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Substance P represents a novel first-line defense mechanism in the nose 1 
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Abstract  20 

Background: Neuropeptides, such as substance P (SP), have long been seen as mediators of 21 

widespread, continuous airway inflammation, a process known as neurogenic inflammation. 22 

However, this has been difficult to demonstrate clinically, suggesting an alternative role for these 23 

signaling molecules. 24 

Objectives: To examine the role of SP in nasal infection, by assessing the release of SP in 25 

response to viral stimulation and characterizing the effects of SP on innate immunity, the latter 26 

reflected in changes in local Toll-like receptor (TLR) expression. 27 

Methods: The distribution of SP and TLRs in the nasal mucosa and in local airway neurons was 28 

assessed with immunohistochemistry. The TLR7 agonists R-837 and R-848 were used to mimic 29 

a viral insult in upper airways, represented by primary human and mouse nasal epithelial cells 30 

(HNEC, MNEC) and isolated murine trigeminal ganglia (TGN). SP release from HNEC, MNEC 31 

and TGN was quantified with EIA. The effects of SP on TLR expression on HNEC were 32 

determined using flow cytometry and confocal microscopy. 33 

Results: SP was released from the sensory neurons, MNEC and HNEC within 15 minutes of 34 

local TLR7 stimulation. Subsequently, stimulation with SP induced upregulation of TLR 35 

expression in HNEC within 30 minutes, via induction of TLR movement within HNEC. 36 

Upregulation of TLR expression was not evident when cells were treated with the neurokinin 1 37 

receptor (NK1R) antagonist aprepitant prior to SP stimulation. 38 

Conclusions: This highlights a novel role for sensory neuropeptides as acute and local mediators 39 

of pathogen-driven inflammation, rapidly priming innate immune defenses in the airway. 40 

 41 

 42 
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Key Messages 53 

• SP is rapidly released upon viral detection by Toll-like receptors in the nasal mucosa 54 

• SP subsequently causes a prompt upregulation of mucosal TLRs, indicating a novel role 55 

for neuropeptides in innate immunity 56 

 57 

Capsule Summary 58 

Toll-like receptors (TLRs) and substance P (SP) have both been shown to contribute to airway 59 

disease, particularly during viral infection. The present paper demonstrates a novel role for SP in 60 

kick-starting the TLR-driven immune response.   61 

 62 

  63 
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Introduction 64 

 65 

Substance P (SP), a member of the tachykinin family of neuropeptides, was first identified in the 66 

1930s; however, SP wasn’t the subject of intense research until the 1980s when neuropeptides 67 

such as SP, calcitonin gene-related peptide (CGRP) and vasoactive intestinal polypeptide (VIP) 68 

were identified as integral mediators of neurogenic inflammation1. This process, by which 69 

certain neuropeptides induce vasodilation and increase vascular permeability, glandular 70 

activation and leukocyte recruitment, particularly in the airway, was shown to have an important 71 

contributory role in airway inflammation and associated pathologies in animal models2. SP was 72 

identified as a key mediator of this process in guinea pigs, as animals treated with capsaicin to 73 

deplete SP, and animals treated with an SP antagonist, did not develop vagally induced 74 

neurogenic inflammation3. Neuropeptides, and their respective receptors, could be identified in 75 

human airways4, 5, and their release was shown to be induced by allergen6 or by hypertonic saline 76 

provocation7. However, the presence and relative contribution of neurogenic inflammation to 77 

human airway disease has been difficult to demonstrate8, suggesting an alternative clinically 78 

relevant role for neuropeptides.   79 

 80 

Viruses are primarily recognized via their pathogen-associated molecular patterns (PAMPs) by 81 

the evolutionarily conserved family of Toll-like receptors (TLRs), of which TLR 3, 4, 7, 8, and 9 82 

are responsible for viral recognition9. PAMP recognition by TLRs is known to activate a 83 

signalling cascade which results in cytokine production leading to recruitment of cells of the 84 

immune system10. The production of SP in response to viral infection of the airways is well 85 

established11, 12, with current research revealing a significant contribution of SP to the clinical 86 
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symptoms of respiratory syncytial virus infection13. In addition, recent findings demonstrate the 87 

ability for neuropeptides to modulate the mechanisms of innate immunity14-16.  However, the 88 

early and local production of SP in response to viral invasion in the nose has not previously been 89 

studied.  90 

 91 

Therefore, the present study was designed to investigate if SP could be rapidly and locally 92 

released in response to a virus entering the nose, and, if so, if SP release could subsequently 93 

affect the local immune defense, represented by mucosal TLR expression.   94 

  95 
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Methods 96 

 97 

Animals 98 

Six week female C57BL/6N mice were obtained from Charles River (Sulzfeld, Germany). They 99 

were housed in plastic cages with adsorbent bedding in temperature and light-dark cycle 100 

(12h:12h) controlled rooms. Food and water were available ad libitum. Animals were handled in 101 

accordance with the Federation for European Laboratory Animal Science Associations 102 

guidelines. All animal procedures were approved by the regional animal experimental ethical 103 

review board (ethical permit numbers: N153-11 and N258-13).  104 

 105 

Isolation and Culture of Trigeminal Sensory Neurons (TGNs) 106 

Murine trigeminal sensory neurons (TGNs) were isolated as previously described17, with 107 

modifications.  A full description of the isolation and culture procedure is provided in the 108 

supplementary material.  109 

 110 

Isolation and Culture of Human Nasal Epithelial Cells (HNECs) 111 

Human nasal epithelial cells (HNECs) from nine healthy, non-allergic, non-smoking subjects (3 112 

male, 6 female) were isolated by nasal brushing as previously described19. Cells were maintained 113 

in collagen-coated tissue culture flasks in Keratinocyte Serum-Free Medium (KSFM) (Gibco, 114 

Paisley, UK), supplemented with 0.005 µg/mL epidermal growth factor (Gibco), 0.05 mg/mL 115 

bovine pituitary extract (Gibco), 20 U/mL penicillin, 20 µg/mL streptomycin and 0.25 µg/mL 116 

Fungizone (complete KSFM). All cells were cultured in a humidified chamber at 37°C with 5% 117 
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CO2. Cells from passages 2–5 were used, and were all positive for EpCAM (>90%), an 118 

epithelial-specific adhesion molecule.  119 

 120 

Isolation and Culture of Murine Nasal Epithelial Cells (MNECs) 121 

Isolation of murine nasal epithelial cells was carried out as previously described18. A full 122 

description of the isolation and culture procedure is provided in the supplementary material.  123 

 124 

Cell Stimulation 125 

HNEC were seeded on 24-well culture plates (250,000 cells/well) in 1 mL complete KSFM and 126 

incubated overnight. Cells were subsequently cultured for 15 min, 30 min or 4 hr with R-837 127 

(Invivogen, San Diego, CA, USA) or R-848 (Invivogen) (both at 5, 10, 30 or 100µg/mL). Cell-128 

free supernatants were analyzed for SP release. Alternatively, cells were cultured for 30 min with 129 

SP (100nM) (Sigma-Aldrich) following a 3-min pre-incubation with the neurokinin 1 receptor 130 

(NK1R) antagonist Aprepitant (10nM, Selleck Chemicals, Rungsted, Denmark). Cells were 131 

analyzed for TLR expression using flow cytometry.  132 

 133 

MNEC were cultured with R-837 (5, 10, 30 or 100 µg/ml) for 15 min, 30 min or 4 hr.  Cell-free 134 

supernatants were analyzed for SP release. 135 

 136 

TGN were cultured with R-837 ( 5, 10, 30 or 100 µg/mL) for 15 min, 30 min or 4 hr. Cell-free 137 

supernatants were analyzed for SP release.  138 

 139 

Collection and immunohistochemistry of nasal biopsies 140 
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Human nasal biopsies from five healthy subjects were obtained in conjunction with nasal surgery 141 

(resection of the lower turbintate) or as previously described20. Biopsies were post-fixed in 4% 142 

PFA embedded in paraffin and subsequently cut into 5µm sections on a microtome. A full 143 

description of the immunohistochemistry procedure can be found in the supplementary material.  144 

 145 

Collection and immunohistochemistry of human trigeminal ganglia 146 

Trigeminal ganglia were a kind gift from Janos Tajti at the University of Szeged. They were 147 

obtained during autopsy from adult subjects in accordance with the University of Szeged medical 148 

school guidelines for ethics in human tissue experiments. Ganglia were obtained from six 149 

subjects (4 males, 2 females) with an average age of 73 years. None of the patients suffered from 150 

any central nervous system disease. Tissue was collected within 24 hr after death. A full 151 

description of the immunohistochemistry procedure can be found in the supplementary material.  152 

 153 

 154 

Flow Cytometry 155 

For detection of TLRs, the conjugated mouse monoclonal antibodies TLR2-AF647 (Clone: 156 

TLR2.3, Serotec, Oxford, UK) TLR3-PE (Clone: 40C1285.6), TLR4-FITC (Clone: HTA125), 157 

TLR5-PE (Clone: 85B152.5), TLR6-FITC (Clone: 86B1153.2), TLR8-FITC (Clone: 44C143) 158 

and TLR9-AF647 (Clone: 26C593.2), as well as the conjugated rabbit antibodies TLR1-AF647 159 

and TLR7-PE were used. The neurokinin 1 receptor (NK1R) was detected with a polyclonal 160 

rabbit NK1R-FITC antibody. All antibodies were purchased from Imgenex (San Diego, CA, 161 

USA), now Novus Biologicals (Abingdon, UK), unless otherwise specified. The IntraPrep 162 

Permeabilization Reagent kit (Immunotech, Beckman Coulter, Marseille, France) was used to 163 
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detect intracellular TLRs, as per the manufacturer’s instructions. Epithelial cells were analyzed 164 

on an LSR Fortessa Flow Cytometer (BD, San Jose, USA) and gated based on forward and side-165 

scatter properties (Fig. E1 in this article’s online Repository at www.jacionline.org). Events in 166 

the range of 20 000–50 000 were collected. Data was analyzed using FlowJo Analysis Software 167 

(TreeStar Inc, Ashland, USA).  168 

 169 

Stimulation, immunocytochemistry of confocal microscopy of HNEC 170 

HNEC were seeded onto 96-well IbiTreat µ-plates (Ibidi GmbH, Martinsried, Germany) at 171 

150,000 cells/ml in 300µL complete KSFM, and incubated overnight.  Cells were cultured for 30 172 

min with SP (100µM) or media and subsequently fixed with 4% PFA.  A full description of the 173 

immunohistochemistry procedure can be found in the supplementary material. Imaging was 174 

performed on a Zeiss LSM800 confocal microscope. 175 

 176 

Immunocytochemistry of murine neurons 177 

A full description of the immunohistochemistry procedure can be found in the supplementary 178 

material. 179 

 180 

Measurement of Substance P 181 

Substance P from cell culture supernatant was measured using a Substance P EIA Kit allowing 182 

detection of human and mouse substance P (Cayman Chemical, Ann Arbor, MI, USA), 183 

according to the manufacturer’s instructions.  184 

 185 

Statistical Analysis 186 
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Data was analyzed using GraphPad Prism Software (San Diego, CA, USA). Results are 187 

expressed as individual dots with mean or mean ± SEM. In experiments involving human tissue, 188 

including biopsies and cultured cells, n is equal to the number of subjects. In experiments 189 

involving cultured murine epithelial cells or neurons, n is equal to the number of individual 190 

replicate measurements. SP levels were analyzed using a Kruskal-Wallis test (TGN, MNEC) or a 191 

Friedman test (HNEC) for non-parametric data followed by a Dunn’s multiple comparison post-192 

test. TLR expression on HNEC was analyzed using a repeated measures ANOVA followed by a 193 

Bonferroni’s multiple comparison post-test. A p-value of 0.05 or less was considered statistically 194 

significant. 195 

 196 

Ethics Statement  197 

This study was approved by the Ethics Committee of Karolinska Institutet, Stockholm, Sweden 198 

(2011/1486-31/4, 2013/2075-31/3 and 2016/821-31/2). All participants gave their written 199 

informed consent. All procedures were conducted according to the principles expressed in the 200 

Declaration of Helsinki. 201 

  202 
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Results 203 

 204 

Toll-like Receptor Expression in the Nasal Mucosa 205 

The presence of viral recognizing TLRs in the upper airway was initially verified through 206 

immunohistochemical staining of nasal biopsies from healthy subjects. Widespread expression of 207 

TLR3, TLR4 and TLR9 was evident (Fig. 1A, B, D), whereas TLR7 expression was found to be 208 

limited to the nerve fibers (Fig. 1C, 3B) and the nasal epithelium (Fig. 3A). Neuronal TLR 209 

expression was further assessed using cadaveric human trigeminal ganglia, demonstrating a high 210 

expression of TLR7 and TLR9 (Fig. 2C-D) and a low expression of TLR3 and TLR4 (Fig. 2A-211 

B). TLR7 expression was also shown to co-localize with SP on innervating nerve fibers in 212 

human nasal biopsies (Fig. 3C).  213 

 214 

Due to the use of murine ganglia in subsequent functional experiments, expression of TLR7 was 215 

further investigated in murine ganglion-cell cultures. TLR7 was found to be expressed in cell 216 

bodies and axons of isolated neurons (Fig. 4D), but could not be detected in surrounding 217 

supporting cells (Fig. 4E).  218 

 219 

TLR7 Stimulation of HNEC and TGN Induces SP Release 220 

As TLR7 was mainly expressed on nerve fibers, which predominantly produce SP, and epithelial 221 

cells, which act as the first line of defense in the nose, the study focused on TLR7 to investigate 222 

the contribution of SP to viral recognition by TLRs in the airways. Stimulation of isolated 223 

trigeminal gangliar neurons (TGN) by R-837 resulted in a significant and concentration-224 
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dependent increase in SP after 15 minutes (Fig. 4A). Levels remained significantly high after 30 225 

minutes and 4 hours (Fig 4A, F).  226 

 227 

Mouse nasal epithelial cells (MNEC) were similarly stimulated with the TLR7 agonist R-837. 228 

Stimulation resulted in a significant increase in the levels of SP after only 15 minutes compared 229 

to the control (Fig 4B). A concentration-dependent increase in SP levels was observed and the 230 

levels of SP obtained after 15 min were maintained at 30 min and at 4 hours (Fig. 4B, F).  231 

To confirm if this release occurs in humans, nasal epithelial cells from human subjects (HNEC) 232 

were stimulated with the TLR7 agonist R-837 and the TLR7/8 agonist R-848. Stimulation by R-233 

837 resulted in a significant increase in the levels of SP after only 15 minutes compared to 234 

control (Fig 4C). A concentration-dependent increase in SP levels was observed and the levels of 235 

SP obtained after 15 min were maintained at 30 min and at 4 hours (Fig. 4C, F). Stimulation with 236 

R-848 similarly resulted in SP release, but the effect was less prominent. However, a significant 237 

effect was observed at an R-848 concentration of 100 µg/mL (Fig. 4C).  238 

 239 

Due to the different seeding techniques used in the TGN, MNEC and HNEC cultures, the release 240 

of SP was quantified as a concentration per 1000 cells. The results show that stimulation of TGN 241 

resulted in 500-fold higher production of SP compared to stimulation of MNEC and HNEC (Fig. 242 

4G).  243 

 244 

SP affects TLR expression on HNEC 245 

The function of the immediate release of SP from the nasal epithelia and sensory neurons was 246 

subsequently assessed by stimulating HNEC with different concentrations of SP. To confirm the 247 
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ability for SP to activate epithelial cells, expression of NK1R was measured. NK1R was found to 248 

be expressed on HNEC (Fig. 5A). SP stimulation resulted in an upregulation of TLR1, TLR3, 249 

TLR4, TLR7 and TLR9 (Fig 5B-F). TLR2, TLR5, TLR6 and TLR8 appeared to be unresponsive 250 

to stimulation with SP (see Fig. E2 in this article’s online Repository at www.jacionline.org). 251 

Exposure to SP increased expression of TLR1, 3 and 4 in a concentration-dependent manner 252 

(Fig. 5B-D). The increase in expression reached statistical significance within 30 minutes at SP 253 

concentrations of 50 nM and higher. Upon exposure to SP, the increase in TLR7 and TLR9 254 

expression reached statistical significance at only 10 nM of SP, after which it plateaued: 255 

exposure to higher SP concentrations did not lead to further TLR expression (Fig. 5E-F).  256 

 257 

To determine how TLRs were upregulated, expression of TLR4 in HNEC was imaged following 258 

SP stimulation. In unstimulated HNEC, TLR4 was located mainly intracellularly around the 259 

nucleus (Fig. 6A, C). Following SP stimulation, higher expression of TLR4 could be detected on 260 

the cell surface (Fig. 6B, D). Some cells demonstrated polarized (white arrow) or punctate 261 

(yellow arrow) expression. 262 

 263 

To evaluate if the upregulation of TLRs was specific to SP, cells were cultured in the presence of 264 

SP and its antagonist aprepitant.  Expression of TLR1, TLR4, TLR7 and TLR9 remained at 265 

control levels (Fig. 7A, C, D, E). Comparatively, TLR3 upregulation was not blocked by 266 

aprepitant (Fig. 7B). 267 

  268 
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Discussion 269 

 270 

The neuropeptide substance P (SP) was once demonstrated to play a critical role in animal 271 

models of chronic airway inflammation2, 3. However, this was  difficult to validate clinically8, 272 

suggesting an alternative role for this neuropeptide. The present study demonstrates that SP is 273 

released from epithelial cells and sensory neurons in the nasal mucosa in response to TLR7 274 

stimulation. The released SP in turn rapidly upregulates TLR expression on epithelial cells. This 275 

suggests that SP plays a role in priming the innate immune system during viral infections.   276 

 277 

SP production in response to airway viral infection is a well-established phenomenon11, 12, with 278 

evidence suggesting a role for SP in the symptoms of infection13. As viruses are primarily and 279 

initially recognized by TLRs, the present study was designed to investigate if TLRs could 280 

contribute to the early production of SP during viral infection. As TLR7 was almost exclusively 281 

found on nerve fibers, with an ability to produce SP, and epithelial cells, which act as the first 282 

line of defense, the study focused on the relationship between TLR7 and SP. 283 

 284 

Stimulation with the TLR7 agonist R-837 and the TLR7/8 agonist R-848 resulted in a rapid 285 

release of SP from sensory neurons, mouse nasal epithelial cells (MNEC) and human nasal 286 

epithelial cells (HNEC). Given that TLR8 has not been found to be expressed on HNECs21, the 287 

present results indicate that the observed SP increase was primarily related to TLR7 stimulation. 288 

Significantly, SP levels increased after just 15 minutes and were maintained after 4 hours, 289 

suggesting that both nasal epithelia and sensory neurons release SP in a single burst, within 290 

minutes of TLR7 stimulation.  Although previous studies have demonstrated that TLR agonists 291 
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can heighten neuropeptide release by other stimulants (e.g. capsaicin)22 , this is the first study to 292 

show that TLR stimulation can directly and rapidly trigger SP secretion.  293 

 294 

SP was shown to be released from both sensory neurons and nasal epithelium, in a concentration-295 

dependent manner.  However, the former release was found to be about 500 times higher than the 296 

latter, when the release was expressed in relation to the number of cells involved. Although this 297 

demonstrates a profound capability of neurons to produce SP, nasal epithelial cells are local, and 298 

they far outnumber neurons, indicating their powerful role of producing SP in the nasal mucosa. 299 

The mechanism by which this occurs is beyond the scope of this study, but may be related to an 300 

interaction between TLR7 and transient receptor potential ankyrin 1 (TRPA1), as activation of 301 

the latter is known to induce SP release23. TLR7 has also been shown to interact with TRPA1 on 302 

the surface of sensory neurons24, as well as on airway epithelial cells25. The ability for both cell 303 

types to rapidly secrete SP in response to TLR stimulation and viral invasion represents a novel 304 

first-line defense mechanism for the cells of the upper airway. 305 

 306 

Neuropeptides have previously been identified as having immunomodulatory roles, able to alter 307 

the expression of TLRs in certain cell types16, 26. For example, in a disease-model setting, 308 

treatment with VIP alters TLR expression in gut mucosa26. Comparatively, within 24 hr, SP is 309 

able to up-regulate the expression of TLR2 and TLR8 on human mast cells in vitro16. In our 310 

study, HNEC demonstrated high expression of the NK1R, leading to the hypothesis that SP may 311 

have an influence on the innate host defense responses of nasal epithelial cells by altering TLR 312 

expression. 313 

 314 
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Stimulation of HNEC with SP resulted in an increase in the expression of TLR1, TLR3, TLR4, 315 

TLR7 and TLR9.  Upregulation of all but TLR3 were demonstrated to be the result of interaction 316 

of SP with NK1R. As TLR3 was itself upregulated by the NK1R inhibitor aprepitant, an 317 

inhibition of TLR3 expression could not be verified. It is possible that other NK receptors are 318 

somewhat involved in SP induced TLR3 upregulation. 319 

 320 

Significantly, the increase in the mucosal expression of TLRs was very rapid, evident after just 321 

30 minutes of SP stimulation. Due to the speed at which the increased expression of TLRs 322 

occurs, it is likely due to alterations in trafficking, rather than de novo synthesis27. In line with 323 

this, stimulation of HNEC with SP resulted in a movement of TLR4 from intracellular 324 

compartments close to the nucleus, to the cell surface. It has previously been shown that 325 

respiratory epithelial cells express intracellular TLR4 located in pools in the Golgi complex, 326 

which is transferred to the cell surface within minutes after stimulation28, 29. Similarly, TLR3, 7 327 

and 9 are trafficked from endoplasmic reticulum (ER) or Golgi pools, to endosomes, upon 328 

stimulation30. Therefore, it is likely that the upregulation of TLRs shown in this study is due to 329 

SP-induced redistribution.  330 

  331 

Our results show that SP can be released from epithelial cells and sensory neurons in the nose 332 

within 15 minutes of TLR7 stimulation. Since neuropeptides are pre-packaged in secretory 333 

vesicles, they are available for rapid secretion upon cell stimulation. Neuropeptides are known to 334 

have a slow turnover rate27, indicating that widespread release of SP is an energy consuming 335 

process. Further, SP has a short half-life in tissues, ranging from seconds to tens of minutes31. 336 

The mechanism behind the short half-life is explained by the kinetics of enzymatic and/or 337 
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chemical degradation in the extracellular environment, by binding to cells, and by the cellular 338 

internalization of SP32. Therefore, our postulated release of SP in a single burst suggests a more 339 

efficient use of this mediator.  340 

 341 

This study also demonstrates that SP induces up-regulation of TLRs in the nasal epithelium, and 342 

that the up-regulation of TLRs occurs at the protein level within 30 minutes of cell stimulation. 343 

Hence, it appears that in the case of viral stimuli, SP is released promptly after activation of 344 

TLR7, which in turn causes TLRs to be up-regulated. This rapidly prepares the epithelial cells 345 

against incoming viral antigens. SP is not continuously produced upon TLR7 stimulation, and 346 

after the immediate up-regulation of TLRs, the TLRs themselves take over and inflammation 347 

proceeds along the traditional lines. Therefore, neuropeptides may be designed for kick-starting 348 

the immune system, locally regulating or priming acute inflammation.  349 

 350 

The presented data shows for the first time that the burst of neuronal and epithelial SP acts as an 351 

initial defensive response to viral stimuli in the upper airway, up-regulating TLRs in the nasal 352 

epithelia, rapidly preparing the airway for pathogenic insult. In regards to the lower airway 353 

previous studies have shown that circulating SP is up-regulated in asthmatic patients who present 354 

with an exacerbation33. We have also shown that engagement of TLRs induces exacerbated 355 

hyperreactivity in a well-established murine model of asthma, in an inflammation-independent 356 

manner34. This makes it tempting to suggest that the interplay between SP and TLRs is an 357 

important and novel mechanism not only preparing the nasal mucosa against incoming antigens, 358 

but also inducing augmented hyperreactivity and dysregulated inflammation in viral-induced 359 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

asthma exacerbation. Hence, this might be a key pathway in the acute and local pathogen-driven 360 

innate immune response that is of major clinical importance.   361 

 362 
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Figure Legends 455 

Figure 1. 456 

Expression of TLRs in human nasal mucosa.  (A-E) Representative images from one healthy 457 

subject demonstrating expression of TLR3 (A), TLR4 (B), TLR7 (C), TLR9 (D) and negative 458 

control (E), as well as β-III tubulin in human nasal mucosa. Biopsies from 5 healthy subjects 459 

were stained.  TLRs (green); β-III tubulin (red); co-localized (yellow). Scale bar: 50 µm. 460 

 461 

Figure 2. 462 

Expression of TLRs in human trigeminal ganglia. Representative images from one healthy 463 

subject demonstrating expression of TLR3 (A), TLR4 (B), TLR7 (C), TLR9 (D) in human 464 

trigeminal ganglia sections.  Biopsies from 6 healthy subjects were stained. Scale bar: 50 µm. 465 

 466 

Figure 3.  467 

Expression of TLR7 in human nasal mucosa. Representative images from one healthy subject 468 

demonstrating expression of TLR7 (green) and EpCAM (red) (A), β-III tubulin (red) (B) and 469 

Substance P (blue), co-localization (light blue) (C). Biopsies from 6 healthy subjects were 470 

stained. Scale bar: 50 µm. 471 

 472 

Figure 4.  473 

SP production by HNEC (n=5) (A), MNEC (n=4-5) (B) and TGN (n=4) (C) 474 

*p<0.05,**p<0.01,***p<0.001, comparing unstimulated vs. stimulated cells. Black line: mean. 475 

(D-E) TLR7 (green) in TGN (neurofilament/red); DAPI (blue); co-localization = yellow (n=10). 476 
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Scale bar: 50µm. (F) SP production after R-837 (100µg/mL), values: mean ±SEM  (n=4-5). (G) 477 

SP production 15 min after R-837 (5µg/mL) (n=5). ***p<0.001. Black line: mean. 478 

 479 

Figure 5.   480 

Epithelial expression of TLRs following stimulation with SP. (A) Unstained (black histogram), 481 

isotype (grey histogram) and NK1R (red histogram) (n=5). HNEC expression of TLR1 (B), 482 

TLR3 (C), TLR4 (D), TLR7 (E) and TLR9 (F) after stimulation with SP or vehicle for 30 483 

minutes (n=5). *p<0.05, **p<0.01, comparing unstimulated vs. stimulated cells. Values: mean ± 484 

SEM   485 

 486 

Figure 6.   487 

Epithelial expression of TLR4 following stimulation with SP. (A, C) Unstimulated HNEC, (B, 488 

D) SP stimulated HNEC (100nM SP for 30 min). Representative images from one healthy 489 

subject demonstrating expression of TLR4 (green) and nucleus (blue) (n=5). Scale bar: 50 µm. 490 

 491 

Figure 7.   492 

Inhibition of epithelial TLR expression following stimulation with SP. HNEC expression of 493 

TLR1 (A), TLR3 (B), TLR4 (C), TLR7 (D) and TLR9 (E) 30 min after SP stimulation (100 nM), 494 

with or without prior incubation (3 minutes) with Aprepitant (10 nM) (n=5). *p<0.05,**p<0.01, 495 

comparing all cells vs. SP stimulated cells. All values: mean ± SEM. 496 

 497 

 498 
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E Figure Legends 1 

Figure E1. FACS gating strategy to detect TLR expression on HNEC. (A) Example of cultured 2 

HNEC gated on their forward-side properties and TLR9 expression. Unstained (gray histogram), 3 

Unstimulated (red histogram) and Substance P stimulated (open histogram). (B) Experimental 4 

designed color panel, including spectral overlap. 5 

 6 

Figure E2. Epithelial expression of TLRs following stimulation with SP. (A-D) HNEC 7 

expression of TLR2 (A), TLR5 (B), TLR6 (C), TLR8 (D) after stimulation with SP (10 nM/50 8 

nM/100 nM) or vehicle for 30 minutes (n=3-4). All values: mean± SEM. 9 

 10 

 11 
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Supplementary Materials 

 

Supplementary Materials and Methods 

 

Isolation and Culture of Trigeminal Sensory Neurons (TGNs) 

Trigeminal ganglia were quickly removed and digested by incubation at 37°C with 40U/mL 

papain (Sigma-Aldrich, St. Louis, USA) for 30 minutes followed by 4 mg/mL Collagenase D 

(Roche, Mannheim, Germany) and 5 mg/mL dispase II (Sigma-Aldrich) for 30 minutes. 

Following mechanical dissociation, cells were separated from debris and enriched for neurons by 

two-step centrifugation (1800 x g, 10 min) through a 30% to 60% Percoll (GE Healthcare, 

Uppsala, Sweden) gradient. Isolation was carried out in L15 mediumsupplemented with 10mM 

HEPES,10 mM glucose,1000 U/mL penicillin, 1000 µg/mL streptomycin and 2.5 µg/mL 

Fungizone (Gibco, Paisley, UK). For immunocytochemistry, cells were seeded at a concentration 

of 500,000 cells/well onto poly-D-lysine/laminin-coated coverslips (BD Biocoat, VWR, 

Karlskoga, Sweden) in 24-well cell culture plates. For cell stimulation experiments, cells were 

seeded at a concentration of 500,000 cells/well in poly-D-lysine/laminin-coated 24-well plates 

(BD Biocoat). Cells were cultured in F12 medium (Gibco), supplemented with 10% Fetal Bovine 

Serum (FBS) (Gibco), 1000 U/mL penicillin, 1000 µg/mL streptomycin, 0.25 µg/mL Fungizone 

and 50 ng/mL recombinant β-Nerve Growth Factor (β-NGF) (Peprotech, London, United 

Kingdom) for 3–4 days. All cells were cultured in a humidified chamber at 37°C with 5% CO2.  

 

 
Isolation and Culture of Murine Nasal Epithelial Cells (MNECs) 
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Thirty-two mice were sacrificed by cervical dislocation and septal mucosa were dissected and 

placed in DMEM/F12 (Gibco).  Nasal septa were pooled and transferred to dissociation medium 

[MEM (minimum essential medium) (Gibco), 100 IU/ml penicillin, 100 µg/ml streptomycin, 1.4 

mg/ml Pronase (Sigma-Aldrich) and 0.1 µg/ml DNase (Sigma-Aldrich)] for 1 hour, after which 

DMEM/F12 containing 10% FBS was added to stop the reaction.  Tissue was passed through a 

cell strainer twice and resuspended in DMEM/F12 containing 100 IU/ml penicillin, 100 µg/ml 

streptomycin, 0.25µg/ml Fungizone, 10% FBS, 2.5ng/ml EGF and 120 IU/ml ITS Universal 

Culture Supplement (Corning, Wiesbaden, Germany) (complete culture medium).  Suspensions 

were incubated at 37°C for 2 hours on 100mm Primaria culture dishes (BD Biosciences).  The 

cell suspensions were seeded onto collagen-coated 24-well well plates at 250,000 cells/ml and 

maintained in a humidified chamber at 37°C with 5% CO2.  Cells were grown in complete culture 

medium until confluency was reached, after which media was changed to maintenance medium 

(complete culture medium containing only 2% FBS).  

 

Immunohistochemistry of nasal biopsies 

Following deparaffinization, rehydration and heat-mediated antigen retrieval in citrate buffer, 

sections were permeabilized with 1% Triton X-100 (Sigma-Aldrich) and blocked for non-specific 

binding with 10% normal donkey serum (Abcam, Cambridge, UK) and 1% bovine serum 

albumin (BSA, Roche). Sections were incubated with primary anti-human antibodies against 

TLR3 (1:300, ab62566, Abcam) TLR4 (1:20, ab13556, Abcam), TLR7 (1:50, ab45371, Abcam), 

TLR9 (1:50, ab37154, Abcam), EpCAM (1:50, ab8601, Abcam), Substance P (1:30, ab7340, 

Abcam) or β III tubulin (1:300, ab78078, Abcam) at 4°C overnight and subsequently incubated 

with a secondary AlexaFluor 555-conjugated donkey anti-mouse antibody (1:200, Abcam),  

AlexaFluor 647-conjugated donkey anti-rabbit antibody (1:400, Abcam), AlexaFluor 488-
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conjugated donkey anti-rabbit antibody (1:400, Abcam) or a secondary AlexaFluor 488-

conjugated donkey anti-rat antibody (1:200, Abcam). Control sections were stained with 

secondary antibody only. Imaging was performed on a Zeiss LSM800 confocal microscope 

(Zeiss, Oberkochen, Germany).  

 

Immunohistochemistry of human trigeminal ganglia 
 
Specimens were embedded in paraffin, cut in 5 µm-thick sections and mounted onto glass slides. 

Ganglia sections were deparaffinized in xylene, rehydrated in decreasing concentrations of 

ethanol and incubated with a target retrieval solution. Sections were subsequently permeabilized 

with 1% Triton X-100, followed by hydrogen peroxidase to reduce endogenous peroxidase 

activity. Primary mouse antibodies against TLR1, TLR3 and TLR9, as well as primary rabbit 

antibodies against TLR4, TLR5 and TLR7 were applied to sections for 2 hr. As a negative 

control, antibody diluent or N-series Universal Negative Control Reagent (DakoCytomation, 

Copenhagen, Denmark) was used. Sections were subsequently incubated with horseradish 

peroxidase (HRP)-labelled goat anti-mouse or goat anti-rabbit polymer for 30 minutes followed 

by 3,3’-diaminobenzidine (DAB) substrate-chromogen for 10 minutes. Sections were dehydrated 

with increasing concentrations of ethanol, washed with xylene and subsequently mounted in 

Pertex (Histolab Products AB, Gothenburg, Sweden). Imaging was performed with an Olympus 

Provis AX70 microscope, with a Pixera Pro 150ES Camera (Pixera, San Jose, CA, USA). 

 

Immunocytochemistry of HNEC 
 
Cells were permeabilised with 0.25% Triton X-100 and blocked for non-specific binding with 

10% normal donkey serum.  Samples were incubated with a primary rabbit polyclonal antibody 

against TLR4 (1:25, Abcam) followed by a secondary AlexaFluor 488-conjugated donkey anti-
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rabbit antibody (Abcam).  Cells were stored in ProLong Diamond Antifade Mountant with DAPI 

(Life Technologies, Paisley, UK).    

 

Immunocytochemistry of murine neurons 

Cultured murine trigeminal neurons were fixed with 4% PFA, permeabilized with 0.25% Triton 

X-100 and blocked for non-specific binding with 5% normal goat serum and 5% normal donkey 

serum. Samples were incubated with a primary chicken polyclonal antibody against 

Neurofilament H (1:1500, Merck Millipore) and a primary rabbit polyclonal antibody against 

TLR7 (1:300, Abcam), followed by a secondary AlexaFluor555-conjugated goat anti-chicken 

antibody (1:200, Abcam) and a secondary AlexaFluor488-conjugated donkey anti-rabbit antibody 

(1:200, Abcam). Coverslips were mounted onto slides with ProLong Diamond Antifade 

Mountant with DAPI (Life Technologies). Imaging was performed using an Olympus Provis 

microscope, connected to an Olympus U-PS camera.  


