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2 
 

ABSTRACT 23 

Background: Lyme neuroborreliosis, caused by the bacterium Borrelia burgdorferi affects both 24 

the central and peripheral nervous systems (CNS, PNS). The CNS manifestations, especially at 25 

later stages, can mimic/cause many other neurological conditions including psychiatric disorders, 26 

dementia, and others, with a likely neuroinflammatory basis. The pathogenic mechanisms 27 

associated with Lyme neuroborreliosis, however, are not fully understood.   28 

Methods: In this study, using cultures of primary rhesus microglia, we explored the roles of several 29 

fibroblast growth factor receptors (FGFRs) and fibroblast growth factors (FGFs) in 30 

neuroinflammation associated with live B. burgdorferi exposure. FGFR specific siRNA and 31 

inhibitors, custom antibody arrays, ELISAs, immunofluorescence and microscopy were used to 32 

comprehensively analyze the roles of these molecules in microglial neuroinflammation due to B. 33 

burgdorferi.  34 

Results: FGFR1- 3 expressions were upregulated in microglia in response to B. burgdorferi. 35 

Inhibition of FGFR 1, 2 and 3 signaling using siRNA and three different inhibitors showed that 36 

FGFR signaling is proinflammatory in response to the Lyme disease bacterium. FGFR1 activation 37 

also contributed to non-viable B. burgdorferi mediated neuroinflammation. Analysis of the B. 38 

burgdorferi conditioned microglial medium by a custom antibody array showed that several FGFs 39 

are induced by the live bacterium including FGF6, FGF10 and FGF12, which in turn induce IL-6 40 

and/or IL-8 in a dose dependent manner, indicating a proinflammatory nature. To our knowledge, 41 

this is also the first-ever described role for FGF6 and FGF12 in CNS neuroinflammation. FGF23 42 

upregulation, in addition, was observed in response to the Lyme disease bacterium. B. burgdorferi 43 

exposure also downregulated many FGFs including FGF 5,7, 9, 11,13, 16, 20 and 21. Some of the 44 

upregulated FGFs have been implicated in major depressive disorder or dementia development, 45 
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while the downregulated ones have been demonstrated to have protective roles in epilepsy, 46 

Parkinson’s disease, Alzheimer’s disease, spinal cord injury, blood-brain barrier stability, and 47 

others.  48 

Conclusions: In this study we show that FGFRs and FGFs are novel mediators of inflammatory 49 

pathogenesis in Lyme neuroborreliosis. It is likely that an unresolved, long-term (neuro)-Lyme 50 

infection can contribute to the development of other neurologic conditions in susceptible 51 

individuals either by augmenting pathogenic FGFs or by suppressing ameliorative FGFs or both. 52 

 53 
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INTRODUCTION 69 

Tick-borne infections account for 77 - 95% of all vector-borne diseases in the United States.  Of 70 

these, Lyme disease (LD) is the leading tick-borne illness in the northern hemisphere accounting 71 

for 70% of all reported tick-borne diseases [1].  Caused by the gram-negative bacterium Borrelia 72 

burgdorferi, the annual case load of  LD is ~476000 cases [2], up from the previous estimates of 73 

300,000 per year [3]. Lyme neuroborreliosis (LNB) is a form of Lyme disease that affects both the 74 

central and peripheral nervous systems (CNS, PNS), and accounts for ~15-25% of all the LD cases. 75 

Signs and symptoms of LNB range from meningitis, cranial neuritis, radiculoneuropathies, 76 

encephalitis, vasculitis (rarely) in the early stages, to a broad range of 77 

neuropsychiatric/neuropsychological conditions including anxiety, depression, cognitive 78 

impairment, obsessive compulsive disorders, schizophrenia and dementia-like syndromes in the 79 

later stages [4]. While depression is a common late stage manifestation (22%-60% of LNB cases 80 

[4]), dementias are rare and make up to 6% of LNB sequelae [5]. Interestingly, other than 81 

secondary dementias associated with LNB, presence of the organism or Lyme infection has also 82 

been documented in patients with Alzheimer’s disease (AD)- like pathology, Parkinson’s disease 83 

(PD), Lewy Body dementia (LBD) and fronto temporal dementia (FTD) [6-10]. Whether this 84 

association is correlation or causation has been a matter of debate. It is possible that commonalities 85 

in pathogenesis exist between LNB and these diseases, and these commonalities can cause Lyme 86 

infection to augment/contribute towards other neurological diseases, or result in disease-like 87 

pathologies.  However, identification of such commonalities requires understanding the 88 

pathogenesis of diseases in question and decipher the intersectionality.  89 

In recent years, the FGFR/ FGF system has been widely studied in several neurological 90 

diseases including AD, PD, depression, anxiety, multiple sclerosis, epilepsy, schizophrenia and 91 
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others [11-17]. The FGFR family comprises 4 receptors FGFR1-4, which are transmembrane 92 

tyrosine kinases. Their ligands are FGFs, 22 in number, of which 18 are known to bind FGFRs. 93 

Signaling via FGFR is thought to be neuroprotective and to dampen neuroinflammation [18]. For 94 

this reason, FGFR agonists have been considered as therapeutic targets in AD, PD, traumatic brain 95 

injury and others [19]. However, neurotoxic effects have also been observed, with FGFR signaling 96 

mediating apoptosis in amyotrophic lateral sclerosis (ALS) [20], and axon degeneration in 97 

experimental autoimmune encephalitis (EAE), [17] indicating divergent roles in different 98 

neurological diseases. 99 

Since many of the conditions/symptoms studied with respect to FGFR overlap with LNB 100 

and its sequelae, FGFR system as a possible commonality between Lyme infection and other 101 

neurological conditions seemed intriguing. Therefore, we decided to investigate the role of 102 

FGF/FGFR system in primary rhesus microglia, the most significant mediator of 103 

neuroinflammation in the CNS. Since microglia only comprise ~6-10% of the total glial cells, they 104 

are rare [21]. Un-inoculated, young rhesus brain tissues from which microglia are extracted and 105 

cultured are just as rare. By using these scarce resources, siRNA, several inhibitors, custom 106 

antibody arrays, immunofluorescence and immunoassays we have built a detailed picture of the 107 

FGF/FGFR system in microglial neuroinflammation due to B. burgdorferi. To our knowledge, this 108 

is the first comprehensive FGF/FGFR study, both for Lyme disease and bacteria in general. In a 109 

study that took over four years to complete, we provide a valuable insight into how a neurological 110 

bacterial infection can contribute or exacerbate other neurological diseases/conditions and likely 111 

affect treatment modalities.  112 

 113 

 114 
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MATERIALS AND METHODS 115 

Bacterial strain and culture 116 

B. burgdorferi strain B31, clone 5A19, was cultured according to previously published protocols 117 

[22]. Briefly, bacteria were cultured under microaerophilic conditions in Barbour-Stoenner-Kelly 118 

(BSK-H) medium supplemented with amphotericin (0.25 µg/mL), phosphomycin (193 µg/mL) 119 

and rifampicin (45.4 µg/mL), for about 5-6 days. (All from Millipore Sigma, St. Louis, MO). A 120 

dark field microscope was used to determine bacterial concentration, and required number of 121 

bacteria was harvested by centrifugation at 2095 x g for 30 minutes at room temperature (without 122 

brakes). The bacterial pellet was resuspended in DMEM: F12 (ThermoFisher Scientific, Waltham, 123 

MA) supplemented with 10% fetal bovine serum (FBS, Hyclone, Fisher Scientific, Hampton, NH) 124 

to the same concentration prior to pelleting. For the experiments, bacteria were diluted further in 125 

the same medium supplemented with 0.5 ng/mL granulocyte macrophage colony stimulating 126 

factor (GM-CSF, Millipore Sigma), to the required multiplicity of infection (MOI).  127 

 128 

Isolation and culture of primary microglia 129 

Primary microglia were isolated from frontal cortex tissues of rhesus macaques (Macaca mulatta) 130 

as described previously [22]. Briefly, brain tissues were obtained from un-inoculated young 131 

animals from the breeding colony that were euthanized due to injury or persistent idiopathic 132 

diarrhea. Euthanasia protocols, all performed by veterinarians, were approved by the Tulane 133 

Institutional Animal Care and Use Committee (Tulane IACUC). The leptomeningeal blood vessels 134 

and the leptomeninges were removed first with fine tweezers, followed by mincing of the tissue 135 

with scalpels. The finely minced tissue was then subjected to enzymatic digestion with 0.25% 136 

Trypsin-EDTA containing 200 Kunitz unit/mL DNaseI (Sigma Aldrich, St. Louis-MO) at 37C 137 
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for 20 minutes.  Following digestion, the tissue was centrifuged at 335 x g, for 10 minutes, upper 138 

layer of cells removed and filtered through a 20µm Nitex filter. The filtrate was resuspended in 139 

DMEM: F12 supplemented with 10% FBS, 1% penicillin-streptomycin and 0.5 ng/mL GM-CSF. 140 

The aggregate cultures were seeded in T-75 flasks and incubated at 37C, 5% CO2. Medium was 141 

changed every four days for about 4 weeks, prior to harvesting of microglia. Microglia were 142 

isolated by vigorous tapping of the sides of the T-75 flasks, counted and seeded at the desired 143 

density. Typical yield of microglia was between 90- 95%, unless otherwise stated. Microglial 144 

identity was verified by microglial marker Iba1 (1:10 to 1:25- mouse monoclonal #sc-32725, Santa 145 

Cruz Biotechnology; 1:100- rabbit polyclonal, #019-19741, FujiFilm Wako Pure Chemical Corp., 146 

Richmond, VA), as well as relative cellular size. All cell assays were conducted 2-3 days after 147 

seeding. Microglia were isolated from 9 frontal cortex tissues, obtained from animals ranging in 148 

age from 1.21 to 6.26, through the multi-year course of this study. 149 

 150 

RNAi 151 

Silencing of the FGFR transcripts by siRNA was carried out as follows. Microglia were seeded on 152 

24-well plates at a density of ~2 x 104/ well. Cells were allowed to adhere for 48h (37C, 5% CO2), 153 

after which medium was removed and replaced with 100 µL antibiotic-free medium. siRNA-154 

transfection reagent complexes were generated using 2 µL HiPerfect transfection reagent (Qiagen, 155 

Germantown, MD) and 25-50 nM siRNA (non-specific control siRNA (sc-37007) or FGFR 156 

specific (FGFR1/Flg-sc-29316, FGFR2/Bek-sc-29218, FGFR3-sc-29314); Santa Cruz 157 

Biotechnology) in antibiotic and serum-free medium. The complexes were allowed to incubate at 158 

room temperature for 30 minutes, and 100 µL of the complex was added to each well. Cells 159 

containing the transfection complexes were incubated at 37C, 5% CO2 for 6h, followed by 160 
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addition of 400 µL of antibiotic-free medium. After a further 18h incubation, B. burgdorferi (MOI 161 

10:1) or medium alone was added. Cells were incubated for an additional 24h, prior to collection 162 

of supernatants (3000 rpm, 10 minutes at 4C).  163 

 164 

Infection assays with FGFR inhibitors 165 

Microglia were seeded on 24-well plates or 4-well chamber slides at a density of ~2 x104 cells/well. 166 

After 48h, cells were pretreated with specific FGFR inhibitors or solvent control (dimethyl 167 

sulfoxide (DMSO)) for about 2 h. The medium was discarded and fresh medium without 168 

antibiotics containing B. burgdorferi at an MOI of 10:1 was added, followed by addition of 169 

inhibitors or DMSO. Medium only group served as controls. After 24h at 37C, 5% CO2, 170 

supernatants were collected as before and stored at -20C until analysis. The following inhibitors 171 

were used- FGFR1 inhibitor PD166866 (#341608- Millipore Sigma); FGFR1-3 (and likely 172 

FGFR4) inhibitor BGJ398 (#HY13311-MedChem Express, Monmouth Junction, NJ); FGFR1-3 173 

inhibitor (and likely FGFR4) AZD4547 (#HY13330-MedChem Express).  174 

To determine whether secreted factors trigger FGFR activation, supernatants after infection 175 

assays were collected as before. They were thawed, re-centrifuged, and filtered through a 0.22 µm 176 

filter and applied to freshly cultured microglia from the same tissue grown on chamber slides. 177 

Cells were fixed after 24 h for immunofluorescence. Microglial-conditioned medium without the 178 

bacteria was similarly collected and used as a negative control.  179 

To determine the effect of FGFs on inflammatory mediator production, various doses of 180 

specific FGFs were added to fresh microglia for 24h and supernatants, and cells analyzed as before. 181 

PBS/BSA (0.1%) was used as a solvent control. Recombinant human FGFs (FGF6 #238F6-025; 182 
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FGF10-#345-FG-025; FGF12-2246-FG-025) were purchased from R&D systems (Minneapolis, 183 

MN).  184 

 185 

Immunofluorescence (IF) 186 

IF was carried out as described previously [23] on experiments carried out in chamber slides. At 187 

the end of the experimentation period, supernatants were removed, and cells were fixed in ice-cold 188 

2% paraformaldehyde for 10 minutes at room temperature on a shaking platform. Cells were 189 

briefly washed three times in cold PBS, followed by permeabilization in ethanol:acetic acid 190 

mixture (2:1) at 4C for 5 minutes. Cells were washed again as before and kept in the same medium 191 

at 4C until analysis with specific antibodies.  192 

For the immunostaining, cells were re-permeabilized in PBS containing 0.1% Triton-X-100 for 15 193 

minutes at room temperature on a shaking platform.  The slides were then blocked with PBS 194 

containing 10% normal goat serum (NGS) (NGS buffer) for 1 h, followed by staining with specific 195 

primary antibody for another hour. Cells were then probed with an appropriate secondary antibody 196 

conjugated to Alexa 488 (green) or Alexa 568 (red) (1:1000, Invitrogen) for 1 h, to visualize the 197 

target protein of interest. Nuclear staining was carried out with DAPI (5 minutes, 1:5000, Millipore 198 

Sigma) as required. All the antibodies were suspended in the NGS buffer with incubations at room 199 

temperature. The following anti-human primary antibodies were used. Anti-FGFR1 (sc-121), anti-200 

FGFR2 (sc-122), anti-FGFR3 (sc-123) (1:50; all rabbit polyclonal, Santa Cruz biotechnology) 201 

anti-phosphoFGFR1 (Tyr 653,654) (1:50; rabbit polyclonal; #44-1140G- ThermoFisher 202 

Scientific), anti-FGF6, anti-FGF10, anti-FGF12 and anti-FGF23 (all 1:50; rabbit polyclonal; 203 

FGF6-#MBS2007292, FGF10-#MBS9606991, FGF12-#MBS2028698, FGF23-#MBS9605052, 204 
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MyBiosource, San Diego, CA). Slides were mounted with an anti-quenching medium, covered 205 

with cover slips and visualized for microscopy.  206 

 207 

Antibody-array 208 

A custom antibody array for specific FGFs was carried out to identify the likely FGFs induced by 209 

B. burgdorferi exposure. Assay was conducted with RayBiotech custom L-series human array 210 

(RayBiotech, Peachtree corner, GA). The assay uses a semi-quantitative modified ELISA 211 

procedure wherein the proteins in the sample are directly labelled with biotin and used as a probe 212 

to bind corresponding antibodies printed on a glass slide. Biotin-labelled bound proteins are 213 

identified using streptavidin conjugated to fluor, and read using a laser scanner (Axon GenePix), 214 

where approximate Units of expression can be obtained. The normalized Units were then used to 215 

create semi-quantitative proteomic charts using Microsoft Excel®. To generate a Heatmap, the 216 

biomarker values were standardized (centering and scaling) by subtracting the average and then 217 

dividing by the standard deviation. The standardized data were plotted in a heatmap with 218 

hierarchical clustering by Euclidean distance, using the R programming language V3.6.3 (R Core 219 

Team 2017) software.  220 

 221 

Microscopy 222 

FGFR, pFGFR1 and specific FGF expression in microglia were visualized using a Leica DMRE 223 

fluorescent microscope (Leica microsystems, Buffalo Grove-IL) and Lumecor SOLA GUI 224 

software (Lumencor, Beaverton-OR). Cells were imaged using the Nuance Multispectral Imaging 225 

System (CRi, PerkinElmer, Waltham- MA). Percentage of specific FGFR positive cells were 226 

counted over 5-10 frames each and graphed using Microsoft Excel®. Confocal microscopy was 227 
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carried out using a Leica TCS SP8 confocal microscope, equipped with four lasers: 405nm (UV), 228 

argon-krypton 488 nm (blue), DPSS 561 nm (yellow), helium-neon 633 nm (far red). Adobe® 229 

Photoshop CS6 was used to assemble the images.  230 

 231 

Quantitation of chemokines and cytokines 232 

Custom Procartaplex-multiplex kits (ThermoFisher Scientific) were used to analyze the levels of 233 

IL-6, IL-8 and MCP-1 in samples. Assays were carried out according to manufacturer’s 234 

instructions, using Bio-Plex® 200 Suspension Array System and Bio-Plex® Manager Software 235 

Version 6.2 (Bio-Rad Laboratories, Hercules, CA). FGF6, FGF12 enzyme linked immunosorbent 236 

assays (ELISA) were carried out using calorimetric human ELISA kits (MBS454039, 237 

MBS8802366, MyBiosource). The results were graphed using Microsoft Excel® and figures were 238 

assembled using Microsoft Powerpoint® and Adobe® Photoshop CS6.  239 

 240 

Statistics 241 

For all experiments excluding the antibody array, a Student’s t-test (2-tailed) was used to determine 242 

the statistical significance of an outcome. All analyses were carried out in duplicate. A value of p 243 

< 0.05 was considered statistically significant. For the antibody array, a principal component 244 

analysis was carried out using RayBiotech statistical services. 245 

 246 

RESULTS 247 

Exposure to B. burgdoferi upregulates FGFRs and associated signaling pathways in primary 248 

rhesus microglia 249 
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Primary rhesus microglia were exposed to live B. burgdorferi for 24h and analyzed for FGFR1, 2, 250 

and 3 expressions by immunofluorescence. The results are shown in Fig. 1. Fig.1a shows the 251 

percent of microglia derived from three different animal tissues, respectively, that express specific 252 

FGFRs. Expression levels varied among tissues, but were significantly higher than medium alone 253 

controls across all tissues. Immunofluorescence photographs of FGFR1, FGFR2 and FGFR3 254 

expression in microglia in response to B. burgdorferi is shown in Fig.1b, and the relative increase 255 

in expression over medium controls for FGFR2 and FGFR3 is shown in Fig.1c. Fig.1c also shows 256 

that FGFR2 and 3 expressions (green) is confined to microglia. This is shown through Iba1 staining 257 

(red). Other than Iba1 as a marker for microglial specificity, confirmation was also through the 258 

relative size of these cells. Microglia are the smallest of the glial cells and can generally be 259 

distinguished by their relatively small size, as shown in online supplementary material 1 (SM1).  260 

Since the expression of receptors was upregulated in response to infection, we next sought 261 

to confirm if downstream signaling is also activated. FGFRs are receptor tyrosine (Tyr) kinases 262 

that get phosphorylated at the intracellular tyrosine kinase domains, thus resulting in cell signaling. 263 

While there are several autophosphorylation sites, Tyr residues 653 and 654 are considered 264 

important for cell signaling and biological responses [24]. Therefore, phosphoFGFR1 (pFGFR1) 265 

at Tyr 653, 654 domains were also measured by immunostaining. Fig. 1d shows increased pFGFR1 266 

in primary rhesus microglia upon exposure to live B. burgdorferi indicating pathway activation. 267 

While the antibody is specific for FGFR1 phosphorylation, it is to be noted that the Tyr653,654 268 

domains are conserved across all FGFR1-4 receptors [24]. 269 

 270 

FGFR pathways are proinflammatory in rhesus microglia in response to the Lyme disease 271 

bacterium (or its sonicated components) 272 
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To determine the effect of FGFR activation that occurred in response to the Lyme disease 273 

bacterium, RNA interference by means of siRNA was initially used. Fig 2a shows that inhibition 274 

of individual FGFR1, 2 or 3 receptors in the presence of bacteria down regulate the expression of 275 

IL-6, IL-8 and MCP-1 at 50 nM siRNA concentration. Even at the lower siRNA concentration of 276 

25 nM, inhibition of FGFR1, 2 or 3 significantly downregulated both IL-6 and MCP-1, while only 277 

FGFR3 inhibition at this concentration affected IL-8, indicating dose dependent effects on specific 278 

mediators (not shown).  SiRNA (50 nM) when used with medium alone, did not have an 279 

appreciable effect on IL-6 (or IL-8 levels for the most part), while it did have an effect on MCP-1 280 

expression, indicating that this mediator is continuously induced at a low level in the absence of 281 

any stimuli through these receptors. To confirm the proinflammatory effect of FGFR activation in 282 

response to B. burgdorferi, three other FGFR inhibitors were also used and are shown in Fg.2b 283 

and Fig. 3. PD166866 is considered as an FGFR1 inhibitor, while both BGJ398 and AZD4547 are 284 

considered to be potent inhibitors of FGFRs 1-3, although they might affect FGFR4 weakly. All 285 

the inhibitors affect tyrosine kinase activity, hence autophosphorylation and signaling [25-27], 286 

Treatment of microglial cells with FGFR inhibitors showed that they had efficacies at different 287 

doses. PD166866/FGFR1 inhibitor, in the presence of B. burgdorferi, did not have an appreciable 288 

effect at 500 nM concentration while at higher concentrations (≥ 1µM) it significantly 289 

downregulated IL-6, IL-8 and MCP-1 (Fig. 2b). FGFR1-3 inhibitor BGJ398 on the other hand was 290 

very effective in downregulating all three mediators at 500 nM, (Fig. 3a) while the other FGFR1-291 

3 inhibitor AZD4547 was only effective in significantly suppressing all three mediators at 5 µM 292 

and higher (Fig. 3b). This indicates that range of inhibition (FGFR1 only vs all 3) and formulation 293 

differences (affecting same targets) likely mediate the potency of the inhibitors. Only the non-toxic 294 
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doses are shown. Toxicity was determined separately through an MTT based cell viability assay 295 

(not shown).   296 

To ensure the efficacy of the inhibitors in downregulating signaling in microglia, pFGFR1 297 

immunostaining was conducted as before and showed that the inhibitors were effective in 298 

downregulatng the same (Supplemental material 2 (SM2)). A representative experiment for each 299 

inhibitor in the presence of B. burgdorferi is shown in Figs. 2 and 3, and the overall effect across 300 

all experiments is shown in Table 1. The average fold-downregulation of IL-6, IL-8 and MCP-1 301 

in the presence of various inhibitors and siRNA across multiple experiments and multiple tissues 302 

shows that FGFRs are potent mediators of neuroinflammation in primary microglia and could be 303 

important novel pathogenic determinants in Lyme neuroborreliosis. Even without the presence of 304 

B. burgdorferi, they seem to mediate MCP-1 induction at a low level as seen with its significant 305 

downregulation in medium alone controls with all the inhibitors (Table 1 and supplementary 306 

material 3a (SM3A)). While the table shows the fold down-regulation in inflammation in B. 307 

burgdorferi and medium controls with inhibitors, Figs. 2 and 3 show that the magnitude of 308 

induction is significantly different between the two treatments and that a similar fold-309 

downregulation with either treatment does not translate the same.   310 

 311 

In our recent study [28], we showed that non-viable sonicated B. burgdorferi can induce 312 

inflammation and apoptosis in primary rhesus frontal cortex and dorsal root ganglion tissues. So 313 

we next looked at the effect of FGFR1 inhibitor PD166866 on inflammatory mediator output in 314 

the presence of sonicated B. burgdorferi. The results show that just like its effect on live bacterium- 315 

mediated neuroinflammation, the inhibitor also significantly suppressed inflammatory mediators 316 

in response to its sonicated contents, implicating novel treatment targets for supplemental 317 
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therapeutics [Online supplementary material SM3B]. Due to the paucity of primary rhesus 318 

microglia availability, and since the FGFR1 receptor alone showed significant efficacy in 319 

mediating neuroinflammation, we confined subsequent experiments to this receptor.  320 

 321 

Secreted factors affect FGFR1 expression and signaling 322 

Our next step was to determine what promotes FGFR activation in primary microglia in response 323 

to the spirochete. B. burgdorferi physically exhibits several TLR ligands but no known ligands 324 

that bind FGFRs. Therefore, initial experiments concentrated on whether TLR ligands activate 325 

FGFR1 expression. However, preliminary experiments using Pam3CSK4 (Pam3CysSerLys4) and 326 

OspA (TLR2), FliC (TLR5) or LPS (TLR4) individually, did not elicit robust expression of FGFR1 327 

as seen with B. burgdorferi. Only punctate sporadic expression was generally seen (not shown). It 328 

is possible that all three must be simultaneously activated to induce FGFR expression, or dose 329 

response studies need to be conducted. Such experiments constitute a study of their own and await 330 

tissue availability. 331 

 We next looked at whether B. burgdorferi-conditioned medium can induce expression of FGFR1 332 

or pFGFR1. As seen in Fig. 4a, supernatants obtained from B. burgdorferi exposed cells were able 333 

to activate FGFR1 and pFGFR1, while the supernatants obtained from medium alone controls did 334 

not, indicating that factors in the supernatants can activate FGFR1. Since FGFs are the likely 335 

ligands for FGFR1 activation, we used a custom FGF antibody array as a screen to determine 336 

which FGFs are specifically induced. The results are seen in Fig. 4b and online supplemental 337 

material SM4. The heat map in Fig. 4b shows upregulation of microglial FGF2, FGF6, FGF10, 338 

FGF12 and FGF23 in response to B. burgdorferi. In comparison to the other 4 induced FGFs 339 

however, whose values were in thousands of Units (Online supplementary material 4, SM4), FGF2 340 
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values were in single digits (not shown), and was not considered to be a real upregulation, but an 341 

artifact of fold-change. FGF17, 18 and 19 did not show any distinct pattern, while FGFs 342 

4,5,7,8,9,11,13-1B, 16,20,21 and FGF-BP (FGF-binding proteins) showed a distinct 343 

downregulation in comparison to medium controls. Though not included in the heatmap, IL-8 and 344 

MCP-1 were included as positive controls for the array and their expressions were as expected, 345 

validating the array results (SM4). Interestingly, most of the mediators, (with the exception of 346 

FGF8, 16,21 and 23) were suppressed by B. burgdorferi-induced FGFR1 activation (SM4, and not 347 

shown), as their levels went up in the presence of the inhibitor. A principal component analysis of 348 

the data showed that B. burgdorferi-only group and the medium/Bb +FGFR1 groups segregated 349 

as two clusters with an explained variance of 61.9% indicating two separate patterns for the groups 350 

(online supplementary material 5 (SM5)). Within each cluster, the B. burgdorferi -only group was 351 

more spread, indicating the diversity of response to infection from the genetically diverse animals.  352 

 353 

Specific FGFs are expressed in primary rhesus microglia in response to B. burgdorferi 354 

We next sought to verify some of the antibody array data with additional lines of evidence. As we 355 

were mostly interested in factors that likely induced FGFR expression, we focused on the 356 

upregulated FGFs. These were FGF6, 10, 12, and FGF23. Fig. 5a shows upregulated expression 357 

of FGF6, FGF10 FGF12 and FGF23 in microglial cells in response to B. burgdorferi exposure, as 358 

verified through immunofluorescence, using antibodies from a different company. Fig.5b shows 359 

confocal microscopy of FGF staining in microglial cells, stained for Iba1. Staining was seen along 360 

the surface indicating possible engagement with receptors, or at least localized there. Since ELISA 361 

assays require a substantial volume of sample materials, we verified only specific FGFs using 362 

supernatants from B. burgdorferi or medium exposed microglia. FGF6 secretion was additionally 363 
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verified by ELISA (supplemental material 6 (SM6). FGF12 was only seen by immunofluorescence 364 

and not by ELISA. But overall, there was consensus in terms of specificity of induced FGFs with 365 

the antibody array. On a technical note, FGF6 was only detected by ELISA when fresh media with 366 

fresh serum was used in experiments and detected quickly. Dilution agents also affected detection 367 

by ELISA, with PBS being better than standard diluents. The latter reduced detection by 368 

approximately 50%. Surprisingly, addition of protease inhibitor phenylmethylsulphonyl fluoride 369 

(PMSF) (1mM) lowered the detection levels as well.  370 

 371 

Upregulated FGFs are proinflammatory in a dose dependent manner 372 

We next looked at the role of the induced FGFs in microglial neuroinflammation. We only focused 373 

on those FGFs that were also induced through FGFR1, which were FGF6, 10, and 12 374 

(supplemental material 4 (SM4). FGFs were added at various doses on cultured microglial cells 375 

for 24 h and supernatants analyzed for IL-6, IL-8 and MCP-1 as before. Results are shown in 376 

Fig.6a. FGFs significantly induced production of IL-6 and/or IL-8 but had inconclusive effects on 377 

MCP-1 levels (not shown). The effect was also dose dependent and varied with the different FGFs. 378 

Increasing doses of FGF6 either increased inflammatory mediator output or remained almost the 379 

same. Lower doses of FGF10 (10 ng/ml or 30 ng/ml) did not have any specific effect on 380 

cytokine/chemokine levels, but at higher doses (≥50 ng/ml) significantly upregulated IL-8 but not 381 

IL-6. FGF12 at lower doses (5 ng/ml) significantly induced IL-6 and IL-8, and also at higher doses 382 

(50 ng/ml) but the levels induced were much lower than those induced at 5 ng/ml. This showed 383 

that FGFs have proinflammatory effects but in a dose dependent manner. This proinflammatory 384 

effect was also seen when FGFs were added in combination. FGF6, 10, and 12 at 5 ng/ml, 20 ng/ml 385 
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and 5 ng/ml respectively or FGF6, 10, and 12 at 25 ng/ml,60 ng/ml,25 ng/ml respectively, elicited 386 

significantly elevated IL-6 and IL-8 compared to controls with no FGFs (not shown).  387 

We next confirmed that the effect of FGFs, particularly for FGF6 was through FGFR1. 388 

Fig.6b shows upregulation of pFGFR1 in Iba1 stained microglia in response to FGF6, and that 389 

inhibition of FGFR1 by PD166866 downregulated the FGF6 mediated upregulation of IL-6 and 390 

IL8 (Fig. 6c).  391 

A summary of the data from this study and the proposed model of FGFR activation in 392 

primary rhesus microglia is shown in Fig. 7a. Fig. 7b shows the intersectionality of the various 393 

FGFs induced or downregulated in microglia in response to live B. burgdorferi with other 394 

neurological conditions. 395 

 396 

DISCUSSION 397 

We show in this study using primary rhesus microglia, a rarely available resource, that members 398 

of the FGF/FGFR system are novel mediators of pathogenesis in Lyme neuroborreliosis. We show 399 

here that FGFRs 1,2 and 3 are activated in response to B. burgdorferi (Fig. 1) and that inhibition 400 

of these receptors down regulates neuroinflammation (Figs.2, 3, and Table 1). This was determined 401 

using multiple lines of evidence including siRNA and three different inhibitors indicating the 402 

strength of the data. In our previous study with the oligodendrocyte cell line MO3.13, inhibition 403 

with the FGFR1 inhibitor alone (same as used in this study) significantly increased chemokines 404 

and cytokine levels in direct contrast to the data in primary rhesus microglia [23]. Increase in 405 

inflammatory output leads to increased apoptosis in oligodendrocytes [29]. We had postulated in 406 

that study, that since MO3.13 oligodendrocyte cell line was created by fusion of oligodendrocytes 407 

with rhabdomyosarcoma cells, which overexpress FGFR1 [30], it is likely that the results could be 408 
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due to this fact. As FGFR inhibitors are being used to treat sarcomas [31], which have various 409 

FGFR mutations [32], an increased apoptosis (due to the increased inflammation) would be desired 410 

for treatment. Therefore, this result was not surprising in light of that fact, but indicated that this 411 

might be rhabdomyosarcoma specific effect and not oligodendrocyte mediated. But since the effect 412 

was profound, we nevertheless decided to conduct more comprehensive follow-up studies in 413 

primary microglial cells without any other confounding factors. And we show here that FGFRs 414 

alone do mediate neuroinflammation in primary rhesus microglia, and are possible novel mediators 415 

of inflammatory pathogenesis in Lyme neuroborreliosis.  416 

We also show that secreted factors in the supernatants activate FGFRs, particularly FGFR1 417 

(Fig. 4). And that several FGFs especially FGF6, secreted into the supernatant can activate the 418 

FGFR1 pathway (Fig. 6b and 6c). However, the effect with B. burgdorferi supernatant alone was 419 

much more profound than that with FGF6 alone (Fig. 5 and Fig.6b) or in combination with other 420 

FGFs (FGF10, 12, not shown). It is possible that FGF23, which we did not test, might contribute 421 

in activating FGFR1. But it is also likely that non-FGFs activate this pathway. One type of such 422 

molecules could be the galectins. Galectins are soluble proteins that contain carbohydrate 423 

recognition domains, and play roles in inflammation, signaling and others [33].  While they reside 424 

predominantly in the intracellular compartment, they can be secreted by non-classical pathways 425 

[34]. In a recent study, extracellular galectins (galectin 1 and 3) have been shown to activate 426 

FGFR1 [35], similar to FGFs. Interestingly, in the CNS, galectin 3 is secreted by microglia and is 427 

proinflammatory [36]. Other molecules such as bradykinin has been shown to binds its receptor to 428 

activate intracellular c-src, which then transactivates FGFR1, independent of FGF-mediated 429 

activation [37]. Bradykinin, a peptide, affects blood-brain barrier permeability [38] and is 430 

considered a mediator of inflammation, although its neuroprotective roles in rat microglia have 431 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504844doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504844
http://creativecommons.org/licenses/by-nc/4.0/


20 
 

also been described [39]. It is not clear if bradykinin is produced in microglia under pathological 432 

conditions, but its receptors in microglia have been documented [40]. C-src, a tyrosine kinase, has 433 

been demonstrated to activate microglia and is considered proinflammatory in many studies [41, 434 

42]. It is also possible that even without bradykinin release, c-src alone could transactivate FGFR1 435 

receptor, without ligand binding. 436 

One other interesting observation we made in this study was that inhibition of FGFRs in 437 

medium alone controls downregulated MCP-1 production with all the inhibitors, be it siRNA or 438 

others. This indicated that some low level activation and signaling (pFGFR1) is on, that is not 439 

greatly detected by immunofluorescence. But a hint of this effect could be seen in Fig.1a, where 440 

some receptor expression is seen. The only likely component in the medium that could elicit this 441 

activation is the FBS. Incidentally, serum is associated with galectin 3 secretion as its secretion 442 

was shown to be decreased in serum-free media [43].  In summary, it is possible that upon B. 443 

burgdorferi addition, cumulative activation of several TLRs by B. burgdorferi ligands causes 444 

increased levels of all these molecules (galectins, bradykinin or c-src) along with increased protein 445 

expression of FGFRs and surface expression. Increased activation of the FGFR receptors and 446 

subsequent signaling causes increased production of specific FGFs while downregulating other 447 

FGFs. This also sets up an autocrine loop to ensue, where the induced FGFs likely cause their own 448 

production subsequently. Low level activation of FGFR1 in medium alone would induce low 449 

levels of MCP-1, while increased activation causes upregulation of specific FGFs such as FGF6 450 

and others, which in-turn contribute to IL6 and IL-8 levels. An overview of the data obtained from 451 

this study is shown in Fig.7a. 452 

With respect to roles of individual FGFs, FGF6, FGF10, FGF12, and FGF23 were shown 453 

to be upregulated in microglia in response to B. burgdorferi. FGF6 has been shown to be associated 454 
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with muscle growth [44], but not many studies exist with regard to CNS. One study showed that 455 

it is involved in brain development in the late embryonic stages [45], while another showed that 456 

human umbilical mesenchymal stem cells secrete FGF6 among others, and that transplantation of 457 

stem cells in epileptic rats downregulated microglial activation. Whether this effect was mediated 458 

by FGF6 or others is not clear [46].  In another study, FGF6 was demonstrated to be secreted in 459 

human fetal astrocytes, and treatment with alpha-synuclein decreased its levels after 48h [47]. 460 

However, no role for this cytokine has been demonstrated. We show here for the first time that 461 

infection can trigger FGF6 in microglia and it is proinflammatory [Figs. 4b, 5, 6 and SM6]. To our 462 

knowledge this is the first report to define a role for FGF6.   463 

FGF10 has generally been shown to be neuroprotective in rodent models of spinal cord 464 

injury, neuroinflammation and others, both in vitro in BV2 microglial cells and in vivo in mice/rats 465 

[48-50]. In our study using rhesus microglia, we show that the FGF10 effect is dose dependent. 466 

Lower doses did not have any significant effect, while higher doses (≥ 50 ng/ml) significantly 467 

induced IL-8, but had no significant effect on IL-6. Since 100 ng/ml was used in BV2 cells, it is 468 

not clear if its protective at very high doses, or if its due to species difference, or cell line effects. 469 

It should be noted that deletion of an FGF gene may result in a completely different phenotype 470 

than when its levels are modulated. Therefore, functions attributed to FGFs due to gene deletions 471 

may or may not reflect disease pathogenesis where its levels can vary.  472 

FGF12 gene expression has been shown to be induced in BV2 microglia in response to 473 

LPS [51], however no role for it has been described until this study. The main focus of FGF12 474 

studies has been with its genetic alterations and associated epileptic changes through its ability to 475 

bind voltage-gated sodium ion channels [52, 53]. Its expression has also been shown to be elevated 476 

in anterior cingulate cortex of patients with major depressive disorder (MDD) [54]. However, an 477 
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interesting anomaly is that FGF12 (along with FGF11,13, and 14) is considered intracellular. A 478 

pioneering study in human embryonic kidney cells (HEK 293, epithelial morphology) showed that 479 

transfection of the cells with FGF12 gene caused accumulation of the protein in the nucleus with 480 

no detectable secretion [55]. In our study, microglial supernatants were analyzed by the antibody 481 

array and FGF12 was found to be elevated in the extracellular environment. Confocal microscopy 482 

also showed likely surface location of FGF12 in microglia (Fig. 5b). However, we could not detect 483 

FGF12 in the supernatants by ELISA. So we cannot confirm whether FGF12 is actually secreted 484 

outside, like interleukins. It is possible it is secreted but surface located and not truly in the 485 

extracellular environment. Our hypotheses for this anomaly between array and ELISA are 1) As 486 

the array is much more sensitive than ELISA, intracellular FGF12 was detected by the array due 487 

to possible breach of cellular contents, or presence of some cells in the supernatants. 2) FGF12 is 488 

secreted, and as the array procedure biotinylates the proteins prior to detection, FGFs are stabilized 489 

and better detected. In ELISA assays due to long incubations prior to detection, the natural 490 

confirmation destabilizes quickly and hence is not detected. The latter hypothesis could be tested 491 

by ELISA of the cell lysates, but await tissue availability.   More studies in other primary cell types 492 

are needed to clarify this issue, and not just immortalized cells. The intracellular class of FGFs or 493 

FGF homologous factors (FHFs) as they are known, were also thought to not activate FGFRs [56]. 494 

Recent studies shown that is not the case [57] and in our study cells did respond to exogenous 495 

addition of FGF12 in inducing IL-6 and IL-8, and is possibly through FGFRs as well.  Therefore, 496 

the characterization of these factors is far from complete. This is also the first study (to our 497 

knowledge) to show a role for FGF12 in the brain glial cells.  498 

FGF23, an endocrine hormone secreted by osteocytes is required for maintaining 499 

phosphate homeostasis. Due to this function, it has long known for its role in chronic kidney 500 
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disease, characterized by elevated FGF23 levels and hyperphosphatemia. Outside the kidney, its 501 

role in CNS have also been delineated. Mice overexpressing FGF23 had impaired spatial memory 502 

and learning [58], and other studies show that exogenous FGF23 can reduce proximal arborization 503 

in hippocampal neurons, impacting memory functions [59]. Recent studies in patients show that 504 

high levels of FGF23 in the serum is associated with risk for stroke [60] and dementia [61]. Thus, 505 

the FGFs upregulated by B. burgdorferi in microglia are likely deleterious in the long run.  506 

With respect to the other FGFs that were downregulated in response to B. burgdorferi 507 

exposure, only some of the salient ones will be discussed here. In terms of modulating 508 

neuroinflammatory mediators per se, not much data exist for much of the FGFs. FGF20 was shown 509 

to be protective in blood brain barrier disruption by upregulating tight junction proteins, increasing 510 

the transelectrical endothelial resistance and reducing neuroinflammation in traumatic brain injury 511 

models [62]. FGF21 is the most studied in term of neuroinflammation and almost all describe an 512 

anti-inflammatory role. FGF21 administration was shown to protect against neuroinflammation in 513 

oxidative stress, ischemic stroke, and in obesity [63-65]. In terms of other neurological conditions, 514 

FGF4 expression was upregulated in patients’ CSF transitioning from mild cognitive impairment 515 

to AD progression [66]. Its role, however is not known. FGF5 expression was shown to be elevated 516 

in astrocytic tumors implying a role in astrogliosis [67]. Deletion of this gene and Fgf2 in mice 517 

caused increased BBB permeability [68]. As BBB leakage can correlate with epilepsy, it is likely 518 

a positive factor in preventing seizures [69]. Similar to FGF5, FGF7 also has a putative positive 519 

role in epilepsy as Fgf7-deficient mice exhibit enhanced seizure activity [70]. Clustering of 520 

GABAergic synaptic vesicles was also reduced in Fgf7 deleted mice, implying a role in 521 

GABAergic synapse formation. Incidentally, low GABA levels can cause depression, anxiety and 522 

others [71, 72]. FGF9 immunoreactivity was demonstrated in the brains of AD patients and those 523 
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with MDD [54, 73]. It has protective roles in PD by downregulating oxidative stress, improving 524 

mitochondrial function and promoting neuronal survival [14]. Contrarily, it had pro-anxiety and 525 

depressive effects as exogenous administration increased these behaviors in rats [74].  Hypoxia 526 

inducible factor-1α (HIF-1α) is a transcription factor required for cellular adaption to hypoxia. 527 

FGF11 level was shown to be increased in hypoxic conditions and was demonstrated to stabilize 528 

HIF-1α [75]. However, HIF-1α has contrary roles in neuroprotection [76], and blood brain barrier 529 

disruption [77], so the role of FGF11 is unclear. In a rat model of spinal cord injury, FGF13 was 530 

demonstrated to promote axon regeneration, by stabilizing microtubules and promoting 531 

mitochondria function [78]. FGF16 was shown to provide cardiac protection in diabetes after 532 

myocardial infarction [79]. Other than brain development [80] its role in neurological conditions 533 

is unknown. FGF20 protected dopaminergic neurons in the substantia nigra in a rat model of PD 534 

[81], likely by reducing excitotoxicity and promoting survival [14]. FGF21 has similarly been 535 

demonstrated to reduce excitotoxicity, reduce α-synuclein and promote survival of dopaminergic 536 

neurons in PD models [14]. Similar protective effects of FGF21 in several in vitro and in vivo AD 537 

models have also been described [82-84]. A summary of these effects is depicted in Fig.7b. By 538 

suppressing ameliorative FGFs, B. burgdorferi infection likely accelerates underlying 539 

comorbidities and hastens manifestations.   540 

 541 

Concluding remarks: B. burgdorferi infection has been shown to induce psychiatric changes, 542 

secondary dementia, anxiety and depression in human patients. The ability of the bacterium to 543 

induce pathogenic FGFs involved in depression and memory deficits and downregulate protective 544 

FGFs that can alleviate several neurological conditions suggests that the FGF system likely lies at 545 

the intersection of Lyme neuroborreliosis sequelae and other neurological conditions. Presence of 546 
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Lyme infection in case reports with PD, AD, Lewy Body disease and others suggests that a chronic 547 

infection with B. burgdorferi can exacerbate or accelerate pathology in susceptible individuals 548 

with underlying comorbidities through an FGF/FGFR mediated process. It can also complicate 549 

treatment modalities. Whether B. burgdorferi alone can cause complex multifactorial diseases such 550 

as AD or PD is unclear and remains to be tested using single factorial approach in appropriate 551 

animal models. As microglia share similar functionality with macrophages, we expect similar FGF 552 

modulations in the periphery also. Since this study utilized a single glial cell type to study 553 

FGF/FGFR system, we hope to conduct follow-up studies in vivo in relevant animal models. We 554 

also hope to assess the FGF system in human Lyme disease patients to correlate specific FGFs 555 

with symptomology. As FGFR1 also contributed towards neuroinflammation mediated by non-556 

viable B. burgdorferi, it poses an attractive target for anti-inflammatory treatments in antibiotic 557 

refractive conditions. In conclusion, in this study we show a novel molecular basis for 558 

neuroinflammation associated with Lyme neuroborreliosis and its sequelae.  559 

 560 

LIST OF ABBREVIATIONS 561 

AD-Alzheimer’s disease; ALS-amyotrophic lateral sclerosis; BBB- blood brain barrier; BSA- 562 

bovine serum albumin; CNS- central nervous system; DMSO-dimethyl sulfoxide ; EAE-563 

experimental autoimmune encephalitis; ELISA-enzyme linked immunosorbent assays; FBS- fetal 564 

bovine serum; FGF-fibroblast growth factor; FGFR-fibroblast growth factor receptor; FTD- fronto 565 

temporal dementia; GABA: gamma aminobutyric acid; GM-CSF- granulocyte macrophage colony 566 

stimulating factor; HIF-1α-Hypoxia inducible factor-1α ; IL-6- interleukin 6 ; IL-8- interleukin 8; 567 

LBD- Lewy Body Dementia; LD- Lyme disease; LNB- Lyme neuroborreliosis; LPS- 568 

lipopolysaccharide; MCP-1- monocyte chemoattractant protein-1; MDD- major depressive 569 
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disorder; MOI- multiplicity of infection; NGS-normal goat serum; PBS-phosphate buffered saline; 570 

PD-Parkinson’s disease; PMSF-phenylmethylsulphonyl fluoride; PNS- peripheral nervous 571 

system; RNAi-ribonucleic acid interference; siRNA- small interfering ribonucleic acid; TLR-Toll-572 

like receptor.   573 
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FIGURE LEGENDS 852 

Fig. 1 Expression of FGFRs in primary rhesus microglia in response to live B. burgdorferi 853 

exposure 854 

a) Primary microglial cells were exposed to B. burgdorferi for 24h. Cells were fixed as described 855 

in Methods and stained for FGFR1, FGFR2 or FGFR3 by immunofluorescence. Percent of 856 

microglial cells expressing receptors from tissues of 3 different animals were semi-quantitated and 857 

graphed. Bar represents standard deviation. ND-not determined. b) Immunofluorescence 858 

microscopy pictures of FGFR expression in microglia exposed to B. burgdorferi. FGFR1 is from 859 

animal 1, while FGFR2 and FGFR3 expressions are from Animal 3 in a. Bar represents 50 µm. c) 860 

Immunofluorescent pictures of FGFR2 and FGFR3 staining (green) confirming the expression to 861 

be in microglia by additional staining for Iba1 (red). Microglia were derived from a fourth animal 862 

tissue. Nuclei are stained blue with DAPI. Increased expression over medium control is also seen. 863 

Bar represents 25 µm. d) Activation of the FGFR1 pathway is shown by increased expression of 864 

phosphoFGFR1 (pFGFR1, green) in microglial cells exposed to B. burgdorferi over medium 865 

controls. Bar represents 25 µm. The panel on the far-right shows confocal micrograph of microglia 866 

dually stained for Iba1 (red) and pFGFR1 (green) along with the nuclear stain DAPI in blue.    867 

 868 

Fig. 2 Effect of FGFR specific siRNA and FGFR1 inhibitor PD166866 on chemokine and 869 

cytokine expression by primary rhesus microglia 870 

The effect of 50nM siRNA (control siRNA or FGFR specific siRNA) on the secretion of IL-6, IL-871 

8 and MCP-1 is shown in (a). Three experiments from microglia derived from tissues of 3 different 872 

animals were conducted. A representative graph for siRNA effect on B. burgdorferi induced 873 

inflammatory mediator secretion is shown. siRNA effect on medium controls from the same tissue 874 
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is included. b) shows the effect of FGFR1 inhibitor PD166866 on inflammatory mediator output 875 

from primary rhesus microglia in response to B. burgdorferi.  A representative experiment is 876 

shown for B. burgdorferi along with medium controls from the same animal tissue. Three 877 

experiments were carried out on microglia derived from tissues of two different animals. Bar 878 

represents standard deviation for both a and b. All statistical comparisons are with Control siRNA 879 

or DMSO within each treatment group (B. burgdorferi or Medium). * p< 0.05, **p < 0.01, and 880 

*** p< 0.001.  881 

 882 

Fig. 3 Effect of FGFR1-3 inhibitors BGJ398 and AZD4547 on chemokine and cytokine 883 

expression from primary rhesus microglia 884 

Primary rhesus microglia were pretreated with various concentrations of BGJ398 (a) or AZD4547 885 

(b) for 1 and a half to two hours prior to treatment with B. burgdorferi. DMSO was included as 886 

the solvent control for the drug treatments. After 24 h, supernatants were collected and analyzed 887 

for IL-6, IL-8 and MCP-1 by multiplex ELISA. Three-four experiments on microglia derived from 888 

3 tissues were conducted for BGJ398, while 3 experiments from microglia derived from 3 tissues 889 

were carried out with AZD4547. One of the experiments is shown for each. Bar represents standard 890 

deviation. All statistical comparisons are with B. burgdorferi + DMSO. * p< 0.05, **p < 0.01, and 891 

*** p< 0.001. 892 

 893 

Fig. 4 Activation of FGFR1 pathway by microglia conditioned medium (a) and likely FGFs 894 

present in the conditioned medium in response to B. burgdorferi exposure (b) 895 

To test the hypothesis that secreted factors activate the FGFR1 pathway, 24h supernatants from 896 

microglia exposed to either B. burgdorferi or medium alone were collected, filtered and added to 897 
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fresh microglial cells from the same tissue for an additional 24 h. Cells were fixed and analyzed 898 

for FGFR1 or pFGFR1 by immunofluorescence as before. a) shows the activation of FGFR1 or 899 

pFGFR1 (both green) by B. burgdorferi-exposed microglial conditioned media, indicating 900 

activation of this pathway through secreted factors. Bar represents 50 µm. As FGFs are the likely 901 

ligands for FGFR1 activation, supernatants from microglia derived from 4 different brain tissues 902 

were analyzed for FGF secretion by a custom antibody Array (b). Experiment (Exp.) 1: A- Bb 903 

10:1 + DMSO, B-Med + DMSO, C-Bb10:1 + 1 µM PD166866.  Exp. 2: D- Bb 10:1 + DMSO, E-904 

Med + DMSO, F-Bb10:1 + 1 µM PD166866. Exp. 3: G- Bb 10:1, H- Med. Exp.4: I-Bb 10:1, J-905 

Med.  906 

 907 

Fig. 5 Expression of specific upregulated FGFs in primary rhesus microglia in response to 908 

B. burgdorferi 909 

The expression of FGF6, FGF10, FGF12 and FGF23 was analyzed by immunofluorescence in 910 

primary rhesus microglia. Panel a shows immunofluorescent microscopy pictures of the specific 911 

FGFs upregulated (green) in response to the Lyme disease bacterium. The nuclei stained with 912 

DAPI is shown in blue. Representative pictures from 2 (FGF10, FGF23) to 3 (FGF6, FGF12) 913 

experiments are shown. Bar represents 50 µm. Panel b shows confocal microscopy pictures of the 914 

same FGFs (green) to be microglia specific by staining for Iba1 in red. Nuclear stain is in blue.  915 

 916 

Fig. 6 Effect of exogenous addition of FGFs on inflammatory mediator output and activation 917 

of FGFR1 pathway on primary rhesus microglia 918 

a) Various concentrations of recombinant human FGFs were added to enriched primary rhesus 919 

microglial (~80%) cells for 24 h. PBS/BSA (0.1%) was used as the solvent control. Supernatants 920 
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were collected and analyzed for IL-6, IL-8 and MCP-1 expression by Multiplex ELISA. Lines 921 

within each cytokine/chemokine indicates that they were analyzed separately. 5 ng/ml data is 922 

representative of 2 experiments conducted on microglia derived from one frontal cortex tissue, 923 

while the higher concentration is representative of 2 experiments conducted on microglia derived 924 

from 2 different frontal cortex tissues. Data shown are from experiments that were performed with 925 

the same animal tissue. Bar represents standard deviation.  * p < 0.05, **p < 0.01, and *** p < 926 

0.001. b) shows activation of FGFR1 pathway by addition of 5 ng/ml of FGF6 (+ DMSO) to 927 

primary rhesus microglial cells. Upregulation of pFGFR1 (green) is seen in cells that also stain for 928 

Iba1 (red). Bar represents 50 µm. Panel on the far-right shows the same data at a higher 929 

magnification (Bar represents 25 µm). c) Shows the effect of PD166866 FGFR1 inhibitor on the 930 

inflammatory output in response to exogenous addition of FGF6. A representative experiment is 931 

shown of 2-3 experiments carried out on microglia derived from 2 different tissues.  932 

 933 

Fig. 7 Proposed model of FGFR activation pathways in response to live B. burgdorferi 934 

exposure (a) and intersectionality of the induced and downregulated FGFs with other 935 

neurological conditions (b) 936 

a). Exposure of primary rhesus microglia to live B. burgdorferi upregulates the surface expression 937 

of FGFR1, FGFR2 and FGFR3 [1]. Host-pathogen interaction also induces expression of several 938 

FGFs such as FGF6, FGF10, FGF12, and FGF23, of which FGF6 (and likely FGF10 and FGF23) 939 

are secreted from the cells [2]. Whether FGF12 is secreted extracellularly, is unclear. Ligand 940 

binding of FGF6 to FGFR1 induces phosphorylation of the receptor [3] and secretion of IL-6 and 941 

IL-8. The intracellular signaling pathway is likely through MAPK pathways, particularly ERK, as 942 

have been demonstrated in our previous study in primary rhesus microglia [22]. While FGF6 was 943 
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shown to activate FGFR1 in this study, it can also activate other FGFRs. Similarly, FGF10, shown 944 

to activate FGFR2 in the model, can also activate FGFR1, while FGF23 can activate FGFR3, 945 

FGFR2 and FGFR1 [85]. As FGF6, 10 and 12 only activated IL-6 and/or IL-8, but the inhibition 946 

of FGFR1 individually by siRNA downregulated IL-6, IL-8 as well as MCP-1, it is likely that 947 

other than FGF23, non-FGF molecules present in the supernatant also likely activate this receptor. 948 

It should be noted that only autocrine effects of FGF binding FGFRs in microglia are shown. It is 949 

possible that some paracrine effects on other glial cells also occur and will be tested in future 950 

studies. Finally, our study also demonstrated that synthesis (or inhibition) of FGFs (with the 951 

exception of FGF8, 23, and 16 & 21 to an extent) was also through FGFR1(SM4), as suppression 952 

of FGFR1 signaling with PD166866 modulated FGF levels [4]. b) shows the known neurological 953 

roles of the FGFs from this study and others. [-] indicates (putative) negative roles, while [+] 954 

indicates (putative) positive effects of the indicated FGFs. The listed roles are not exhaustive. 955 

Please see Discussion section for details. Upregulation of FGFs with deleterious effects, and 956 

downregulation of FGFs with ameliorative effects can contribute towards Lyme neuroborreliosis 957 

sequelae and other neuropathologies. Figures created with BioRender.com   958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

 968 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504844doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504844
http://creativecommons.org/licenses/by-nc/4.0/


38 
 

Table 1: Mean fold downregulationa in inflammatory mediators in response to FGFR 969 

inhibition 970 

 971 

Inhibitor/Treatment IL-6 IL-8 MCP-1 
Bb 10:1/siRNA FGFR1 siRNA 

(50 nM) 
1.725

(±0.565)
1.151 

(±0.082) 
1.212

(±0.111)
FGFR2 siRNA 
(50 nM) 

2.224
(±0.916)

1.214 
(±0.068) 

1.324
(±0.151)

FGFR3 siRNA 
(50 nM) 

1.535
(±0.325)

1.274 
(±0.125) 

1.437
(±0.321)

Medium/siRNA FGFR1 siRNA 
(50 nM) 

0.973
(±0.112)

1.073 
(±0.044) 

1.439
(±0.299)

FGFR2 siRNA 
(50 nM) 

1.188
(±0.070)

1.194 
(±0.189) 

1.534
(±0.258)

FGFR3 siRNA 
(50 nM) 

1.278
(±0.165)

1.571 
(±0.381) 

1.345
(±0.123)

Bb 10:1/FGFR 
inhibitor 
PD166866 

5 µM 1.982
(±0.394)

1.954 
(±0.492) 

3.292
(±1.056)

2.5 µM 1.850
(±0.737)

1.906 
(±0.683) 

2.769
(±1.397)

1 µM 1.703
(±0.474)

1.713 
(±0.543) 

2.077
(±0.759)

500 nM 1.071
(±0.367)

0.901 
(±0.226) 

1.113
(±0.352)

Medium/FGFR 
inhibitor 
PD166866 

5 µM 0.880
(±0.062)

1.099 
(±0.110) 

2.322
(±0.615)

2.5 µM 1.133
(±0.133)

1.213 
(±0.172) 

2.201
(±0.417)

1 µM 1.303
(±0.048)

1.217 
(±0.114) 

1.669
(±0.125)

500 nM 1.138
(±0.129)

1.012 
(±0.092) 

1.402
(±0.119)

Bb 10:1/BGJ398 1 µM                  2.292 
            (±0.140)

2.046 
(±0.158) 

3.480
(±0.568)

500 nM 2.403
(±0.515)

1.409 
(±0.233) 

1.836
(±0.301)

Bb 10:1/AZD4547 10 µM 3.817
            (±1.882)

2.369 
(±1.173) 

6.034
(±3.967)

5 µM 2.176
(±0.921)

2.048 
(±0.942) 

2.809
(±1.495)

Medium/AZD4547 10 µM 1.424
(±0.937)

1.929 
(±0.101) 

5.656
(±1.626)

5 µM 2.170
(±0.581)

1.338 
(±0.214) 

2.432
(±0.434)
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a Fold change was calculated as treatment + (control siRNA or DMSO) / treatment + (FGFR siRNA 972 

or inhibitor) for each experiment. Average fold change across experiments with standard error of 973 

the mean in shown in brackets.  Numbers greater than 1 indicate a downregulation of inflammatory 974 

mediator, while numbers less than once indicate an increase. Numbers that are bold and underlined 975 

indicate a statistically significant downregulation of chemokines/cytokines in a majority of the 976 

experiments. Other numbers indicate no statistically significant or conclusive effects when all 977 

experiments are considered.  978 

SiRNA; average fold change calculated from 3 experiments in microglia derived from 3 cortex 979 

tissues. 980 

FGFR inhibitor PD166866; average fold change calculated from 3 experiments in microglia 981 

derived from 2 cortex tissues for B. burgdorferi and 2-3 experiments in microglia derived from 2 982 

cortex tissues for medium controls. 983 

BGJ398; average fold change calculated from 3-4 experiments in microglia derived from 3 cortex 984 

tissues. For medium samples some of the fold changes could not be calculated due to undetectable 985 

values. The experiments are shown in online Supplemental material 3 (SM3).  986 

AZD4547: average fold change calculated from 3 experiments in microglia derived from 3 cortex 987 

tissues for B. burgdorferi and 2-3 experiments in microglia derived from 3 cortex tissues for 988 

medium controls.  989 

 990 
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