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Abstract

Lyme neuroborreliosis, caused by the gram-negative bacterium Borrelia burgdorferi, may affect 

the central and/or peripheral nervous systems. In previous studies, we showed that human 

oligodendrocytes exposed to the bacteria undergo apoptosis in an inflammatory environment, and 

that inflammatory pathways trigger cell-death pathways. We further demonstrated that several 

receptor tyrosine kinases were involved in triggering downstream effects, leading to inflammation 

and apoptosis. Toll-like receptors TLR2 and TLR5, which are commonly studied receptors in 

Lyme disease, only had a minimal role in inflammatory processes. To delineate the role of other 

TLRs, if any, real-time RT-PCR array experiments were carried out as an initial screen. Along with 

several inflammatory genes, TLR7 mRNA was upregulated in cells exposed to B. burgdorferi. 
Further analysis by immunohistochemistry showed that the TLR7 protein is present in readily 

detectable amounts, although no discernible differences could be seen between medium and B. 
burgdorferi-exposed cells by this technique. Nevertheless, use of specific inhibitors and siRNA 

showed that TLR7 is involved in inducing IL-6 and CCL2 in a dose dependent manner, and likely 

CXCL8. Triggering an intracellular receptor such as TLR7, which senses RNA, in typically non-

phagocytic oligodendrocytes indicates either a niche for the bacterium inside the cell or novel 

uptake of nucleic acids to initiate inflammatory responses.
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1. Introduction

Lyme neuroborreliosis (LNB), a form of Lyme disease caused by the spirochete Borrelia 
burgdorferi, affects approximately 10–15% of patients infected with this bacterium. Early 

stage LNB is characterized by meningitis, meningoradiculitis, neuritis or myelitis, and can 

progress to late stage as mono or polyneuropathy, radiculopathy, progressive Lyme 
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encephalitis or cerebral vasculitis [12]. However, the pathogenesis of LNB is incompletely 

understood. In our rhesus macaque model of acute LNB, intrathecal inoculation with B. 
burgdorferi resulted in production of inflammatory mediators in the serum and cerebrospinal 

fluid (CSF), CSF pleocytosis, along with other signs of acute LNB in humans, such as 

leptomeningitis, radiculitis, and inflammatory lesions in dorsal root ganglia (DRG) [22]. 

Importantly, B. burgdorferi infection also resulted in the apoptosis of neurons and glia in the 

DRG. Subsequent studies, that were performed in vitro, ex vivo or in vivo, demonstrated 

neuronal and glial cell apoptosis in response to B. burgdorferi, and inflammation as a 

causative factor of neural cell death [20, 21, 23, 25, 26]. However, while oligodendrocytes 

and Schwann cells undergo apoptosis in the presence of B. burgdorferi alone, in an 

inflammatory environment, microglia are required for CNS neurons to undergo cell death 

when exposed to the bacteria in vitro [11, 20, 25]. Presumably, the intense inflammatory 

environment created by microglia is required to induce apoptosis of by-standing CNS 

neurons. Mechanistic studies have shown that the MEK/ERK pathway plays a predominant 

role in mediating inflammation in multiple glial cells. It also activated the mitochondrial p53 

pathway to mediate apoptosis in human oligodendrocytes, indicating yet again that 

inflammatory pathways lead to apoptotic cell death [16]. While TLRs such as TLR2 and 5 

were demonstrated to trigger downstream inflammation in microglia, in oligodendrocytes, 

receptor tyrosine kinases such as epidermal growth factor/fibroblast growth factor/platelet-

derived growth factor had a much greater role in inflammatory mediator production as well 

as apoptosis [15, 17]. TLR2 and TLR5 had only a minimal role in inflammation output. 

TLR2, particularly, seemed to be part of inhibitory pathways in oligodendrocytes [17]. 

Subsequently, efforts were undertaken to determine the role of other TLRs, if any, in 

mediating chemokine/cytokine production from oligodendrocytes. An initial screen using a 

TLR PCR array indicated that intracellular receptors such as TLR7 might play a role. As B. 
burgdorferi is largely extra-cellular, and oligodendrocytes are generally not considered 

phagocytic, we decided to assess whether this receptor had a concrete role in B. burgdorferi-
mediated inflammation. If so, it would indicate that novel mechanisms might be at play in 

this interaction.

2. Materials and Methods

2.1. B. burgdorferi culture

B. burgdorferi strain B31, clone 5A19, carrying the full complement of plasmids [19] was 

used throughout the study, and cultured according to previously published protocols [14, 16, 

17]. Briefly, bacteria were routinely cultured in Barbour-Stoenner-Kelly (BSK-H) medium 

(Sigma Aldrich, St. Louis-MO) supplemented with amphotericin (0.25 μg/mL), 

phosphomycin (193 μg/mL) and rifampicin (45.4 μg/mL), for about 5–6 days, under 

microaerophilic conditions. Bacterial concentration was determined using a dark-field 

microscope, and the required numbers of bacteria were harvested at 2095 × g for 30 minutes 

at room temperature (RT) without brakes. The bacterial pellet was resuspended in 

experimental medium containing DMEM-high glucose (Invitrogen/Life Technologies, Inc., 

Grand Island-NY) and 100 nM phorbol myristate acetate (PMA) (Sigma Aldrich, St. Louis-

MO) to the same concentration prior to centrifugation, and diluted further to the required 

multiplicity of infection (MOI).
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2.2. Cell culture

The human oligodendrocyte cell line MO3.13 was purchased from CELLutions Biosystems 

Inc., Ontario, Canada, and cultured according to the manufacturer’s protocol. These cells 

were created by fusion of human oligodendrocytes with rhabdomyosarcoma cells, 

generating a cell line with oligodendrocyte cell characteristics. Cells were routinely grown 

in DMEM (high glucose) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) at 37°C, 5% CO2, for 4 days in tissue culture flasks, and then 

seeded on 6-well plates (0.8 × 104/well), 2-well chamber slides (0.6 × 104/well) or T-75 

flasks (1 × 105/flask) as required. After 3 days in growth medium, 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 

(differentiation medium). After 3 days in differentiation medium, experiments were carried 

out. For all experiments, differentiation medium without P/S (experimental medium) was 

used.

2.3. Real-time RT-PCR

MO3.13 cells seeded in T-75 flasks were treated with either medium or B. burgdorferi (10:1 

MOI) for 6 h, after which RNA was extracted using RNeasy® mini kit (Qiagen, 

Germantown, MD) according to the manufacturer’s instructions. NanoDrop® ND-1000 

(NanoDrop Technologies Inc., Wilmington, DE) was used to quantify RNA concentration, 

and 1 μg of RNA was used for cDNA synthesis (RT2 First strand kit), which was aliquoted 

on RT2 Profiler PCR array plates (human TLR signaling pathway) using RT2 SYBR® Green 

ROX™ qPCR mastermix (Qiagen, Germantown, MD). The real time PCR reactions were run 

on Applied Biosystems 7900HT cycler and data captured using SDS 2.4 software. All 

protocols were carried out according to the manufacturer’s handbook. The resulting raw data 

were analyzed on SABiosciences web-based software (www.SABiosciences.com/

pcrarraydataanalysis.php) to determine the fold change in gene expression in cells exposed 

to B. burgdorferi over medium control. Fold changes (upregulation) over 1.2 fold were 

considered for further review. Ct values > 34 were considered as too low an expression and 

not included for analysis.

2.4. TLR7 inhibition assay

Infection assays were carried out with B. burgdorferi in the presence or absence of a TLR7/9 

inhibitor. At 2 h prior to the addition of bacteria, 1 μM Dual iODN (inhibitory 

oligodeoxynucleotide that inhibits TLR7/9) was added followed by B. burgdorferi (10:1 

MOI). At 48h after the addition of bacteria, supernatants were collected after centrifugation 

at 2095 × g, 10 minutes, 4°C to remove bacteria and cellular debris, aliquoted and stored at 

−20°C until analysis by enzyme-linked immuno sorbent assay (ELISA) for chemokines and 

cytokines. A neutral ODN (1 μM) was used as a control for Dual iODN-mediated effects 

(both obtained from Enzo lifesciences). Imiquimod (5 μg/mL Imgenex, San Diego, CA) was 

used as a positive control for TLR7 effects, and medium-only wells as a negative control for 

B. burgdorferi.
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2.5. RNAi

siRNA technology was used to determine the role of oligodendrocyte TLR7 in inducing 

inflammation in response to B. burgdorferi. The experimental protocol was carried out 

according to Parthasarathy and Philipp, 2017 [17]. Briefly, transfection complexes were 

generated by incubating (12.5–50 nM) TLR7 siRNA and (2 μL) HiPerfect transfection 

reagent for 30 minutes at RT in experimental medium. After removing the differentiation 

medium from the culture wells, 200 μL of the transfection complex was added, immediately 

followed by 800 μL of experimental medium to prevent drying of monolayer. Cells were 

incubated with siRNA transfection complexes for 24 h at 37°C, 5% CO2, followed by 

addition of B. burgdorferi (10:1 MOI), medium or positive control Imiquimod (5 μg/mL) for 

additional 48 h. At the end of the time period, supernatants were collected as before and 

analyzed for chemokine and cytokine expression. A non-specific control siRNA was used as 

negative control for all experiments. TLR7 and control siRNA were obtained from Santa 

Cruz Biotechnology, Dallas, TX. HiPerfect transfection reagent was from Qiagen, Valencia, 

CA.

2.6. ELISAs for chemokines and cytokines

The cell supernatants from various experimental conditions were analyzed for specific 

chemokines and cytokines using custom Multiplex ELISA kits obtained from EMD 

Millipore (Billerica, MA) and carried out at the Pathogen Detection and Quantification Core, 

Tulane National Primate Research Center, according to the manufacturer’s protocols.

2.7. Immunohistochemistry

Mature MO3.13 cells growing in 2-well chamber slides were immunostained for TLR7 in 

the presence or absence of B. burgdorferi (10:1 MOI). After a 48 h exposure, the 

supernatants were removed, and cells were processed for immunofluorescence as described 

previously [17]. A rabbit polyclonal TLR7 antibody (1:50, Santa Cruz Biotechnology, 

Dallas, TX) was used as a primary antibody, while a corresponding goat-anti rabbit antibody 

conjugated to Alexa 488 (1:800; Invitrogen) was used as a secondary. In separate wells, cells 

were stained with myelin basic protein (MBP) antibody (1:100; EMD Millipore) as a 

positive control for cell type, while a negative control with only the secondary antibody was 

also carried out (not shown). Slides were mounted with an anti-quenching reagent, covered 

with coverslips and visualized for TLR7 expression patterns.

2.8. Microscopy

The cells were visualized for TLR7 expression using a Leica DMRE fluorescent microscope 

(Leica microsystems, Buffalo Grove-IL) and Lumecor SOLA GUI software (Lumencor, 

Beaverton-OR). Images were obtained using Nuance Multispectral Imaging System (CRi, 

PerkinElmer, Waltham-MA). Adobe® Photoshop CS6 software was used to assemble the 

images.
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2.9. Statistics

The Student’s t-test was used to determine the statistical significance of an experimental 

result, with each analysis using duplicate values. The results were considered significantly 

different if the probability values (p) were < 0.05.

3. Results

3.1. TLR7 and other inflammatory pathway genes are upregulated in MO3.13 cells exposed 
to B. burgdorferi

As TLR2 and TLR5, two very prominent immune mediators with respect to B. burgdorferi, 
played only a minor role in induction of immune responses in MO3.13 oligodendrocytes 

[17], a TLR PCR array was employed as a screening technique to determine if other TLRs 

were upregulated and thus possibly involved in induction of immune responses. An initial 

screening during B. burgdorferi exposure for 6 h, using real time (RT)-PCR, indicated that 

several genes were significantly upregulated (Table 1). However, while CXCL10 (IP-10) and 

IL-1α transcripts were upregulated, we did not see a significant secretion of these mediators 

in the supernatants of these cells at the protein level [16]. NFkB1(p50), NFkBIA (IkBα), 

and REL are associated with the NFkB pathway. We have shown in the same previous study 

[16] that while NFkB p65 had an inconclusive role in immune response, IKK (α,β) had a 

role in the induction of CCL2 and IL-6. TBK1 is a non-canonical IkB kinase and an 

upstream activator of transcription factor IRF3, generally associated with intracellular 

receptors such as TLR3 [10]. IRF3 is normally indicated for the induction of Type I 

interferon (IFN) secretion. However, the secretion of IFNα2 into the supernatants of 

MO3.13 cells is inconclusive at this point (data not shown), and other Type I IFNs have not 

been evaluated as yet. Interestingly, TLR7, another intracellular receptor was also 

significantly upregulated in response to B. burgdorferi. Both TLR3 and TLR7 recognize 

RNA, with the former being responsive to double stranded RNA (dsRNA) and the latter to 

single stranded RNA (ssRNA) [6]. HSPA1A, which codes for the 70 KDa heat shock protein 

(Hsp70), is associated with chaperone functions, inflammation, and apoptosis [8], and was 

also upregulated in response to B. burgdorferi exposure. Other genes that were upregulated, 

but not significantly, were IL-1β, CXCL8, TNFα, LTA (Lymphotoxin A/TNFβ) and LY96 

(Lymphocyte antigen 96/MD2) (not shown). We decided to further investigate the role of 

TLR7, of which little is known with respect to oligodendrocytes and B. burgdorferi.

3.2. Expression of TLR7 protein in MO3.13 cells

As more than a 2-fold increase in TLR7 mRNA was observed in cells exposed to B. 
burgdorferi, we decided to look at the expression level of TLR7 through 

immunofluorescence. TLR7 protein expression was detected throughout the cell, as seen in 

Fig. 1. However, no difference in the level of protein expression was discernible between 

medium-conditioned cells and cells exposed to the bacterium, as measured through this 

technique. Nevertheless, the data shows that the receptor is present in fair amounts in 

oligodendrocytes.
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3.3. TLR7 plays a role in inducing chemokines/cytokines from human oligodendrocytes in 
response to B. burgdorferi

In many of our previous studies we showed that inflammation as caused by B. burgdorferi 
plays an important role in disease pathogenesis. As TLR7 mRNA was upregulated in 

response to B. burgdorferi, we next evaluated whether TLR7 was involved in inducing 

inflammation mediated by oligodendrocytes. We used both a TLR7/9 inhibitor and TLR7 

siRNA for this purpose. As seen in Table 2, in the presence of the inhibitor, CXCL8, IL-6 

and CXCL(1,2,3) were significantly downregulated for both B. burgdorferi and TLR7 

agonist (Imiquimod) treatments. CCL5 was additionally downregulated significantly with 

respect to Imiquimod. CCL2 levels were significantly upregulated in the presence of 

Imiquimod and the inhibitor, while the effect was not significant with B. burgdorferi 
treatment, although they both showed the same trend.

As the inhibitor was not specific to TLR7 alone, and to obtain additional lines of evidence 

for the role of the receptor, we used TLR7 siRNA. As seen in Table 2, the effect was dose 

dependent. At 12.5 nM siRNA concentration, and in the presence of the bacterium, CCL2, 

CXCL8 and IL-6 were significantly downregulated, while CCL5 was significantly 

upregulated. At 50 nM concentration however, only CCL2 and IL-6 were significantly 

downregulated. In the presence of the positive control Imiquimod and 12. 5 nM siRNA, only 

CXCL(1,2,3) was significantly downregulated, but at 50nM siRNA concentration, CCL2, 

CXCL8, IL-6 and CCL5 were all significantly downregulated. Thus, stark differences in 

effects were seen between 12.5 and 50 nM concentrations of siRNA, with the 25 nM 

concentration showing transitioning effects between the two. Production of IL-6 was 

reduced by both the TLR7/9 inhibitor and TLR7 siRNA in the presence of B. burgdorferi, 
indicating that this cytokine is definitely induced in response to TLR7 activation, with the 

additional likely induction of CCL2, and possibly also CXCL8.

4. Discussion

Toll-like receptors have been shown to play an important role in Lyme disease pathogenesis. 

Intracellular TLRs, particularly TLR7, TLR8, and TLR9 are involved in inflammation 

mediated by phagocytic immune cells such as peripheral blood mononuclear cells and 

monocytes, in response to B. burgdorferi [2, 18]. TLR7 and TLR8 recognize ssRNA and 

nucleoside analogs, while TLR9 recognizes CpG DNA in the endosomes of cells [6]. Since 

TLRs other than the predominantly studied TLR2 have also been implicated in Lyme disease 

pathogenesis, we decided to explore the roles of these other receptors, if any, in 

oligodendrocyte mediated inflammation. A real time RT-PCR TLR array (TLR1-10) was 

employed to screen for these receptors’ activation upon bacterial addition. A number of 

inflammatory genes were upregulated (> 1.2 fold) including TLR7 (Table 1). However, a 

few of these (IP-10, IL-1β) were already determined to be not significantly secreted in the 

supernatants [16] in response to B. burgdorferi. The roles of other molecules, e.g. NFKB1, 

NFKBIA, REL, which are part of the NFkB pathway, have also been determined [16]. As 

oligodendrocytes are not traditionally phagocytic, upregulation of RNA-sensing intracellular 

receptors such as TLR7 indicated that this receptor’s activation might not be associated only 

with traditional phagocytic cells as reported previously, and hence we decided to explore the 
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role of this receptor further. Curiously, TBK1 and IRF3 are associated with activation of 

another RNA sensing (dsRNA) intracellular receptor, TLR3, and await further study, as does 

HSPA1A. It is also worth mentioning that upregulation of chemokine/cytokine mRNA and 

secretion of the corresponding protein into the supernatant do not always correlate. This 

indicates either differential transcriptional/translational control, or that intracellular 

cytokine/chemokine levels will also need to be examined in the future.

In microglia, upon addition of B. burgdorferi, dramatic upregulation of TLRs were observed 

through immunohistochemistry [1]. As TLR7 mRNA was upregulated in response to B. 
burgdorferi, we decided to determine the corresponding protein levels by the same 

technique. However, no obvious differences were seen in protein expression between cells 

exposed to medium and B. burgdorferi, although TLR7 expression levels were qualitatively 

highly visible in both cases (Fig. 1). It is possible that this technique is not sensitive enough 

to evince such differences in these cells and need a more sensitive assay such as a Western 

blot.

We next attempted to evaluate the role of TLR7 in B. burgdorferi-mediated inflammation by 

inhibition of signaling and silencing the transcript levels. Imiquimod, a TLR7 agonist was 

used as a positive control. It should be noted that TLR7 activation by B. burgdorferi is likely 

through RNA sensing, while that of Imiquimod, an imidazoquinoline amine, is as a 

nucleoside analog. It has been shown that RNA and imidazoquinolines are engaged by 

distinct sites on TLR7/8, leading to different signaling events [3]. In the presence of B. 
burgdorferi and 1 μM TLR7/9 inhibitor, CXCL8, IL-6 and CXCL (1,2,3) levels were 

downregulated compared to the levels induced in the presence of the bacterium and a control 

ODN that has no activity (neutral ODN)). This indicated that TLR7/9 played a role in 

immune modulation in response to B. burgdorferi. As the inhibitor was not specific to TLR7, 

TLR7 siRNA was also employed, and it showed a dose dependent response. At lower siRNA 

concentrations (12.5 nM), it significantly downregulated CCL2, CXCL8, IL-6 and 

significantly upregulated CCL5, while at higher concentrations (50 nM), it significantly 

affected CCL-2 and IL-6 levels with respect to B. burgdorferi. Taken together, these results 

indicate that TLR7 activation by B. burgdorferi affects IL-6 and CCL2 induction in a dose 

dependent manner, and likely also the induction of CXCL8. The contrasting effects on 

CCL2 and CXCL (1,2,3) is likely due to TLR9 mediated effects, wherein activation of TLR9 

inhibits CCL2 production while increasing CXCL(1,2,3) levels. With respect to Imiquimod, 

both the inhibitor and siRNA addition downregulated CXCL8, IL-6 and CCL5 levels. While 

CXCL(1,2,3) was also downregulated, it occurred in a dose dependent manner. Similar to 

the effect on CCL2 with B. burgdorferi, the contrasting effect of inhibitor and siRNA is 

likely through TLR9. This study also shows that apart from TLR7, other intracellular TLR 

receptors such as TLR3 and TLR9 might play a role in innate immunity of oligodendrocytes 

towards B. burgdorferi.

With respect to the roles of individual chemokines/cytokines, IL-6 has been shown to 

stimulate hepatocytes, differentiate B-cells, aid in development of effector T-cells, 

proliferation of non-immune cells and others [27]. CCL2 is involved in recruitment of 

monocytes and T-cells, while CXCL8 has a similar role towards neutrophils, and likely other 

white blood cells [29]. IL-6 and CCL2 can have pro or anti-inflammatory roles depending 
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on the tissue/disease context, while CXCL8 is generally pro-inflammatory [24]. Since 

inflammation induces apoptosis in LNB, all three are likely to be pro-inflammatory in 

oligodendrocytes, as suppression of all three mediators through inhibition of receptor 

tyrosine kinases downregulated oligodendrocyte apoptosis [17].

Oligodendrocytes are not considered to be professional phagocytic cells like macrophages or 

microglia, although there is some evidence of their phagocytic abilities. In one study, 

apoptotic lymphocytes were demonstrated to be phagocytosed by these cells [13]. And there 

is evidence of B. burgdorferi internalization in neuroglial cells [7]. Therefore, it possible that 

there is limited phagocytosis by these cells, that enables the bacterial RNA to be sensed by 

TLR7 receptors. Alternatively, B. burgdorferi has been shown to produce outer membrane 

vesicles [28] that can package nucleic acids [4]. These outer membrane vesicles can then be 

trafficked internally by endocytosis, triggering intracellular TLR activation [9]. In 

preliminary studies, addition of cytochalasin D, which affects most endocytic pathways by 

depolymerizing F-actin [5], downregulated CXCL8, CXCL(1,2,3), CCL2 and IL-6 in a dose 

dependent manner in the presence of B. burgdorferi (Parthasarathy and Philipp, unpublished 

results), indicating the importance of these pathways in oligodendrocyte innate immunity. 

We show here that intracellular TLR pathways such as TLR7 may play a role in innate 

immune responses in cells other than professional phagocytes.

4.1. Conclusions

B. burgdorferi is a versatile pathogen that utilizes its repertoire of available molecular 

patterns to induce inflammation in a cumulative manner. In the absence of traditional 

receptor activation such as TLR2, other novel receptors such as receptor tyrosine kinases and 

intracellular TLRs are utilized to possibly cause disease.
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Highlights

• Inflammation has a causal role in B. burgdorferi mediated pathogenesis

• Intracellular TLR7 contributes to B. burgdorferi induced immunity in 

oligodendrocytes

• This indicates a novel possible niche for bacteria, or uptake of ligands by 

novel pathways
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Fig. 1. Immunofluorescent staining of TLR7 in MO3.13 cells in response to B. burgdorferi
Differentiated MO3.13 cells grown in chamber slides were exposed to either medium alone 

(Med) or B. burgdorferi (Bb, MOI 10:1) for 48 h, and assessed for TLR7 expression, as 

described in Materials and Methods. Bar represents 50 nm. A representative photograph 

from 2 independent experiments is shown.
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Table 1

Genes significantly upregulated in MO3.13 cells exposed to B. burgdorferi for 6 h, over medium control

Symbol Gene Description (Gene name) Fold changea

CXCL10 Chemokine (C-X-C motif) ligand 10 (IP-10) 3.67 (± 0.698)*

HSPA1A Heat shock 70kDa protein 1A (HSP70-1A) 1.57 (± 0.171)*

IL1A Interleukin 1, alpha (IL-1α) 2.69 (± 0.765)*

IRF3 Interferon regulatory factor 3 1.28 (± 0.089)*

NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB-p50) 1.25 (± 0.020)**

NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IKBA/MAD-3/NFKBI) 1.33 (± 0.010)***

REL V-rel reticuloendotheliosis viral oncogene homolog, avian (C-Rel) 1.37 (±0.015)***

TBK1 TANK-binding kinase 1 (NAK/T2K) 1.28 (± 0.040)**

TLR7 Toll-like receptor 7 2.42 (±0.094)**

a
Average fold change (± standard deviation) from two independent experiments is indicated.

*
p < 0.05,

**
p < 0.01,

***
p < 0.001
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