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Purpose: Nerve Growth Factor (NGF) is a pivotal mediator of chronic pain and plays a role
in bone remodelling. Through its high affinity receptor TrkA, NGF induces substance P
(SP) as key downstream mediator of pain and local inflammation. Here we analysed NGF,
TrkA and SP tissue distribution in facet joint osteoarthritis (FJOA), a major cause of chronic
low back pain.

Methods: FJOA specimens (n=19) were harvested from patients undergoing intervertebral
fusion surgery. Radiologic grading of FJOA and spinal stenosis, followed by
immunohistochemistry for NGF, TrkA and SP on consecutive tissue sections, was
performed in ten specimens. Explant cultures (n=9) were used to assess secretion of
NGF, IL-6, and SP by FJOA osteochondral tissues under basal and inflammatory conditions.

Results: NGF was predominantly expressed in damaged cartilaginous tissues (80%),
occasionally in bone marrow (20%), but not in osteochondral vascular channels. NGF area
fraction in cartilage was not associated with the extent of proteoglycan loss or radiologic
FJOA severity. Consecutive sections showed that NGF and SP expression was localized
at structurally damaged cartilage, in absence of TrkA expression. SP and TrkA were
expressed in subchondral bone marrow in both presence and absence of NGF. Low level
NGF, but not SP secretion, was detected in four out of eighteen FJOA explants under both
basal or inflammatory conditions (n=2 each).

Conclusion: NGF is associated with SP expression and structural cartilage damage in
osteoarthritic facet joints, but not with radiologic disease severity. NGF tissue distribution
in FJOA differs from predominant subchondral bone expression reported for knee OA.

Keywords: nerve growth factor, osteoarthritis, facet joint, lumbar spine, spinal stenosis
INTRODUCTION

Nerve growth factor (NGF) is an important mediator in chronic pain conditions and is upregulated
in osteoarthritis (OA) and other rheumatic disorders (1). NGF can bind to high (TrkA) and low
affinity (p75) receptors and signalling through TrkA induces expression of substance P (SP), which
links action potentials from pain fibres to the spinal cord (2). In addition, SP is released from
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nociceptors after antidromic transport and mediates local
inflammatory events (3). NGF expression in human knee OA
has been primarily found in osteochondral vascular channels in
subchondral bone and correlated with symptomatic
chondropathy, but not disease severity (4). In addition, both
NGF and TrkA were found expressed in isolated chondrocytes
from intact and damaged knee cartilage, demonstrating
increased expression in the latter (5).

Human facet joint osteoarthritis (FJOA) is a major cause of
chronic low back pain (CLBP). Increased expression of NGF and
TrkA in FJOA capsular tissues has been described to correlate
with gross morphological assessment of facet joint degeneration
(6). Similarly, increased NGF expression in the capsular ligament
was found in an experimental model of painful facet joint
distraction (7). Whether NGF expression and signalling occurs
in additional FJOA tissues, such as articular cartilage and
subchondral bone marrow, remains unknown.

Specific NGF antagonists (NGFi) are an emerging class of pain
medication with clinical efficacies in patients with OA and to some
extent with CLBP [reviewed in (8)]. One of themost serious adverse
events in NGFi clinical trials is rapidly progressive OA (RPOA) of
peripheral joints. RPOA type 1 is defined as rapid loss of joint space
width within approximately 1 year without evidence of bone loss or
destruction whilst type 2 is associated with progressive bone
destruction (9). Recent studies revealed efficacy of NGFi in
improving pain and physical function in knee OA, while RPOA
remained a serious adverse event in 1-3%of the treated patients (10).
In a cohort of chronicCLBPpatientsNGFi demonstrated efficacious
in reducing CLBP intensity and RPOA was almost exclusively
observed in individuals with additional peripheral OA (11).

The objective of this study was to describe the tissue distribution
and secretion of key molecules of the NGF signalling axis in
cartilage and subchondral bone tissue compartments in FJOA. In
addition, we investigated whether NGF tissue expression was
associated with radiological severity of FJOA and lumbar
spinal stenosis.
MATERIALS AND METHODS

Patient Characteristics
The study protocol has been reviewed and approved by the Ethics
Committee of Northwestern Switzerland (Number 147/12).Written
consent was obtained from all patients. Facet joint specimens were
obtained from patients suffering from symptomatic stenosis of the
lumbar spine for >6 months. These patients underwent single-level
decompression and fusion surgery (L1-S1 levels). In all cases the
routine transforaminal lumbar intercorporal fusion (TLIF)
technique was applied. In all nineteen patients (70 ± 14 years, 11
female) the processus articularis superior of the dissected facet joint
(T10 n=1, L2 n=2, L3 n=3, L4 n=8, L5 n=5) was collected and
transported in saline solution for immediate processing for
histology (n=10, 5 female) or explant cultures (n=9, 6 female). All
patients reported pain radiating down at least one leg and self-
assessed walking distance varied between 20-1000 meters. Pain
medication included paracetamol (n=1), metamizole (n=1),
conventional NSAIDs (n=4), opioids (n=4), or none (n=9).
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Magnetic Resonance Imaging
MRI of the lumbar spine was performed on a 1.5-T scanner using a
standard protocol comprising, T1-, T2- and fat-saturated T2-
weighted sequences. MRI images were evaluated twice by a senior
spine consultant with 15 years of experience in reading MRI of the
spine. FJOA was graded T1- and T2-weighted sequences in sagittal
and axial planes using theWeishaupt grading system (12). Grade 1 =
joint space narrowing (JSN) and/or small osteophytes and/or mild
hypertrophy of articular processes. Grade 2 = JSN and/or moderate
osteophytes and/or moderate hypertrophy of the articular process
and/or mild subarticular bone erosions. Grade 3 = JSN and/or large
osteophytes and/or severe hypertrophy of the articular process and/
or severe subarticular bone erosions and/or subchondral cysts.
Synovitis was defined as T2 hyperintensity in and adjacent to
facet joints in axial fat-saturated T2-weighted images. Severity of
lumbar spinal stenosis was graded on T2-weigthed axial images
according to Schizas (13), grade A = no or minor stenosis, B =
moderate stenosis, C = severe stenosis and D = extreme stenosis.

Histological Tissue Processing and
Analysis
The medial portion of the processus articularis superior comprising
the facet joint and capsular tissue (n=10, 68 ± 16 years, 5 female)
was collected by partial facetectomy and formalin-fixed at 4°C for 2
days. Specimens were decalcified in 5% formic acid for 5-7 days,
rinsed in PBS twice for 1 hour and embedded in paraffin. Cartilage
degeneration and proteoglycan loss was assessed on 6 mm sagittal
sections stained with Safranin-O/Fast Green. Quantitative
assessment of Safranin-O staining was performed using ImageJ
(version 1.53c, National Institutes of Health, USA) by measuring
area fraction on tresholded images after color deconvolution
(Masson/Trichrome filter). Regions of interest (ROIs) were placed
on cartilage tissue only.
Immunohistochemistry
After deparaffinization, tissue sectionswere subsequently incubated in
3%H2O2 for 10minutes and antibody diluent for IHC for 45minutes
(Catalogue no. 559148, BDPharmingen, Eysins, Switzerland) to block
endogenous peroxidase activity and non-specific antibody binding,
respectively. Consecutive 6 mm tissue sections were incubated
overnight at 4°C in antibody diluent with the following antibodies:
monoclonal mouse anti-TrkA (Clone OTI5B6, dilution 1:150, Novus
Biologicals, Centennial, CO, USA), monoclonal rabbit anti-NGF
(Clone EP1320Y, dilution 1:250, Abcam, Cambridge, UK), mouse
monoclonal anti-SP (Clone 266815, dilution 1:50, Novus Biologicals).
Macrophage staining was performed after heat-mediated antigen
retrieval (10mM citrate buffer pH 6.0 at 70°C for 25min) using
monoclonal mouse anti-CD68 (Clone KP1, dilution 1:100, Zytomed
Systems, Berlin, Germany) for 1 hour at RT. Immunoreactivities were
visualized using mouse- and rabbit-specific peroxidase kits according
to the manufacturer’s instructions (Vectastain Elite ABC kit, Vector
Laboratories, Burlingame, CA, USA). Negative controls were
performed with isotype control antibodies (Supplementary Table
and Supplementary Figure 1). Stained tissue sections were
counterstained with Papanicolaou (Merck AG, Dietikon,
Switzerland). NGF area fraction in cartilage tissue was quantified on
March 2022 | Volume 13 | Article 783076
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tresholded images after color deconvolution (Hematoxylin/DAB
filter) using ImageJ.

Explant Culture of Facet Joints and ELISA
Measurements
Dissected facet joint specimens (n=9, 72 ± 12 years, 6 female) were
processed aseptically and cut in two equal-sized coronal 2 mm
samples using a scalpel and cultured as previously described (14).
Briefly, specimens were cultured for 7 days at 37˚C in 8 mL aMEM
medium (10% fetal bovine serum, 10 mM HEPES, 4 mM
L-glutamine, 50 mM L-ascorbic acid-2-phosphate and 10 mM
sodium b-glycerophosphate pentahydrate, 10-7 M dexamethasone)
in the presence and absence of 1 mg/mL lipopolysaccharide from
Escherichia coliO111:B4 (Sigma-Aldrich, Buochs, Switzerland). LPS
treatment was added on day 1 and 4. Supernatants were collected,
centrifuged, aliquoted and stored at -80˚C until ELISA
measurement. Concentrations of human interleukin-6 (IL-6),
NGF and SP were determined in the supernatants using ELISA
kits (Abcam ab178013, ab99986 and ab133029, respectively).
Secreted protein levels were normalized for wet tissue weight and
expressed as pg protein/mg tissue.
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Statistical Analysis
Statistical analyses were performed using GraphPad Prism (v6.2,
Graphpad Software Inc., San Diego, CA, USA). Data following
normal distribution were reported as means ± SD and non-
parametric data as median with interquartile range. Significant
differences between treatment groups were calculated using ratio
paired t-test. Association between quantitative histological
assessments and MRI-based severity grades were determined
using Spearman’s rank correlation. P-values less than 0.05 were
considered significant.
RESULTS

NGF Is Predominantly Localized to
Damaged Cartilaginous Tissues
Lumbar facet joint specimens were obtained from patients with
moderate to severe radiologic OA (Figure 1A), indicated by a
median Weishaupt grade of 2 [IQR: 1.75–3] (Table 1). Safranin-
O-stained tissue sections displayed hallmarks of severe cartilage
March 2022 | Volume 13 | Article 783076
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FIGURE 1 | NGF expression localizes to damaged cartilaginous tissues in facet joint osteoarthritis. (A) Representative axial T2 MRI images illustrating Weishaupt
grades 1-3 of FJOA severity. The affected facet joint is indicated with an arrow. (B, C) Consecutive tissue sections of dissected facet joints indicated on MRI images
above, stained with Safranin-O (proteoglycans, red) or anti-NGF (brown). Scale bar = 500 mm (D) High magnification view of NGF staining patterns in the marked
area in images above. Scale bar = 50 mm.
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degeneration including surface damage, fissures and loss of
proteoglycan content (Figure 1B). NGF expression was
detected in nine out of ten FJOA specimens, predominantly in
cartilage (n=8) and occasionally in marrow tissue (n=2)
(Table 1). Microscopic analysis of NGF expression and
proteoglycan distribution in consecutive tissue sections
revealed that NGF localized almost exclusively to damaged
regions of cartilaginous tissue (Figure 1C). High magnification
views showed NGF localization in the extracellular matrix as well
as pericellular chondrocyte staining (Figure 1D). Correlation
analyses demonstrated that NGF area fraction did not
significantly correlate with the extent of proteoglycan loss
(r=0.25, p=0.50, Figure 2A) or Weishaupt grade (r= –0.46,
p=0.15, Figure 2B). Radiologic OA severity was negatively
correlated with the cartilage proteoglycan content in Safranin-
O-stained cartilaginous tissue (r= –0.69, p=0.02, Figure 2C).
Presence of synovitis was positively correlated with NGF area
fraction (r= 0.78, p= 0.03), but not with radiological severity (r=
–0.09, p= 0.38) or Safranin-O area fraction (r= –0.26, p= 0.28).

NGF Localized With SP, but Not TrkA
Expression in FJOA
Next, we analysed distribution of NGF, its high affinity
receptor TrkA and downstream neuropeptide SP in
consecutive tissue sections. TrkA expression was detected in
Frontiers in Immunology | www.frontiersin.org 4
neither chondrocytes, nor extracellular matrix of cartilaginous
tissues. SP was expressed in seven out of eight specimens
displaying cartilaginous NGF expression. Extracellular
staining patterns for SP and NGF were largely overlapping in
consecutive tissue sections (Figure 3A). In contrast to
cartilaginous tissue, TrkA and SP displayed respectively
abundant and focal expression in subchondral bone marrow
cells in eight out of ten specimens. CD68+ macrophages
showed a focal expression pattern in all specimens.
Specimens displaying NGF expression in bone marrow (n=2)
revealed abundant cellular expression (Figure 3B).

Facet Joint Explants Secrete Low Levels
of NGF, but Not SP
Finally, we sought to determine whether NGF and SP are
secreted by FJOA specimens under basal and inflammatory
conditions. For this, fresh osteochondral explants were left
either untreated or stimulated with 1 mg/mL LPS (n=9
patients, n=18 explants). This treatment activates tissue
macrophages and mimicks inflammatory signalling induced by
damage-associated molecular patterns in joint tissues (15). As a
positive control, LPS challenge led to four-fold elevated tissue
secretion of IL-6 compared with untreated specimens
(Figure 4A). Low level NGF secretion was detected in explants
from four patients (n=2 untreated, n=2 LPS-treated)
TABLE 1 | Patient demographics, radiological scores and NGF tissue distribution.

Age Gender (M/F) Spine Level Weishaupt grade (0-3) Synovitis (Yes/No) Schizas score (A-D) NGF cartilage (Yes/No) NGF marrow (Yes/No)

32 F L5 - S1 0 Yes D Yes No
78 M L2 - L3 2 No B Yes No
76 M L3 - L4 2 No B Yes No
61 M L4 - L5 2 No B Yes No
60 F L5 - S1 2 No B No No
82 F L3 - L4 3 Yes D Yes Yes
80 M L3 - L4 3 Yes D Yes No
71 F L4 - L5 1 Yes A Yes No
82 M L3 - L4 3 Yes C Yes No
57 F L4 - L5 3 No C No Yes
March 2022 | Vol
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FIGURE 2 | Lack of correlation between NGF expression and OA severity. (A) Distribution of NGF area fraction relative to Safranin-O area fraction in cartilaginous
tissues. (B) Distribution of NGF area fraction relative to MRI-assessed OA severity. (C) Distribution of Safranin-O area fraction in cartilaginous tissue relative to MRI-
assessed OA severity Regression analysis (solid line) with 95% confidence intervals (dotted line) are depicted.
ume 13 | Article 783076
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(Figure 4B). In contrast, SP was not detected in FJOA explant-
conditioned medium (data not shown).

DISCUSSION
Here we identified predominant NGF and SP expression in
damaged cartilaginous tissue of osteoarthritic lumbar facet
joints from patients with spinal stenosis. Analogous to human
knee OA (4), NGF expression was not correlated with OA
severity or synovitis grade. However, NGF tissue distribution
differed considerably showing scarce expression in facet joint
subchondral bone, whereas the osteochondral junction was the
major tissue expressing NGF in osteoarthritic knee joints.

The contrasting NGF tissue distribution between facet joint
and knee OA might provide insight into the frequency of RPOA
as adverse events in NGFi treatment. Recent studies have
Frontiers in Immunology | www.frontiersin.org 5
demonstrated a dose-dependent increase of RPOA in patients
with knee OA or CLBP treated with NGFi (10, 11), yet this rarely
occurred in CLBP patients without peripheral OA. NGF has been
described as a regulator of osteogenesis and bone turnover (16),
however, scarce expression in bone marrow would argue against
a significant contribution of NGF signalling to FJOA bone
remodelling. Instead, predominant NGF expression in
damaged cartilaginous tissues provides a rationale for
improving pain in FJOA-related CLBP.

Several studies have documented cartilaginous NGF gene
expression in human or experimental OA (5, 17–20). Pain-
sensitizing genes, including NGF, were found to be upregulated
by mechanical injury in murine knee joints in a transforming
growth factor-beta-dependent fashion (18). The same factor was
implied in mediating non-inflammatory NGF expression in human
cartilage tissue and isolated chondrocytes (17). In vitro treatment of
A

B

FIGURE 3 | Localization of NGF, SP and TrkA in facet joint osteoarthritis. (A) Representative images of consecutive tissue sections stained for NGF, TrkA and SP,
revealing localization of NGF and SP, but not TrkA in damaged regions of cartilaginous tissue. Scale bar = 50 mm. (B) Consecutive tissue sections showing
distribution of NGF, TrkA, SP and CD68 staining in subchondral bone marrow tissue. Scale bar = 50 mm.
March 2022 | Volume 13 | Article 783076

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Seidel et al. NGF in Facet Joint OA
cartilage with NGF led to increased proteoglycan secretion and
upregulation of matrix-degrading enzymes (21), while isolated
chondrocytes displayed increased mineralization under pro-
osteogenic conditions (20). Together, these studies suggest
elevated NGF expression is common in degenerated cartilage and
may promote cartilage matrix catabolism.

There are a number of limitations pertaining to themethodology
of this study. This cross-sectional study using a small sample size of
primarily end-stage FJOA samples from lumbar spinal stenosis
patients revealed abundant NGF expression in damaged
cartilaginous tissue. However, the results may not predict which
subgroup of CBLP patients might respond to NGFi treatment.
Furthermore, histological studies of FJOA specimens from patients
with and without RPOA upon NGFi treatment would be required
to assess whether differential NGF tissue distribution, in
subchondral bone marrow for instance, associates with RPOA.
Evaluation of radiological imaging was performed by a single
reader and we acknowledge caution has to be exerted when
interpreting protein expression at the cartilage tissue level with
severity scores based on whole joint morphology. Lastly,
immunohistochemistry analyses using consecutive tissue sections
allowed for localizing NGF, TrkA and SP to similar regions, yet
would ideally utilize immunofluorescence microscopy of double-
stained tissues to determine the extent of co-localization.

We have previously described the presence of CD68-positive
macrophages in subchondral marrow tissues of FJOA specimens
(22). In knee OA, both CD68-positive macrophages and NGF-
positive cells in part co-localized in areas of inflammation of the
synovial lining and sublining regions suggesting that
macrophages also express NGF (23). Co-localization analyses
may aid in identifying the cellular source of NGF in subchondral
bone marrow. Whether macrophages and/or NGF expression
associate with pain in FJOA remains to be elucidated.

In summary, NGF tissue distribution in human FJOA shows
obvious differences as compared to knee OA. The lack of NGF
expression in facet joint bone marrow tissue might provide a clue
for different frequencies of incident RPOA upon NGFi treatment
Frontiers in Immunology | www.frontiersin.org 6
in patients with knee or facet joint OA. Further studies are
needed to establish NGFi as safe and efficient treatment options
for CLBP and other chronic pain conditions such as tumor pain
or chronic regional pain syndrome. NGF might thus be a
promising treatment target molecule in CLBP.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by Ethics Committee of Northwestern and Central
Switzerland. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS
All authors contributed to the study conception and study
design. Material preparation, data collection and analysis were
performed by MS, CN, VC, TH, and JG. The first draft of the
manuscript was written by MS, TH, and JG. All authors read and
approved the final manuscript.

FUNDING
This work was supported by intramural funds from the
Department of Rheumatology, Lausanne University Hospital
(CHUV) and the Department of Rheumatology, Spitalzentrum
- Centre hospitalier Biel-Bienne.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.783076/
full#supplementary-material
A B

FIGURE 4 | IL-6 and NGF secretion by human facet joint explant cultures. (A) Assessment of IL-6 tissue secretion in explants from nine patients under untreated
(control) or inflammatory conditions (LPS). (B) NGF tissue secretion was detected in four patient specimens. Lines identify paired samples from patients. **P < 0.01
by ratio paired t-test.
March 2022 | Volume 13 | Article 783076

https://www.frontiersin.org/articles/10.3389/fimmu.2022.783076/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.783076/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Seidel et al. NGF in Facet Joint OA
REFERENCES
1. Seidel MF, Herguijuela M, Forkert R, Otten U. Nerve Growth Factor in

Rheumatic Diseases. Semin Arthritis Rheum (2010) 40:109–26. doi: 10.1016/
j.semarthrit.2009.03.002

2. Kessler JA, Black IB. Nerve Growth Factor Stimulates the Development of
Substance P in Sensory Ganglia. Proc Natl Acad Sci USA (1980) 77:649–52.
doi: 10.1073/pnas.77.1.649

3. Hafstrom I, Gyllenhammar H, Palmblad J, Ringertz B. Substance P Activates
and Modulates Neutrophil Oxidative Metabolism and Aggregation.
J Rheumatol (1989) 16:1033–7.

4. Aso K, Shahtaheri SM, Hill R, Wilson D, McWilliams DF, Walsh DA.
Associations of Symptomatic Knee Osteoarthritis With Histopathologic
Features in Subchondral Bone. Arthritis Rheumatol (2019) 71:916–24.
doi: 10.1002/art.40820

5. Iannone F, De Bari C, Dell’Accio F, Covelli M, Patella V, Lo Bianco G, et al.
Increased Expression of Nerve Growth Factor (NGF) and High Affinity NGF
Receptor (P140 TrkA) in Human Osteoarthritic Chondrocytes. Rheumatol
(Oxford) (2002) 41:1413–8. doi: 10.1093/rheumatology/41.12.1413

6. Kim JS, Ali MH,Wydra F, Li X, Hamilton JL, An HS, et al. Characterization of
Degenerative Human Facet Joints and Facet Joint Capsular Tissues.
Osteoarthritis Cartilage (2015) 23:2242–51. doi: 10.1016/j.joca.2015.06.009

7. Kras JV, Kartha S, Winkelstein BA. Intra-Articular Nerve Growth Factor
Regulates Development, But Not Maintenance, of Injury-Induced Facet Joint
Pain & Spinal Neuronal Hypersensitivity. Osteoarthr Cartil (2015) 23:1999–
2008. doi: 10.1016/j.joca.2015.06.012

8. Wise BL, Seidel MF, Lane NE. The Evolution of Nerve Growth Factor
Inhibition in Clinical Medicine. Nat Rev Rheumatol (2021) 17:34–46.
doi: 10.1038/s41584-020-00528-4

9. Flemming DJ, Gustas-French CN. Rapidly Progressive Osteoarthritis: A
Review of the Clinical and Radiologic Presentation. Curr Rheumatol Rep
(2017) 19:42. doi: 10.1007/s11926-017-0665-5

10. Berenbaum F, Blanco FJ, Guermazi A, Miki K, Yamabe T, Viktrup L, et al.
Subcutaneous Tanezumab for Osteoarthritis of the Hip or Knee: Efficacy and
Safety Results From a 24-Week Randomised Phase III Study With a 24-Week
Follow-Up Period. Ann Rheum Dis (2020) 79:800–10. doi: 10.1136/
annrheumdis-2019-216296

11. Dakin P, Kivitz AJ, Gimbel JS, Skrepnik N, DiMartino SJ, Emeremni CA, et al.
Efficacy and Safety of Fasinumab in Patients With Chronic Low Back Pain: A
Phase II/III Randomised Clinical Trial. Ann Rheum Dis (2021) 80:509–17.
doi: 10.1136/annrheumdis-2020-217259

12. Weishaupt D, Zanetti M, Boos N, Hodler J. MR Imaging and CT in
Osteoarthritis of the Lumbar Facet Joints. Skeletal Radiol (1999) 28:215–9.
doi: 10.1007/s002560050503

13. Schizas C, Theumann N, Burn A, Tansey R, Wardlaw D, Smith FW, et al.
Qualitative Grading of Severity of Lumbar Spinal Stenosis Based on the
Morphology of the Dural Sac on Magnetic Resonance Images. Spine (Phila Pa
(2010) 1976) 35:1919–24. doi: 10.1097/BRS.0b013e3181d359bd

14. Geurts J, Juric D, Muller M, Scharen S, Netzer C. Novel Ex Vivo Human
Osteochondral Explant Model of Knee and Spine Osteoarthritis Enables
Assessment of Inflammatory and Drug Treatment Responses. Int J Mol Sci
(2018) 19:1314–23. doi: 10.3390/ijms19051314
Frontiers in Immunology | www.frontiersin.org 7
15. van den Bosch MHJ. Inflammation in Osteoarthritis: Is It Time to Dampen
the Alarm(in) in This Debilitating Disease? Clin Exp Immunol (2019)
195:153–66. doi: 10.1111/cei.13237

16. Sang XG, Wang ZY, Cheng L, Liu YH, Li YG, Qin T, et al. Analysis of the
Mechanism by Which Nerve Growth Factor Promotes Callus Formation in
Mice With Tibial Fracture. Exp Ther Med (2017) 13:1376–80. doi: 10.3892/
etm.2017.4108

17. Blaney Davidson EN, van Caam AP, Vitters EL, Bennink MB, Thijssen E, van
den Berg WB, et al. TGF-Beta Is a Potent Inducer of Nerve Growth Factor in
Articular Cartilage via the ALK5-Smad2/3 Pathway. Potential Role in OA
Related Pain? Osteoarthr Cartil (2015) 23:478–86. doi: 10.1016/
j.joca.2014.12.005

18. Driscoll C, Chanalaris A, Knights C, Ismail H, Sacitharan PK, Gentry C, et al.
Nociceptive Sensitizers Are Regulated in Damaged Joint Tissues, Including
Articular Cartilage, When Osteoarthritic Mice Display Pain Behavior.
Arthritis Rheumatol (2016) 68:857–67. doi: 10.1002/art.39523

19. Krock E, Currie JB, Weber MH, Ouellet JA, Stone LS, Rosenzweig DH, et al.
Nerve Growth Factor Is Regulated by Toll-Like Receptor 2 in Human
Intervertebral Discs. J Biol Chem (2016) 291:3541–51. doi: 10.1074/
jbc.M115.675900

20. Jiang Y, Tuan RS. Role of NGF-TrkA Signaling in Calcification of Articular
Chondrocytes. FASEB J (2019) 33:10231–9. doi: 10.1096/fj.201900970

21. Jiang Y, Hu C, Yu S, Yan J, Peng H, Ouyang HW, et al. Cartilage Stem/
Progenitor Cells Are Activated in Osteoarthritis via Interleukin-1beta/Nerve
Growth Factor Signaling. Arthritis Res Ther (2015) 17:327. doi: 10.1186/
s13075-015-0840-x

22. Netzer C, Urech K, Hugle T, Benz RM, Geurts J, Scharen S. Characterization
of Subchondral Bone Histopathology of Facet Joint Osteoarthritis in Lumbar
Spinal Stenosis. J Orthop Res (2016) 34:1475–80. doi: 10.1002/jor.23281

23. Stoppiello LA, Mapp PI, Wilson D, Hill R, Scammell BE, Walsh DA.
Structural Associations of Symptomatic Knee Osteoarthritis. Arthritis
Rheumatol (2014) 66:3018–27. doi: 10.1002/art.38778

Conflict of Interest: MS has received advisory board honoraria from Pfizer &
Eli Lilly.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Seidel, Netzer, Chobaz, Hügle and Geurts. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
March 2022 | Volume 13 | Article 783076

https://doi.org/10.1016/j.semarthrit.2009.03.002
https://doi.org/10.1016/j.semarthrit.2009.03.002
https://doi.org/10.1073/pnas.77.1.649
https://doi.org/10.1002/art.40820
https://doi.org/10.1093/rheumatology/41.12.1413
https://doi.org/10.1016/j.joca.2015.06.009
https://doi.org/10.1016/j.joca.2015.06.012
https://doi.org/10.1038/s41584-020-00528-4
https://doi.org/10.1007/s11926-017-0665-5
https://doi.org/10.1136/annrheumdis-2019-216296
https://doi.org/10.1136/annrheumdis-2019-216296
https://doi.org/10.1136/annrheumdis-2020-217259
https://doi.org/10.1007/s002560050503
https://doi.org/10.1097/BRS.0b013e3181d359bd
https://doi.org/10.3390/ijms19051314
https://doi.org/10.1111/cei.13237
https://doi.org/10.3892/etm.2017.4108
https://doi.org/10.3892/etm.2017.4108
https://doi.org/10.1016/j.joca.2014.12.005
https://doi.org/10.1016/j.joca.2014.12.005
https://doi.org/10.1002/art.39523
https://doi.org/10.1074/jbc.M115.675900
https://doi.org/10.1074/jbc.M115.675900
https://doi.org/10.1096/fj.201900970
https://doi.org/10.1186/s13075-015-0840-x
https://doi.org/10.1186/s13075-015-0840-x
https://doi.org/10.1002/jor.23281
https://doi.org/10.1002/art.38778
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Localization of Nerve Growth Factor Expression to Structurally Damaged Cartilaginous Tissues in Human Lumbar Facet Joint Osteoarthritis
	Introduction
	Materials and Methods
	Patient Characteristics
	Magnetic Resonance Imaging
	Histological Tissue Processing and Analysis
	Immunohistochemistry
	Explant Culture of Facet Joints and ELISA Measurements
	Statistical Analysis

	Results
	NGF Is Predominantly Localized to Damaged Cartilaginous Tissues
	NGF Localized With SP, but Not TrkA Expression in FJOA
	Facet Joint Explants Secrete Low Levels of NGF, but Not SP

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


