine the role of these receptors in apoptosis induction. The expression pattern of specific receptors with
or without B. burgdorferi was also determined.

Results: TLRs 2 and 5 had a minimal role in inducing inflammation, particularly IL-6 production. Rather, their effect was
mostly inhibitory, with TLR2 downregulation significantly upregulating CXCL8, and CXCL (1,2,3) levels, and TLR5 likely
having a similar role in CXCL8, CXCL(1,2,3), and CCL5 levels. TLR4 contributed mostly towards CCL5 production. On the
other hand, inhibition of all three EGF/FGF/PDGF receptors significantly downregulated all five of the inflammatory
mediators tested even in the presence of B. burgdorferi. Their inhibition also downregulated overall cell death and
apoptosis levels. The expression pattern of these receptors, as assessed by immunohistochemistry indicated that the
PDGFR{ receptor was the most predominantly expressed receptor, followed by FGFR, although no significant
differences were discernible between presence and absence of bacteria. Interestingly, inhibition of individual EGFR,
FGFR, or PDGFR receptors did not indicate an individual role for any of these receptors in the overall downregulation
of pathogenesis. Contrarily, suppression of FGFR signaling alone in the presence of bacteria significantly upregulated
inflammatory mediator levels indicating that it might control an inhibitory pathway when triggered individually.

Conclusions: Unlike TLRs, EGF/FGF/PDGF receptors collectively play a significant role in the inflammation and apoptosis
of human oligodendrocytes as mediated by B. burgdorferi. It is likely that these three receptors need to be triggered
simultaneously to achieve this effect.
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Background

Lyme neuroborreliosis (LNB), caused by the spirochete Bor-
relia burgdorferi, is a morbid form of Lyme disease with
complex neurological sequelae. LNB manifests in about
15% of patients with primary erythema migrans, and may
be evidenced as a lymphocytic meningo-radiculitis, lympho-
cytic meningitis, cranial neuritis, radiculoneuritis, radiculo-
neuropathy, and/or, rarely, encephalitis and myelitis [1]. The
pathogenesis of LNB is not clearly understood. We have
established a rhesus macaque model and several in vitro
and ex vivo models to help delineate mechanisms of acute
LNB. Intrathecal inoculation of live B. burgdorferi in rhesus
macaques elicited in these animals signs of acute LNB, in-
cluding leptomeningitis, radiculitis, inflammatory lesions in
dorsal root ganglia (DRG), accompanied by glial and neur-
onal apoptosis in the DRG [2]. Stereotaxic intraparenchymal
inoculations in rhesus macaques have similarly shown oligo-
dendrocyte and neuronal cell death by apoptosis in the cen-
tral nervous system (CNS) [3]. In either study, apoptosis of
neuroglial cells occurred in an inflammatory environment,
leading us to hypothesize that inflammation elicited by B.
burgdorferi is a leading cause of LNB pathogenesis. In proof
of principle, administration of dexamethasone, an anti-
inflammatory agent, in vivo in rhesus macaques, not only
downregulated the pleocytosis of lymphocytes and mono-
cytes in the cerebrospinal fluid (CSF) but also glial and
neuronal cell death [4]. In separate in vitro studies, B. burg-
dorferi has been documented to induce inflammation and
cell death by apoptosis in neurons in the presence of micro-
glia [5], and without any other cell involvement in the case
of oligodendrocytes [6]. Downregulation of inflammation by
pretreatment with dexamethasone, also inhibited oligo-
dendrocyte cell death. In addition, a study of the mecha-
nisms of inflammation in oligodendrocytes has shown that
the MEK/ERK pathway plays a predominant role in indu-
cing not only the production of several key inflammatory
mediators but also the expression of the transcription factor
p53 [7]. Inhibition of the ERK pathway suppressed p53
levels, and suppression of either the MEK/ERK pathway or
the mitochondrial p53 downregulated apoptosis in oligo-
dendrocytes, indicating that this mitogen-activated protein
kinase (MAPK) pathway plays an important role in both in-
flammation and apoptosis of these glial cells. In continu-
ation of this study, the current manuscript explores the
roles of several surface receptors in mediating such down-
stream events, and we show that the signaling mechanisms
in human oligodendrocytes in response to B. burgdorferi in
vitro are part of a multi-factorial complex process with
non-traditional receptors playing key roles.

Methods

Bacterial strain and culture

B. burgdorferi B31 5A19, a strain possessing the full com-
plement of plasmids [8] was used throughout this study.
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The strain was routinely cultured in Barbour-Stoenner-
Kelly (BSK-H) medium (Sigma Aldrich, St. Louis-MO) sup-
plemented with amphotericin (0.25 pg/mL), phosphomycin
(193 pg/mL), and rifampicin (45.4 pg/mL), for about 5-
6 days, under microaerophilic conditions. Concentration of
bacteria was determined using a dark-field microscope, and
the required number was harvested by centrifugation at
2095xg for 30 min at room temperature, without brakes.
The resulting bacterial pellet was resuspended in DMEM
high glucose (Invitrogen/Life Technologies, Inc., Grand
Island-NY) supplemented with 100 nM phorbol myristate
acetate (PMA) (Sigma Aldrich, St. Louis-MO) to the same
concentration prior to pelleting and diluted further to the
required multiplicity of infection (MOI).

Cell culture

The human oligodendrocyte cell line MO3.13 (CELLu-
tions Biosystems Inc., Ontario, Canada) was used to model
the effects of B. burgdorferi on glial cells and cultured as
described in Parthasarathy and Philipp [7]. MO3.13 cells
are adult human oligodendrocytes fused with human
rhabdomyosarcoma cells. Cells routinely grown in DMEM
(high glucose) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S) at 37 °C, 5%
CO,, were seeded on 6-well plates (0.8 x 10*/well), or
chamber slides (0.6 x 10%/well). After 3 days, cells were
allowed to differentiate into mature oligodendrocytes by
replacing the culture medium with DMEM high glucose
devoid of serum but supplemented with 100 nM PMA
and 1% P/S. Cells were allowed to differentiate for 3 days
further before experiments were carried out.

Infection assays with receptor inhibitors

The differentiated MO3.13 cells were exposed to B. burg-
dorferi at an MOI of 10:1 for 48 h. The experimental
medium was identical to the differentiation medium but
without antibiotics. At 2 h prior to the addition of bacteria,
receptor inhibitors or their solvent controls were added, to
determine the role of several receptors on B. burgdorferi-in-
duced inflammation in human oligodendrocytes. The fol-
lowing inhibitors were used: PD-089828-epidermal growth
factor/fibroblast growth factor/platelet derived growth
factor-receptor tyrosine kinase (EGF/FGF/PDGF RTK) in-
hibitor; AG-1478 (EGER inhibitor); CP-673451 (PDGFRa/p
inhibitor); PD 166866-FGFR inhibitor; SU6656 (src family
kinase inhibitor); Oxidized 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphorylcholine (OxPAPC) (TLR2/4); CLI-095
(TLR4); neutralizing antibody to human TLR5 and its iso-
type control. All of the growth factor receptor inhibitors ex-
cept CP-673451 were from EMD Millipore (Billerica, MA),
while the PDGFRa/p inhibitor was obtained from Selleck
Chemicals (Houston, TX). The TLR inhibitors and anti-
bodies were obtained from Invivogen, San Diego, CA. At
48 h after the addition of bacteria, supernatants were
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collected after centrifugation at 2095xg, 10 min, 4 °C to re-
move bacteria and cellular debris, aliquoted and stored at
-20 °C until analysis by enzyme-linked immunosorbent
assay (ELISA) for chemokines and cytokines.

Ribonucleic acid interference (RNAi)

The role of TLRs in inducing inflammation in oligoden-
drocytes, in response to B. burgdorferi exposure was deter-
mined by gene silencing using small interfering RNA
(siRNA) technology. Transfection complexes were gener-
ated using 2 pL HiPerfect transfection reagent (Qiagen,
Valencia, CA) and 12.5-25 nM siRNA (Santa Cruz Bio-
technology, Dallas, TX) in experimental medium. The
complexes were incubated at room temperature for
30 min, and 200 pL of the complex was added to cells,
after replacing the old medium in the 6-well plates. Imme-
diately after the addition of transfection complexes,
800 pL of experimental medium was added to prevent
drying of cell layer. After a 24-h incubation at 37 °C, 5%
CO,, B. burgdorferi (MOI 10:1) was added and further in-
cubated for 48 h, at the end of which, supernatants were
collected as before and analyzed for chemokine and cyto-
kine expression. A non-specific control siRNA was used
as negative control for all experiments. Pam3CSK4 (Imge-
nex, San Diego, CA; TLR2), lipopolysaccharide (LPS)
O55:B5 (Sigma Aldrich, St. Louis, MO; TLR4) were used
as TLR-specific positive controls when required.

ELISAs for chemokines and cytokines

The supernatants of glial cells from various experimental
conditions were analyzed for specific chemokines and
cytokines using custom Milliplex kits from EMD Milli-
pore (Billerica, MA). The Multiplex ELISAs were carried
out at the Pathogen Detection and Quantification Core,
Tulane National Primate Research Center according to
the manufacturer’s protocols.

Cytotoxicity assay

The toxic effect of various inhibitor and siRNA concen-
trations on MO3.13 cell viability, if any, was determined
using tetrazolium dye MTT, and as described in [7]. Via-
bility of cells due to various treatments was normalized
or compared to that of their respective controls (control
siRNA, solvent or medium only controls).

Immunohistochemistry

MO3.13 cells were immunostained for PDGFRP and
FGFR1-3 according to previously described protocols
[7]. Briefly, cells growing in chamber slides (seeded at
0.6 x 10* cells/well) were exposed to medium alone or B.
burgdorferi at an MOI of 10:1 for 48 h. Following treat-
ments, supernatants were removed, and cells were fixed
in 2% paraformaldehyde for 10 min, followed by brief
washes in phosphate-buffered saline (PBS). The cells

Page 3 of 11

were then permeabilized with an ethanol:acetic acid (2:1)
mix, washed in PBS again, and kept in PBS at 4 °C until
analysis by immunostaining. Cells were then re-
permeabilized in PBS containing 0.1% Triton-X-100,
blocked with 10% normal goat serum (NGS) for 1 h,
followed by staining for PDGFRB/FGFR1-3 with each
specific primary anti-human rabbit polyclonal antibody
(1:50; Santa Cruz Biotechnology, Dallas, TX) and a
secondary goat anti-rabbit IgG antibody conjugated to
Alexa Fluor 488 (1:800; Invitrogen) in PBS containing 10%
NGS for 45 min-1 h each. EGER staining was also carried
out using a mouse monoclonal antibody (1:50; Santa Cruz
Biotechnology, Dallas, TX) and a corresponding secondary
antibody conjugated to Alexa Fluor 488 (1:800; Invitrogen).
The nuclei were stained with TOPRO-3 iodide (1:1000;
Invitrogen), when required. A negative control with only
the secondary antibody, as well as myelin basic protein
(MBP) staining as a positive control for cell type was
carried out for each experiment. Slides were mounted
with an anti-quenching reagent, covered with coverslips,
and visualized for various receptor expressions.

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay

The effect of inhibitors on apoptosis of MO3.13 oligoden-
drocytes in the presence of B. burgdorferi was determined
by TUNEL assay. After exposure of cells to B. burgdorferi
in the presence or absence of inhibitor or medium control
for 48 h, MO3.13 oligodendrocyte cells were fixed as de-
scribed above, stained for oligodendrocyte-specific MBP,
and the TUNEL assay was performed thereafter following
the manufacturer’s instructions (EMD Millipore Apoptag
Fluorescein kit) and as described in Ramesh et al. [6]. An
anti-human MBP rabbit polyclonal was used as the pri-
mary antibody (1:100; Millipore) while the secondary anti-
body was a goat anti-rabbit IgG conjugated to Alexa Fluor
568 (1:1000; Invitrogen). At the end of the assay, the slides
were mounted with an anti-quenching reagent and cover-
slipped and visualized under a fluorescent microscope.

Microscopy

A Leica DMRE fluorescent microscope (Leica microsys-
tems, Buffalo Grove-IL) and Lumecor SOLA GUI soft-
ware (Lumencor, Beaverton-OR) were employed for
microscopy. Cells were imaged using Nuance Multispec-
tral Imaging System (CRi, PerkinElmer, Waltham-MA),
and Adobe® Photoshop CS6 software was used to assem-
ble the images. For the TUNEL assay, to quantify differ-
ences between treatment groups, approximately 1000
cells were counted over 10 fields or more for each well
along with TUNEL-positive cells in each field/frame.
Percent apoptosis for each treatment was calculated as
total TUNEL-positive cells/total cells x 100 and graphed
using Microsoft Excel® software.
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Statistics

The Student’s ¢ test was used to determine the statistical
significance of an experimental outcome, with each analysis
using duplicate values. The results were considered signifi-
cantly different if the probability values (p) were <0.05.

Results

TLRs play a minor role in the induction of inflammatory
responses in human oligodendrocytes

In our previous studies with microglia, TLRs 2, 4, and 5
were significantly upregulated in the presence of B. burg-
dorferi [9]. In follow-up studies, TLR2 and TLR5 were
demonstrated to have a significant role in the induction of
inflammatory responses in primary rhesus microglia due
to exposure to B. burgdorferi [10]. Therefore, the roles of
TLRs 2, 4, and 5 in similarly mediating an immune re-
sponse to B. burgdorferi in MO3.13 oligodendrocytes were
tested with the help of siRNA and inhibitors. Contrary to
the results seen with microglia, TLRs only had a minimal
role in inducing oligodendrocyte inflammation in the
presence of the Lyme disease bacterium. At non-toxic
concentrations of siRNA (toxic at levels higher than those
described), suppression of TLR2 and TLR5 transcripts
only affected interleukin 6 (IL-6) levels, while TLR4 sup-
pression similarly affected (C-C) motif chemokine ligand
5 (CCL5) output (Table 1), modestly downregulating
them, at 48 h post exposure to B. burgdorferi. There was
rather a significant increase in output levels of CXCLS8
and CXCL(1,2,3) after TLR2 mRNA suppression in the
presence of B. burgdorferi, while TLR5 siRNA had a simi-
lar effect on CXCL8, CXCL(1,2,3), as well as CCL5. Other
than a moderate downregulatory effect on CCL5 produc-
tion, TLR4 mRNA suppression by RNAi did not appre-
ciably affect other inflammatory mediators. To obtain
additional evidence for such an effect, specific inhibitors
or neutralizing antibodies were employed. In the presence
of OxPAPC, a TLR2/4 inhibitor and B. burgdorferi, there
was a significant increase in the production of CXCLS,
CCL5, and CXCL(1,2,3) (Table 2), recapturing some of the
effects of TLR2 siRNA. The TLR4-specific inhibitor
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CLI095 had a significant effect in downregulating CCL5
production in the presence of B. burgdorferi, again mim-
icking the effect of TLR4 siRNA. This inhibitor addition-
ally downregulated CCL2 production while significantly
increasing CXCLS8 output levels. To obtain additional lines
of evidence for TLR5-mediated effects, a human TLR5
neutralizing antibody was used. At 20 pg, the TLR5 neu-
tralizing antibody in the presence of B. burgdorferi signifi-
cantly upregulated CXCL8, CCL5, and CXCL(1,2,3)
compared to induced levels by B. burgdorferi alone, in
three independent experiments; similar to TLR5 siRNA
effects. However, these levels were not significantly differ-
ent from those obtained using B. burgdorferi with isotype
control antibody (data not shown). As no specific TLR5
inhibitor is available, we are currently unable to corrobor-
ate the TLR5 siRNA data.

In order to verify the siRNA and inhibitor efficacy as
mediated through TLR2 and TLR4, appropriate positive
controls were utilized. Unlike B. burgdorferi, which
mediates upregulation of all five of the mediators tested,
the TLR4 and TLR2 positive controls do not. LPS from
O55:B5 (500 ng/mL) mediated upregulation of CCL2,
CXCL8, and CCL5 from these cells compared to
medium controls. Higher concentrations of LPS were
toxic to cells. In the presence of 12.5 nM TLR4 siRNA,
it significantly downregulated CCL2 and CXCLS, and in
the presence of 5 pg/ml CLI-095, it significantly down-
regulated CCL2, CCL5, and had inconclusive effects on
CXCLS8. Similarly, Pam3Csk4 at 20 ng/mL, induced only
IL-6 production when compared to medium controls.
Higher concentrations of Pam3Csk4 were progressively
inhibitory, and levels of chemokines and cytokines were
mostly lower than that induced by 20 ng/mL concentra-
tion. In the presence of 12.5 nM TLR2 siRNA and
Pam3Csk4 (20 ng/mL), IL-6 levels were significantly
downregulated, along with CCL5 levels, while CXCL8
levels were significantly upregulated. In the presence of
TLR2/4 inhibitor, the effect was upregulation of most of
the inflammatory mediators, similar to the effects seen
with B. burgdorferi (data not shown).

Table 1 Average fold change® in chemokine/cytokine levels in the presence of specific siRNA at 48 h

Chemokine-cytokine/treatment CCL2 CXCL8 CCLS CXCL(1,2,3) IL-6

Bb + 12.5 nM TLR2 siRNA 1.120° 0.789 1.051° 0.883 1.362
(+0.368) (+0.112) (+£0.176) (£0.078) (+0.264)

Bb + 12.5 nM TLR5 siRNA 0.769 0.685 0.489 0810 1.164
(+0.085) (£0.032) (£0.039) (£0.024) (£0.159)

Bb + 25 nM TLR4 siRNA 0.969 1.026 1.050 1.011 1.027°
(£0.195) (£0.078) (£0.060 (£0.052) (£0.169)

“Fold change was calculated as B. burgdorferi (MOl 10:1) + control siRNA/B. burgdorferi + TLR siRNA for each experiment. Average fold-change values were calculated from
the mean of three independent experiments, with standard error of the mean within parenthesis. Fold change values >1 indicate a downregulation of chemokine/cytokine
levels, and values <1 indicate an increase in those levels. Values in italics or those in bold indicate statistically significant upregulation or downregulation respectively, in a

majority (>67% or 2/3) of experiments
Inconclusive results
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Table 2 Average fold change® in chemokine/cytokine levels in the presence of TLR inhibitors at 48 h
Chemokine-cytokine/treatment CcCL2 CXCL8 CCL5 CXCL(1,2,3) IL-6

Bb + 20 pg/mL TLR2/4 inhibitor
Bb + 5 pg/mL TLR4 inhibitor

1489 (+£0.384)
1.551 (£0.138)

0456 (+£0.043)
0.915 (£0.050)

0.752 (£0.151) 0.573 (£0.092) 0915 (+£0.092)
3.911 (+0.769) 0.993 (+0.062) 1.016° (+0.104)

?Fold change was calculated as B. burgdorferi (MOl 10:1) + solvent control/B. burgdorferi + inhibitor for each experiment. In the case of the TLR2/4 inhibitor (OXPAPC), average
fold change values were calculated from the mean of two to three independent experiments, while for the TLR4 inhibitor the values were calculated from the mean of three
to four independent experiments. Standard error of the mean is indicated within parenthesis. Fold change values >1 indicate a downregulation of chemokine/cytokine levels,
and values <1 indicate an increase in those levels. Values in italics or those in bold indicate statistically significant upregulation or downregulation respectively, in a majority

(=67%) of experiments
PInconclusive results

Role of specific receptor tyrosine kinases (RTK) in
inflammatory mediator output from human
oligodendroglial cells

As TLRs did not show a marked effect in mediating inflam-
matory molecule production in M0O3.13 oligodendrocyte
cells in the presence of B. burgdorferi, the possible involve-
ment of receptor tyrosine kinases such as EGFR and
PDGEFR was investigated. These receptors have been dem-
onstrated to play a role in neuroinflammation associated
with neuronal injury and neurodegenerative diseases such
as multiple sclerosis and others [11-14]. In the presence of
B. burgdorferi and various concentrations of an inhibitor
that prevents signaling through EGFR/FGFR/PDGER, there
was a dose-dependent downregulation of various chemo-
kines and cytokines (Table 3). At 1 pM, this RTK inhibitor
significantly downregulated CCL2 levels, while significantly
increasing CXCL(1,2,3) and IL-6 levels. However at 5 uM,
there was a statistically significant downregulation of four of
the five inflammatory mediator levels with the exception of
CCL5. At even higher doses, at 10 pM, the inhibitor in the
presence of B. burgdorferi significantly suppressed produc-
tion of the five mediators, indicating that these receptors
play a role in MO3.13 inflammatory output as mediated by
B. burgdorferi. Interestingly, in a previous study, we reported
that ERK inhibition (with 10 pM U0126) in the presence of
B. burgdorferi downregulated CCL2, CXCL8, CXCL(1,2,3),
CCL5, and IL-6 levels by 18.1-, 6.4-, 1.8-, 2.1-, and 5.9-fold
respectively [7], comparable for the most part to the values
achieved with the RTK inhibitor reported here.

Role of EGF/FGF/PDGF RTK signaling in B. burgdorferi-
mediated apoptosis of oligodendrocytes

In our previous studies, we have demonstrated that inflam-
mation has a causal role in apoptosis of oligodendrocytes,

as application of dexamethasone, an anti-inflammatory
agent downregulated not only inflammation as expected
but also apoptosis when used in the presence of B. burgdor-
feri [6]. As the RTK inhibitor significantly downregulated
all of the chemokines and cytokines tested, in the presence
of B. burgdorferi, we next investigated its role in MO3.13
cell death as mediated by the bacterium. As seen in Fig. 1a,
in the presence of 10 pM inhibitor, the percentage of
TUNEL-positive cells was significantly diminished even
with the bacteria present, to a value that was close to that
induced by medium alone. Similarly, when total cell viabil-
ity was tested through an MTT-based assay, the viability of
cells in the presence of B. burgdorferi significantly improved
when the inhibitor was added (Fig. 1b). This indicated that
signaling through these receptors not only mediates inflam-
mation in MO3.13 oligodendrocytes but also cell death as
induced by B. burgdorferi.

Expression of tyrosine kinase-containing receptors in
MO3.13 oligodendrocytes and their individual role in
inflammatory mediator production

As these receptors proved to have a marked effect on in-
flammation and cell death in human oligodendrocytes as
mediated by B. burgdorferi, we next investigated their indi-
vidual cellular expression in the presence or absence of
the bacterium as well as their individual role in inflamma-
tion. PDGEFRP expression was seen throughout the differ-
entiated cells with no obvious qualitative or quantitative
differences in expression in the presence or absence of
bacteria, as determined by immunohistochemistry (Fig. 2a).
FGERI1 expression was evident around the nuclear region
(Fig. 2b), although it was also present in some cytoplasmic
areas. FGFR3 expression was seen mostly in the nuclear
region (Fig. 2c). TOPRO staining, conducted separately,

Table 3 Average fold change® in chemokine/cytokine levels in the presence of EGF/FGF/PDGF RTK inhibitor at 48 h

Chemokine-cytokine/treatment ccL2 CXCL8

CCLs CXCL(1,23) IL-6

Bb + 10 uM inhibitor
Bb + 5 uM inhibitor
Bb + 1 puM inhibitor

15.097 (+6.803)
15.677 (+5.388)
4.094 (+0.597)

3.134 (+0.189)
3.270 (+0.672)
1.103 (£0.014)

1.234 (+0.160)
1.000 (+0.138)
1432 (+£0.268)

1.415 (+0.162) 1.602 (+0.491)
1.313 (+£0.207) 1.562 (+0.456)
0.646 (+0.034) 0.665 (+0.153)

?Fold change was calculated as B. burgdorferi (MOl 10:1) + solvent control/B. burgdorferi + inhibitor for each experiment. Average fold change values were calculated from
mean of three independent experiments, with standard error of the mean within parenthesis. Fold change values >1 indicate a downregulation of chemokine/cytokine
levels, and values <1 indicate an increase in those levels. Values in italics or those in bold indicate statistically significant upregulation or downregulation respectively, in a

majority (>67% or 2/3) of experiments
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Fig. 1 RTK inhibitor downregulates cell death associated with B. burgdorferi exposure. Differentiated MO3.13 cells were assessed for cell death via
apoptosis and total cell viability in the presence or absence of B. burgdorferi (Bb, MOI 10:1) and 10 uM EGFR/FGFR/PDGFR tyrosine kinase inhibitor.
DMSO was added as a solvent control. a TUNEL-positive cells at 48-h post exposure. In b, cell viability as assessed by the MTT assay at 72-h post
exposure is shown. Values from a representative experiment are shown in each case (out of three experiments for a and two experiments for b).
Bars represent standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001

confirmed this phenotype for FGFR1 and FGFR3 (not
shown). As with PDGFRp, we did not see any significant
difference in expression between medium and B. burgdor-
feri-treated cells through this staining assay. Incubation
with a monoclonal antibody to EGFR did not yield a vis-
ible signal in a preliminary study, while the FGFR2 expres-
sion pattern was not conclusive (not shown). Overall,
PDGEFRP was the most abundant, followed by the FGERs.
Although the inhibitor primarily affects signaling associ-
ated with EGFR/FGFR and PDGEFR, according to the
manufacturer it also inhibits c-src, an intracellular signal-
ing molecule that may or may not be receptor associated.
Therefore, we next looked at the individual roles of all of
these molecules in inducing inflammation from oligo-
dendrocyte cells as mediated by B. burgdorferi. As seen in

Table 4, suppression of each receptor alone did not iden-
tify a trigger for the effects described in Table 3. In con-
trast, with the exception of the PDGFR inhibitor, which
downregulated CCL2 production, the individual inhibition
of receptors increased the levels of chemokines and cyto-
kines, with the most profound increase elicited by the
FGER inhibitor (higher concentrations of PDGER inhibi-
tor were toxic). Suppression of the src family of kinases at
5 puM inhibitor concentration did downregulate CCL2,
CXCLS, and IL-6 levels significantly, indicating that this
molecule might be an important factor in mediating in-
flammatory molecule release from MO3.13 cells in re-
sponse to B. burgdorferi. An effort to determine the role
of c-src in cell death via apoptosis and overall cell viability
did not yield conclusive results (not shown).
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Fig. 2 Differentiated human oligodendrocytes express RTKs. Immunofluorescence staining of MO3.13 cells for PDGFRB (a), FGFR1 (b), and FGFR3 (c) is
shown. Differentiated M03.13 cells growing in chamber slides were exposed to either medium alone (Med) or B. burgdorferi (Bb, MOI 10:1) for 48 h,
fixed with paraformaldehyde as described in the “Methods” section, and assessed for various receptors’ expression. Cells were additionally stained for
MBP as a positive control, while the secondary antibody alone was used as a negative control (not shown). Bar represents 50 nm. A representative
photograph from three to four experiments for each receptor is shown

Table 4 Average fold change® in chemokine/cytokine levels with EGFR, FGFR, PDGFR, and src family kinase inhibitors

Chemokine-cytokine/treatment CCL2 CXCL8 CCL5 CXCL(1,2,3) IL-6

Bb + 10 uM EGFR inhibitor 1466° (+0.330) 0.515 (+0.068) 0674 (+0.118) 0657° (+0.133) 0.836° (+:0.296)
Bb + 100 nM PDGFRa/B inhibitor 1.733 (+0461 0.797 (+0.174) 0977 (+0.123) 0.738 (+0.124) 0478 (+0.048)
Bb + 5 uM FGFR inhibitor 0.920 (+0.125) 0.504 (+0019) 1 (+0077) 0425 (+0.028) 0461 (+0.047)
Bb + 1 uM FGFR inhibitor 0753 (+0.165) 0.670 (+0.047) 0.573 (+0.081) 0,652 (£0.043) 0.706 (+0.082)
Bb + 500 NM FGFR inhibitor 0.756 (+0.054) 0.693 (+0.028) 0.760 (+0.190) 0.697 (+0.041) 0.634 (+0.027)
Bb + 5 uM src family inhibitor 1.184 (+0.168) 1.258 (+0.079) 1051 (+0.064) 0964 (+0.022) 1.465 (:0.080)
Bb + 1 uM src family inhibitor 0901 (+0.173) 0.993° (+0081) 0.778 (+0.125) 1.109 (+0.091) 1.035 (+0.082)
Bb + 500 nM src family inhibitor 0.893 (+0.122) 0919 (+0.079) 0.847 (+0.036) 1.061 (+0.100) 1.044 (+0.137)

“Fold change was calculated as B. burgdorferi (MOl 10:1) + solvent control/Bn burgdorferi + inhibitor for each experiment at 48 h post exposure. Average fold change values
were calculated from the mean of two to three independent experiments, with standard error of the mean within parenthesis. Fold change values >1 indicate a
downregulation of chemokine/cytokine levels, and values <1 indicate an increase in those levels. Values in italics or those in bold indicate statistically significant upregulation
or downregulation respectively, in a majority (2/2 or 2/3) of experiments

®Inconclusive results
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Discussion

Lipoproteins and flagellin are major components of B. burg-
dorferi that can initiate signaling events through TLR2 and
TLR5, respectively, in many cell types [10, 15, 16], with
TLR2-mediated events being the most widely studied. With
respect to Lyme neuroborreliosis, TLR2, TLR4, and TLR5
expression was shown to be upregulated in primary rhesus
microglia upon B. burgdorferi exposure [9] with TLR2 and
TLR5 subsequently shown to play a significant role in the
induction of immune responses to the Lyme disease bacter-
jum in these glial cells [10]. Primary rhesus astrocytes
showed an inflammatory response to L-OspA, a major
TLR2-binding protein of B. burgdorferi as well as to FIiC, a
TLR5-binding ligand [9]. Hence, we decided to investigate
whether these receptors similarly played a significant role
in induction of inflammation in human oligodendrocytes,
which were previously demonstrated to undergo apoptosis
under an inflammatory milieu upon B. burgdorferi exposure
[2, 6]. We show here that unlike with microglia or astro-
cytes, where these TLRs had a significant role in the induc-
tion of innate immune responses, oligodendrocyte TLR2
(and TLR5) had mainly an inhibitory role, with a modest
role in IL-6 induction (Tables 1 and 2). TLR4 also had only
a minor role in the induction of CCL5 as confirmed with
both TLR4 siRNA and inhibitor. This was evidence to sug-
gest that other receptors, either other TLRs, integrins, or
novel receptors, likely had a significant role in the innate
immune responses of oligodendrocytes to B. burgdorferi. It
also indicated that although receptors such as TLR2 or
TLR5 are common factors in B. burgdorferi-mediated sig-
naling events in multiple cell types, differences do exist,
and every cell type needs to be evaluated before a consen-
sus can be reached, or treatment targets devised.

We next decided to look at non-TLR receptors that
might play a pivotal role in mediating inflammation and
apoptosis. In other studies, EGFR, PDGFR, and other re-
ceptor tyrosine kinases were shown to mediate neuroin-
flammation in various models of neurological disorders
[11-13]. We found that inhibition of signaling through
EGFR/FGFR/PDGER downregulated not only the inflam-
mation associated with B. burgdorferi exposure but also the
accompanying cell death via apoptosis (Table 3 and Fig. 1).
This indicated that in MO3.13 human oligodendrocytes,
these specific receptor tyrosine kinases play a key role in
the neuroinflammation and apoptosis that is associated
with exposure to B. burgdorferi, similar to TLR2- and
TLR5-mediated neuroinflammation in microglia [10].

In our previous work, we demonstrated that the ERK
pathway plays an important role in both MO3.13 oligo-
dendrocyte neuroinflammation and apoptosis via mito-
chondrial p53 [7]. In this study, we show that EGFR/
FGFR/PDGFR-mediated signaling similarly directs both
phenomena upon B. burgdorferi exposure. As these re-
ceptors are known to trigger the ERK pathway [17-20],
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it is likely that B. burgdorferi exposure triggers activation
of these receptors, which in turn stimulates the ERK
MAPK pathway predominantly, leading to inflammatory
molecule production and p53-mediated apoptosis in
these cells. We also undertook to investigate the role of
these receptors in primary human oligodendrocyte cells
(ScienCell Laboratories Carlsbad, CA), which have also
been characterized with respect to inflammation, apop-
tosis, and the role of the MEK/ERK pathway in Lyme
neuroborreliosis [6, 7]. Unfortunately, the concentrations
of the pertinent reagents that were used with MO3.13
cells proved too toxic for the primary cells (data not
shown). Due to the rare availability of these cells, cur-
rently, we are unable to continue experiments with pri-
mary human cells. We plan to resume this approach
once the cells become available.

The RTK inhibitor, according to the manufacturer, in-
hibits EGFR, FGFR1, and PDGEFRp receptors. We next
looked at these receptors’ expression pattern in order to dis-
cern any variability in expression upon B. burgdorferi expos-
ure in comparison to cells containing medium alone. We
did not see any visible signal for EGER in a pilot study using
a mouse monoclonal antibody. It is possible that this was a
technical problem as all other antibodies used were poly-
clonal. EGFR expression has also been documented to de-
crease from embryonic to adult stages in the mouse
midbrain, with higher expression in oligodendrocyte precur-
sors. It is possible that this might be a factor wherein the ex-
pression was punctate and drowned out by background
fluorescence [21]. Additionally, it is also possible that a mu-
tated/truncated EGFR is present, not clearly detectable by
the monoclonal. PDGF has been shown to increase myelin
gene expression and number of mature oligodendrocytes
[22]. As PDGF signals through its receptor PDGFR, it is not
surprising to see very high expression of PDGFRp in the
mature MO3.13 cells (PDGFRa expression has been shown
to be primarily in oligodendrocyte progenitors and pro-
oligodendrocytes and absent in mature cells [23]). FGFRs
particularly 1 and 2 are required for the generation of oligo-
dendrocyte precursors [24], and FGFR3 for the terminal dif-
ferentiation of oligodendrocytes [25], with their expression
pattern controlled over the developmental stages. Although
their levels vary, all three receptor forms are expressed by
mature oligodendrocytes in rats [26]. The expression pat-
terns of FGFR1 and FGFR3 are similar to those shown in
some previously published studies [27-30]. FGFR2 was also
expressed in these cells; however, the pattern of expression
was not consistent, which might be attributed to technical
issues with the antibody (not shown). Also, we could not es-
tablish significant differences in expression levels between
medium control and those exposed to B. burgdorferi
through receptor staining (Fig. 2). It is possible that differ-
ences might be established by staining for phosphorylated
forms of the receptors or through Western blots.
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We next attempted to delineate which of the three
receptors involved primarily mediate(s) the neuroin-
flammation and cell death associated with B. burgdor-
feri. However, as seen in Table 4, the individual
inhibition of each of these receptors did not elicit a
major effect on suppression of multiple chemokines/
cytokines. Neither did the combination of EGFR/
FGFR, EGFR/PDGFR, or FGFR/PDGFR (data not
shown). It is possible that inhibition of signaling
through one receptor is compensated with increased
signaling through the other two (or others) resulting
in the increased production of inflammatory media-
tors as we observed (Table 4). Therefore, it is likely
that all three receptors need to be inhibited simultan-
eously to achieve the multiple chemokines/cytokines
suppression phenotype.

C-src, an intracellular tyrosine kinase, is upstream
of ERK activation but below the RTKs in signaling
sequence of events. It has been known to be associ-
ated with RTK such as EGFR, FGFR, and PDGFR
among others [31]. While src kinase family inhib-
ition had some significant effect on chemokine and
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cytokine production (Table 4), it did not achieve the
level of inhibition seen with ERK inhibition alone
[7]. It also did not produce conclusive effects on cell
death (not shown). It is likely that another molecule
associated with receptors, like phospholipase Cy for
instance [32] is also needed to initiate downstream
events. Therefore, a cumulative contribution may be
needed to achieve a threshold of ERK activation so
as to generate the level of inflammatory output and
p53 levels to initiate apoptosis. In view of these re-
sults, our tentative conclusion is that exposure of
MO3.13 human oligodendrocytes to B. burgdorferi
engages TLR2, 4, 5, EGFR/FGFR/PDGFRs, with the
latter three being the main inducers of all five che-
mokines and cytokine; TLR2 and 5 perhaps contrib-
uting towards IL-6 output, while TLR4 effecting
CCL5 production. On this basis, we hypothesize that
activation of RTKs recruits c-src and others to their
intracellular domains leading to increased activation
of the MEK/ERK pathway via multiple receptors,
yielding increased levels of inflammatory mediators
and p53 levels to initiate apoptosis.

EGFR/FGFR/PDGFR
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IL-6, CXCL8, CCL2, CCLS5,
CXCL(1,-2,-3)
|

have demonstrated previously that MEK/ERK activation upregulates p53 and
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Fig. 3 Proposed summary of signaling mechanisms in MO3.13 human oligodendrocytes in response to B. burgdorferi. Activation of RTKs (EGFR/FGFR/

PDGFR) by ligand-independent mechanisms, as mediated through GPCR or integrins, leads to phosphorylation of the intracellular domains of RTK. This
leads to docking of proteins such as src, phospholipase Cy (PLCy) and others, which in turn activate downstream pathways like MAPK and MEK/ERK in
particular. Significant activation of MEK/ERK, along with contribution from other MAPK and NFkB, leads to production of inflammatory mediators. We

sake of simplicity, are depicted as a single entity, although they are three separate receptors. Also, for the sake of illustration, they are surface located,
although some could be trafficked internally [30]. B. burgdorferi can bind integrins, which could transactivate RTKs. It also has well-known ligands to

TLRS5 play minimal roles in induction of oligodendrocyte inflammatory mediators, as shown in this study. Thickness of the lines/arrows indicates signal
strength. Dashed lines/arrows indicate unknown possibilities, while dashed and dotted lines/arrows indicate additional likely signaling mechanisms.
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We show here that receptors that have no known PAMP
associated with B. burgdorferi significantly mediate inflam-
mation and apoptosis of MO3.13 oligodendrocytes. These
cells do not produce significant EGF or FGF2 upon expos-
ure to B. burgdorferi but have not been evaluated for PDGF
expression [7]. However, since inhibition of PDGFR did not
elicit a significant downregulation of most chemokines/
cytokine (Table 4), it is possible that these receptors are
transactivated through ligand-independent mechanisms. G-
protein-coupled receptors (GPCR) and integrins have both
been demonstrated to transactivate RTKs through multiple
mechanisms, including activation of src/src family kinases,
which in turn can activate RTK intracellular domain [31,
33-36]. B. burgdorferi has been shown to bind and activate
integrins, while activation of GPCRs would likely occur
upon ligand binding of soluble factors induced through as
yet unknown receptor/mechanisms [37, 38]. The precise
mechanism of their transactivation is currently unknown.
A summary of signaling events along with hypothetical acti-
vation mechanisms is described in Fig. 3. Please note that
this figure is not exhaustive. As an additional point of inter-
est, the profound increase in chemokines and cytokines
that occurred after suppressing FGFR alone is also worthy
of follow-up studies. While it is possible that this is due to
overexpression of FGFR1 in rhabdomyosarcoma cells, as
documented in one study [39], nevertheless, it might reveal
a novel role in B. burgdorferi-mediated pathogenic mecha-
nisms. Finally, all of the experiments involving spirochetes
were performed at an MOI of 10:1. This is the concentra-
tion that is used in in vitro experiments by most investiga-
tors in the field but it is conceivable that at lower MOIs the
effects we observed might not be as marked.

Conclusions

Unlike previous data, the overall immune response from
human oligodendrocytes, upon exposure to B. burgdorferi,
results from activation of primarily three receptor tyrosine
kinases, with as yet unknown activation mechanisms. Such
activation also contributes to cell death processes, further
underscoring the observation that inflammation in the ner-
vous system due to B. burgdorferi results in apoptosis of
neuroglial cells. The key receptors that were identified in
this study may lead to the uncovering of novel pathogenic
mechanisms in LNB.

Abbreviations

CNS: Central nervous system; CCL2: (C-C) motif chemokine ligand 2; CCL5: (C-O)
motif chemokine ligand 5; CSF: Cerebrospinal fluid; CXCL8: (C-X-C) motif
chemokine ligand 8; CXCL(1,2,3): (C-X-C) motif chemokine ligands 1,2,3;

DMEM: Dulbecco’s modified Eagle medium; DRG: Dorsal root ganglia; dUTP: 2"
Deoxyuridine 5-triphosphate; ELISA: Enzyme-linked immunosorbent assay;

EGF: Epidermal growth factor; EGFR: Epidermal growth factor receptor;

ERK: Extracellular signal-regulated kinase; FBS: Fetal bovine serum; FGF: Fibroblast
growth factor; FGFR: Fibroblast growth factor receptor; GPCR: G-protein-coupled
receptor; IL-6: Interleukin 6; LNB: Lyme neuroborreliosis; LOS: Lipooligosaccharide;
LPS: Lipopolysaccharide; MAPK: Mitogen-activated protein kinase; MBP: Myelin
basic protein; MEK: MAP kinase kinase; MOI: Multiplicity of infection; MTT: 3-(4,5-

Page 10 of 11

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NFkB: Nuclear factor k B;
NGS: Normal goat serum; OspA: Outer surface protein A; OxPAPC: Oxidized 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine; PBS: Phosphate-buffered
saline; PDGF: Platelet derived growth factor; PDGFR: Platelet-derived growth factor
receptor; PMA: Phorbol myristate acetate; P/S: Penicillin/streptomycin;

RNAI: Ribonucleic acid interference; RTK: Receptor tyrosine kinase(s); SiRNA: Small
interfering ribonucleic acid; TLR: Toll-like receptor; TUNEL: Terminal
deoxynucleotidyl transferase dUTP nick-end labeling

Acknowledgements
We thank the TNPRC Pathogen Detection and Quantification Core
Laboratory for help with the multiplex ELISA assays.

Funding

This study was supported by the National Institute of Neurologic Disorders
and Stroke grant NS048952 and the National Center for Research Resources/
Office of Research Infrastructure programs grant P5T1RR000164/P510D011104.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Author’s contributions

GP conceived, designed, and performed the experiments, analyzed the data,
and drafted the manuscript. MTP conceived and designed the research
study, analyzed the data, and edited the manuscript. All authors have read
and approved the manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 15 February 2017 Accepted: 18 May 2017
Published online: 30 May 2017

References

1. Koedel U, Fingerle V, Pfister HW. Lyme neuroborreliosis-epidemiology,
diagnosis and management. Nat Rev Neurol. 2015;11:446-56.

2. Ramesh G, Borda JT, Gill A, Ribka EP, Morici LA, Mottram P, Martin DS,
Jacobs MB, Didier PJ, Philipp MT. Possible role of glial cells in the onset and
progression of Lyme neuroborreliosis. J Neuroinflammation. 2009,6:23.

3. Ramesh G, Borda JT, Dufour J, Kaushal D, Ramamoorthy R, Lackner AA,
Philipp MT. Interaction of the Lyme disease spirochete Borrelia burgdorferi
with brain parenchyma elicits inflammatory mediators from glial cells as
well as glial and neuronal apoptosis. Am J Pathol. 2008;173:1415-27.

4. Ramesh G, Didier PJ, England JD, Santana-Gould L, Doyle-Meyers LA, Martin
DS, Jacobs MB, Philipp MT. Inflammation in the pathogenesis of Lyme
neuroborreliosis. Am J Pathol. 2015;185:1344-60.

5. Myers TA, Kaushal D, Philipp MT. Microglia are mediators of Borrelia burgdorferi-
induced apoptosis in SH-SY5Y neuronal cells. PLoS Pathog. 2009;5:21000659.

6. Ramesh G, Benge S, Pahar B, Philipp MT. A possible role for inflammation in
mediating apoptosis of oligodendrocytes as induced by the Lyme disease
spirochete Borrelia burgdorferi. J Neuroinflammation. 2012;9:72.

7. Parthasarathy G, Philipp MT. The MEK/ERK pathway is the primary conduit
for Borrelia burgdorferi-induced inflammation and P53-mediated apoptosis
in oligodendrocytes. Apoptosis. 2014;19:76-89.

8. Purser JE, Norris SJ. Correlation between plasmid content and infectivity in
Borrelia burgdorferi. Proc Natl Acad Sci U S A. 2000,97:13865-70.

9. Bernardino AL, Myers TA, Alvarez X, Hasegawa A, Philipp MT. Toll-like
receptors: insights into their possible role in the pathogenesis of Lyme
neuroborreliosis. Infect Immun. 2008;76:4385-95.



Parthasarathy and Philipp Journal of Neuroinflammation (2017) 14:110

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Parthasarathy G, Philipp MT. Inflammatory mediator release from primary
rhesus microglia in response to Borrelia burgdorferi results from the activation
of several receptors and pathways. J Neuroinflammation. 2015;12:60.

Qu WS, Tian DS, Guo ZB, Fang J, Zhang Q, Yu ZY, Xie MJ, Zhang HQ, Lu JG,
Wang W. Inhibition of EGFR/MAPK signaling reduces microglial
inflammatory response and the associated secondary damage in rats after
spinal cord injury. J Neuroinflammation. 2012;9:178.

Bethel-Brown C, Yao H, Hu G, Buch S. Platelet-derived growth factor (PDGF)-
BB-mediated induction of monocyte chemoattractant protein 1 in human
astrocytes: implications for HIV-associated neuroinflammation. J
Neuroinflammation. 2012:9:262.

Crespo O, Kang SC, Daneman R, Lindstrom TM, Ho PP, Sobel RA, Steinman L,
Robinson WH. Tyrosine kinase inhibitors ameliorate autoimmune
encephalomyelitis in a mouse model of multiple sclerosis. J Clin Immunol. 2011;
31:1010-20.

Hsieh HL, Yang CM. Role of redox signaling in neuroinflammation and
neurodegenerative diseases. Biomed Res Int. 2013;2013:484613.

Rahman S, Shering M, Ogden NH, Lindsay R, Badawi A. Toll-like receptor
cascade and gene polymorphism in host-pathogen interaction in Lyme
disease. J Inflamm Res. 2016;9:91-102.

Shin OS, Isberg RR, Akira S, Uematsu S, Behera AK, Hu LT. Distinct roles for
MyD88 and Toll-like receptors 2, 5, and 9 in phagocytosis of Borrelia
burgdorferi and cytokine induction. Infect Immun. 2008;76:2341-51.

Yang XP, Fu JY, Yang RC, Liu WT, Zhang T, Yang B, Miao L, Dou BB, Tan C,
Chen HC, Wang XR. EGFR transactivation contributes to neuroinflammation
in Streptococcus suis meningitis. J Neuroinflammation. 2016;13:274.

Pathak P, Kumar A, Jha P, Purkait S, Farug M, Suri A, Suri V, Sharma MC,
Sarkar C. Genetic alterations related to BRAF-FGFR genes and dysregulated
MAPK/ERK/mTOR signaling in adult pilocytic astrocytoma. Brain Pathol.
2017.doi:10.1111/bpa.12444.

Huang C, Yuan P, Wu J, Huang J. Estrogen regulates excitatory amino acid
carrier 1 (EAACT) expression through sphingosine kinase 1 (SphK1)
transacting FGFR-mediated ERK signaling in rat C6 astroglial cells.
Neuroscience. 2016;319:9-22.

Zhang H, Sun JD, Yan LJ, Zhao XP. PDGF-D/PDGFRbeta promotes tongue
squamous carcinoma cell (TSCC) progression via activating p38/AKT/ERK/
EMT signal pathway. Biochem Biophys Res Commun. 2016;478:845-51.
Abe Y, Namba H, Zheng Y, Nawa H. In situ hybridization reveals developmental
regulation of ErbB1-4 mRNA expression in mouse midbrain: implication of ErbB
receptors for dopaminergic neurons. Neuroscience. 2009;161:95-110.

Grinspan J, Wrabetz L, Kamholz J. Oligodendrocyte maturation and myelin
gene expression in PDGF-treated cultures from rat cerebral white matter. J
Neurocytol. 1993;22:322-33.

Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol Rev. 2001,81:871-927.

Furusho M, Kaga Y, Ishii A, Hebert JM, Bansal R. Fibroblast growth factor
signaling is required for the generation of oligodendrocyte progenitors
from the embryonic forebrain. J Neurosci. 2011;31:5055-66.

Oh LY, Denninger A, Colvin JS, Vyas A, Tole S, Ornitz DM, Bansal R.
Fibroblast growth factor receptor 3 signaling regulates the onset of
oligodendrocyte terminal differentiation. J Neurosci. 2003;23:883-94.
Bansal R, Kumar M, Murray K, Morrison RS, Pfeiffer SE. Regulation of FGF
receptors in the oligodendrocyte lineage. Mol Cell Neurosci. 1996;7:263-75.
Zammit C, Barnard R, Gomm J, Coope R, Shousha S, Coombes C, Johnston
C. Altered intracellular localization of fibroblast growth factor receptor 3 in
human breast cancer. J Pathol. 2001;194:27-34.

Johnston CL, Cox HC, Gomm JJ, Coombes RC. Fibroblast growth factor
receptors (FGFRs) localize in different cellular compartments. A splice variant
of FGFR-3 localizes to the nucleus. J Biol Chem. 1995;270:30643-50.
Stachowiak EK, Maher PA, Tucholski J, Mordechai E, Joy A, Moffett J, Coons S,
Stachowiak MK. Nuclear accumulation of fibroblast growth factor receptors in
human glial cells—association with cell proliferation. Oncogene. 1997;14:2201-11.
Prudovsky |, Savion N, Zhan X, Friesel R, Xu J, Hou J, McKeehan WL, Maciag
T. Intact and functional fibroblast growth factor (FGF) receptor-1 trafficks
near the nucleus in response to FGF-1. J Biol Chem. 1994;,269:31720-4.
Bromann PA, Korkaya H, Courtneidge SA. The interplay between Src family
kinases and receptor tyrosine kinases. Oncogene. 2004;23:7957-68.
Christofori G. Split personalities: the agonistic antagonist Sprouty. Nat Cell
Biol. 2003;5:377-9.

33.

34.

35.

36.

37.

38.

39.

Page 11 of 11

Cattaneo F, Guerra G, Parisi M, De Marinis M, Tafuri D, Cinelli M, Ammendola
R. Cell-surface receptors transactivation mediated by G protein-coupled
receptors. Int J Mol Sci. 2014;15:19700-28.

Shah BH, Catt KJ. GPCR-mediated transactivation of RTKs in the CNS:
mechanisms and consequences. Trends Neurosci. 2004,27:48-53.
Roggiani F, Mezzanzanica D, Rea K, Tomassetti A. Guidance of signaling
activations by cadherins and integrins in epithelial ovarian cancer cells. Int J
Mol Sci. 2016;17(9). doi:10.3390/ijms17091387.

Arias-Salgado EG, Lizano S, Sarkar S, Brugge JS, Ginsberg MH, Shattil SJ. Src
kinase activation by direct interaction with the integrin beta cytoplasmic
domain. Proc Natl Acad Sci U S A. 2003;100:13298-302.

Petnicki-Ocwieja T, Kern A. Mechanisms of Borrelia burgdorferi internalization and
intracellular innate immune signaling. Front Cell Infect Microbiol. 2014:4:175.

Ji TH, Grossmann M, Ji I. G protein-coupled receptors. I. Diversity of
receptor-ligand interactions. J Biol Chem. 1998;273:17299-302.

Goldstein M, Meller |, Orr-Urtreger A. FGFR1 over-expression in primary
rhabdomyosarcoma tumors is associated with hypomethylation of a 5" CpG
island and abnormal expression of the AKT1, NOG, and BMP4 genes. Genes
Chromosomes Cancer. 2007;46:1028-38.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

( ) BioMed Central



http://dx.doi.org/10.1111/bpa.12444
http://dx.doi.org/10.3390/ijms17091387

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Bacterial strain and culture
	Cell culture
	Infection assays with receptor inhibitors
	Ribonucleic acid interference (RNAi)
	ELISAs for chemokines and cytokines
	Cytotoxicity assay
	Immunohistochemistry
	Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
	Microscopy
	Statistics

	Results
	TLRs play a minor role in the induction of inflammatory responses in human oligodendrocytes
	Role of specific receptor tyrosine kinases (RTK) in inflammatory mediator output from human oligodendroglial cells
	Role of EGF/FGF/PDGF RTK signaling in B. burgdorferi-mediated apoptosis of oligodendrocytes
	Expression of tyrosine kinase-containing receptors in MO3.13 oligodendrocytes and their individual role in inflammatory mediator production

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Author’s contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

