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Abstract

The inflammatory cytokine tumor necrosis factor alpha (TNFa) is considered to play a key role in
the pathogenesis of intervertebral disc disease. To evaluate the importance of this cytokine we
examined the inflammatory environment and spinal phenotype of 9-month-old hTNFa
overexpressing (hnTNFa-TG) mice. The mice evidenced increased circulating levels of IL-1f,
IL-2, KC/GRO, and MCP-1 along with thinning of the cortical and trabecular vertebral bone.
Surprisingly, while the nucleus pulposus (NP) of these mice was intact and healthy, the caudal
annulus fibrosus (AF) evidenced robust cell death and immune cell-infiltration. Despite these
differences, there were no obvious alterations in the collagen or aggrecan content in the NP and
AF. However, there was a reduction in cartilage oligomeric matrix protein (COMP) suggesting
destabilization of the AF matrix. Microarray analysis of the NP from hTNFa-TG mice cells
revealed minimal changes in global gene expression. These findings lend support to the notion that
NP tissue is isolated from systemic inflammation. In contrast, the severe AF phenotype suggests
that systemic inflammation interferes with AF health, predisposing discs to herniation as opposed
to directly causing NP degeneration.
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INTRODUCTION

Low back pain (LBP) and associated intervertebral disc degeneration is a widespread, costly,
and complex medical condition affecting a huge proportion of the population (1-4). As the
disc degenerates with age or disease, the nucleus pulposus (NP) becomes more fibrotic, and
cells transition from a vacuolated notochordal phenotype to one that resembles hypertrophic
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chondrocytes (5-7). In concert with these cellular and extracellular matrix changes, the
dramatic increase in interleukin-1p (IL-1p) and tumor necrosis factor alpha (TNFa.)
expression is correlated with severity of disc degeneration (8). These cytokines are thought
to further promote disc degeneration by activating matrix metalloproteinases (MMPs)
(9-12).

Despite the association between cytokine expression and disc degeneration, our recently
published work shows that global hTNFa overexpression in a murine model (Tg197), results
in healthier and more cellular discs than the wild type (WT) controls (13,14). This
observation was very surprising considering both the large body of literature linking
cytokine expression to disc degeneration and the finding that the synovial joints of Tg197
animals are severely arthritic (13,15-17). In contrast to the healthier NP compartments of
these animals, global hTNFa overexpression predisposed these Tg197 mice to caudal disc
herniation (14). These findings raised two interdependent questions: first, would the NP
compartment remain healthy after long-term TNFa challenge; second, would disc herniation
of the TNFa transgenic animals would become more prevalent over a longer time period. To
address these questions, we explored the effect of global hTNFa overexpression on disc
health over an extended period of time.

To address these questions, we studied the intervertebral disc health of a longer living
hTNFa transgenic mouse model with a less severe arthritic phenotype (18). We measured
cytokine concentrations in the blood and performed comprehensive histological and
microCT (UCT) analyses to characterize effects of the hTNFa driven systemic
inflammation. We confirmed that systemic inflammation leads to dramatic vertebral bone
erosion and found that TNFa overexpression lead to AF cell death, immune cell infiltration,
and AF matrix erosion. Despite these osseous and AF changes, the NP remains healthy.
These findings support the view that the NP is a closed immune-privileged compartment
isolated from systemic inflammation and immune cell infiltration.

MATERIALS AND METHODS

Mice and organ culture

All animal care procedures, housing, breeding, and the collection of animal tissues were
performed in accordance with a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of Thomas Jefferson University. hTNFa transgenic ("nTNFa-TG) mice
and age- and sex- matched C57BL6/N wild type (WT) mice were purchased from Taconic
Farms (Hudson, NY). These mice contain a 2.8 kb fragment of the human TNFa gene
comprising the promoter and coding region fuse d to the human B-globin 3’ untranslated
region (UTR) replacing the endogenous TNFa. 3’UTR (13). This alteration results is
deregulated overexpression of hTNFa (19). Organ culture was performed using previously
described methods (20). Briefly, dissected vertebra-disc-vertebra motion segments from WT
(C57BL6) mice were cultured with or without hTNFa (10 ng/mL) in DMEM (1g/L glucose)
supplemented with 10% FBS for 24 hours (n=3 mice/group, 6 lumbar and 9 caudal discs/
animal). Discs were dissected under stereo microscope (Zeiss, Stemi 503) and RNA
extraction as described below.
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Blood collection and analysis

Blood from 9-month-old mice (n=5) was collected immediately post-mortem by intra-
cardiac puncture using heparinized needles. Cells were separated from the plasma using
centrifugation. Cytokine concentrations were assayed using the V-PLEX Mouse Cytokine
19-Plex Kit (Meso Scale Diagnostics) according to manufacturer’s specifications.

Micro-computed tomography analysis

Micro-computed tomography scans (MicroCT40, SCANCO Medical, Switzerland) were
performed on the lumbar and caudal hTNFa-TG and WT spines fixed with 4% PFA. Five
mice per genotype were used (2-3 spinal levels/mouse); graphs show all measured levels.
Caudal and lumbar segments were scanned with an energy of 70 kVp, a current of 114 mA,
and a 200-ms integration time resulting in 16 um3 voxel resolution. The region of interest for
trabecular bone analysis was identified using hand contouring and included the entire
vertebral trabecular bone excluding cortical bone and the growth plate. Three-dimensional
reconstructions of these trabecular bone scans were compiled using a Gaussian filter (o =
1.0, support = 1) and converted to binary images with a fixed grey-scale threshold of 200.
The data sets were then assessed using software supplied by the system manufacturer. To
measure cortical thickness, spines were first aligned in the x-y plane using bony landmarks.
Mean cortical thickness at the midpoint of each vertebra was manually quantified by
averaging measurements at four points separated by 90 degrees (21). Disc height index
(DHI) was calculated by dividing average disc height by the height of adjacent vertebral
bodies (22).

Histological analysis

Processing of histological samples began with 48 hours of 4% paraformaldehyde fixation
before decalcification with 20% ethylenediaminetetracetic acid (EDTA) for 15 days at 4°C.
After decalcification, spinal motion segments were dissected and embedded in paraffin.
Mid-coronal 7 pm sections were used for staining. Xylene deparaffinization followed by
graded ethanol rehydration preceded all protocols. Safranin O/Fast Green/Hematoxylin
stained slides were imaged using an Axio Imager 2 microscope, 5x/0.15 N-Achroplan or
10x/0,3 EC Plan-Neofluar objectives, Axiocam 105 color camera,and Zen2TM software
(Carl Zeiss). Five blinded observers performed the scoring using a Modified Thompson
grading scale (23,24). Five mice per genotype with 4 discs per mouse for both caudal and
lumbar levels were analyzed. AF width was quantified from Safranin O/Fast Green/
Hematoxylin stained slides using ImageJ length measurement tool, each plotted value is the
average of the midpoint length of both sides of the AF normalized to WT Safranin O/Fast
Green/Hematoxylin stained slides (n=5, and 4 levels per animal).

Picrosirius Red™ Analysis
Picrosirius Red™ staining visualized localization and quality of the collagen fibrils (25,26).
Stained sections were imaged on a polarizing microscope (Eclipse LV100 POL, Nikon).
High magnification AF images were used for the analysis of the area occupied by green,
yellow, or red pixels. Threshold levels for the colors remained constant.
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Cell number quantification

DAPI (Thermo Fisher Scientific, P36934) stained mid-coronal 7um sections were used to
quantify cell number in the NP and AF. Three sections per animal (n=5) were used, and the
NP area was used for analysis. Using ImageJ software (NIH), images were converted to 32-
bit, then the background was subtracted using rolling=50. Next the images were auto-
thresholded, made binary, and then cell number was calculated using the analyze particles
function (27). Cell band percent area was calculated by hand contouring the cell band and
NP compartment on Safranin O/Fast Green/Hematoxylin stained slides using ImageJ.

TUNEL assay

TUNEL assay was performed on disc tissue sections using an “In situ cell death detection”
Kit (Roche Diagnostic) 7. Sections were permeabilized with Proteinase K (20 pg/mL) for 15
min at room temperature before the TUNEL assay and imaged as described above.

Immunofluorescence microscopy

Mid-coronal 7 pm sections were used for all immunofluorescence studies. Antigen retrieval
was accomplished in an antibody-specific manner including: 20 minutes in heated citrate
buffer, 10 min incubation with proteinase K, 30 min in Chondroitinase ABC at 37 °C, or
TRIS/EDTA. Sections were blocked in 5% normal serum (Thermo Fisher Scientific,
10000C) in PBS-T (0.4% Triton X-100 in PBS), and incubated with primary antibody.
Mouse on Mouse Kit (Vector laboratories, BMK-2202) was used for blocking and primary
antibody incubation. The primary antibodies used were: Aggrecan (1:50, Millipore,
AB1031), Collagen I detecting COL1A1 (1:100, Abcam, ab34710), Collagen Il detecting
COL2A1 (1:400, Fitzgerald, 70R-CR008), COMP (1:200, Abcam, ab231977), CA3 (1:150,
Santa Cruz, sc-50715), in blocking buffer at 4 °C overnight. For GLUT-1 (1:200, Abcam,
ab40084), ARGxx (1:200, Abcam, ab3773), and CS (1:300, Abcam, ab11570). Sections
were incubated for 1h at room temperature with the appropriate Alexa Fluor®-594
conjugated secondary antibody (1:700;Jackson ImmunoResearch) before washing and
mounting with ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher Scientific,
P36934). All mounted slides were allowed to set before visualization with Axio Imager 2
using 5x/0.15 N-Achroplan or 10x/0,3 EC Plan-Neofluar objectives, AxioCam MRm
camera, and Zen2TM software (Carl Zeiss). Exposure settings remained constant (28).
Staining percent area quantification of three levels from five animals of each genotype was
performed using ImageJ software (NIH); thresholds remained constant.

RNA isolation and microarray analysis

NP tissue was manually micro-dissected under a stereo microscope (Zeiss, Stemi 503) and
immediately placed in RNAlater® Reagent (Invitrogen) as previously described (29). Seven
mice per genotype were sacrificed for RNA isolation and NP tissue pooled from single
animal served as an individual sample. NP tissue was collected in RNAlater® Reagent and
homogenized with a Pellet Pestle Motor (Sigma Aldrich, Z359971). RNA was extracted
from the lysates using RNeasy® Mini kit (Qiagen). Half of the DNA-free RNA converted to
cDNA using EcoDry™ Premix (Clontech) and the other half was used in the Clariome™ S
Assay, mouse (ThermoFisher). RNA was quantified on a Nanodrop ND-100

J Bone Miner Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gorth et al.

Page 5

spectrophotometer, followed by RNA quality assessment analysis on an Agilent 2200
TapeStation (Agilent Technologies, Palo Alto, CA). For subsequent rtPCR, template cDNA
and gene-specific primers were added to Power SYBR Green master mix (Applied
Biosystems) and mRNA expression was quantified and normalized to GAPDH using the
Step One Plus Real-time PCR System (Applied Biosystems). Melting curves were analyzed
to verify the specificity of the RT-PCR and the absence of primer dimer formation. Thermal
cycle was programmed for 20 s at 95 °C as initial denaturation, followed by 40 cycles of 30
sat 95 °C, and 30 s at 60 °C, with final melt curve and extension for 15 s at 95 °C, 1 min. at
60 °C, and 15 s at 95°C. Custom PCR primers specific to murine genes are described in
Supplementary Figure 1.

Microarray data analysis

Fragmented biotin labeled cDNA was synthesized according to ABI using the GeneChip
WT Plus kit (Thermo Fisher Scientific). Mouse Clariom S gene chips were hybridized with
fragmented and biotin-labeled cDNA in 100 pl of hybridization cocktail. Arrays were
washed and stained with GeneChip hybridization wash & stain kit using Gene chip Fluidic
Station 450. Chips were scanned on an Affymetrix Gene Chip Scanner 3000 7G, using
Command Console Software. Quality Control of the experiment was performed by
Expression Console Software v 1.4.1. Chp files were generated by sst-rma normalization
from Affymetrix cel file using Expression Console Software. A heat map was generated
using MeV 4_8. The normalized values were Log2 transformed and mean centered and a t-
test (p < 0.001) was used to isolate significant genes for further analysis. Significant genes
and samples were then both clustered using Pearson Correlation. SAM analysis was
performed in MeV with delta value of 0.74 for a FDR of 5%. Volcano plot was generated in
R studio.

Antigen Presentation

Statistics

Primary rat NP cells were isolated as previously described (30). For particle phagocytosis
image, cells were incubated for 24 hours with Fluoro-Max Dyed Green Aqueous Florescent
Particles (ThermoFisher) before trypsinization and live cell flow cytometer sorting (BD
FACSCelesta). Florescent positive cells were plated on p-lysine treated coverslips, fixed with
methanol, and imaged as described above. For particle internalization quantification, NP
cells were initially plated on p-lysine treated coverslips before incubation with particles for
specified period. At least 5 fields of view were counted per sample. Additionally, cells
treated with DQ™ Ovalbumin (Thermo Fisher) and quantified using a microplate reader
(Tecan Infinite M100).

Five animals per genotype were used for analysis (n=5), and data are presented as mean +
SD. Differences between genotypes were analyzed using the Student’s ¢test when only two
groups were presented on graph, or one-way ANOVA with a Sidak’s multiple comparison
test between groups when more than two groups were presented. Three lumbar or tail levels
per mouse were combined and averaged for both UCT and histological analysis. At least five
independent blinded individuals performed histological grading. Significance between
collagen fiber distributions was determined using a 2 test. All statistical analyses were
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performed using Prism7 (GraphPad Software). P <0.05 was considered statistically
significant.

hTNFa transgenic mice show elevated systemic inflammatory cytokine levels.

To investigate the alterations in circulating inflammatory mediators resulting from global
hTNFa overexpression, we used the Mesoscale Discovery multiplex ELISA platform to
measure the concentrations of cytokines in the blood. The transgenic TNFa. overexpressing
(hTNFa-TG) mice evidenced significant increases of IL-1p (p=0.0022), IL-2 (p= 0.0131),
KC/GRO (p=0.0126), and monocyte chemoattractant protein-1 (MCP-1) (p =0.0009).
Interestingly, there was a significant decrease in both IL-5 (o = 0.0298) and interferon
gamma-induced protein 10 (IP-10) (p = 0.023) compared to WT controls. There were no
significant differences between the genotypes in the circulating levels of macrophage
inflammatory protein (MIP)-1a, IFN-vy, IL-10, IL-6, TNFa and MIP-2 (Fig. 1).
Additionally, there was no change in TNFa concentration between hTNFa.-TG and WT
mice. This is expected, as the ELISA specifically measures murine TNFa not the human
protein. These results show that hTNFa causes alterations in circulating inflammatory
factors.

TNFa transgenic vertebrae show cortical and trabecular thinning.

Micro-computed tomography (UCT) analysis showed that the morphology of the caudal
cortical bone of the WT and hTNFa-TG mice were similar (Fig. 2A, A’). However, sagittal
optical hemisectioning reveals marked thinning of the caudal cortical and trabecular
vertebral bone in hTNFa-TG mice (Fig. 2B, B’). Analysis of the midpoint transection of the
caudal vertebrae provided further details of the cortical thinning of the hTNFa-TG caudal
levels (Fig. 2C, C’). While the cortical shell is much thinner in the lumbar spine than caudal
spine in both genotypes, the hTNFa-TG lumbar vertebrae showed similar bone changes as
the caudal, with robust trabecular thinning in the hTNFa-TG vertebrae (Fig. 2 D-F’).

Quantitative analysis of the uCT studies showed that there was a robust decrease in cortical
thickness (p < 0.0001) (Fig. 2 G). Thinning of vertebral bone was not limited to the cortical
shell as the hTNFa-TG mice had significantly less trabecular bone in both the caudal (p <
0.0001) and lumbar (p < 0.0001) regions of the spine (bone volume/total volume; BV/TV)
(Fig. 2 H). Together with the reduction in BV/TV there was a reduction in trabecular
thickness (Th.Th) in the hTNFa-TG caudal levels (p < 0.0001); however, while the lumbar
Th.Th was reduced the difference was not significant (Fig 2 I). While there was no change in
either the caudal or lumbar trabecular number (Fig 2 J), there is a significant decrease in
DHI of the caudal levels (p=0.0081), but a significant increase (o= 0.0034) in the lumbar
levels (Fig. 2 K). Together, our results clearly show that the hTNFa-TG vertebral bone
showed marked cortical and trabecular thinning.
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TNFa transgenic lumbar discs are healthier than wild type controls, but the caudal annulus
fibrosus shows cell infiltration of the outer lamellae.

First, we confirmed using RT-PCR analysis that hTNFa was expressed by the NP tissue of
hTNFa-TG mice and that the murine NP cells responded to hTNFa stimulation (S Fig. 2A
and B). There was significantly higher expression of hnTNFa in NP tissue of hTNFa-TG
mice, with little to no signal detected in WT controls (S Fig. 2A). Importantly, when treated
with hTNFa for 24 hours, organ cultured murine discs responded by increasing expression
of mmp3and cc/l2mRNA with a concomitant decrease in ColZal levels (S Fig. 2B). These
results showed and validated that murine discs in hTNFa-TG mice not only produce hTNFa
but similar to other skeletal tissues are responsive to hTNFa. To investigate whether the
systemic and bony inflammatory changes translated to alterations in disc health, we
performed an in-depth histological analysis of 9-month-old hTNFa-TG mice and age
matched wild type controls. Safranin O/fast green and hematoxylin staining of caudal discs
showed comparable microanatomy between the hTNFa-TG mice and their WT controls
(Fig. 3 A, A"). Despite the overall similarity, there was an accumulation of sequestered cells
outside the AF of the hTNFa-TG caudal discs (Fig. 3 A’, arrow). NP cells of the caudal
discs were scattered throughout the tissue, and the hTNFa-TG NP cells appeared slightly
smaller than their WT controls (Fig. 3 B, B’). A high magnification image of the caudal AF
revealed that the cell agglomeration noted above infiltrated the outer lamella of the hTNFa-
TG AF causing fraying of the organized collagen matrix (Fig. 3 C’, arrow). The NP
compartment in lumbar discs of both genotypes had a vacuolated cell band within, and
surrounded by, an abundant proteoglycan-rich matrix (Fig. 3 D, D”). The cell band of the
hTNFa-TG discs was wider than the WT controls, and the NP cells appeared larger and
more vacuolated (Fig. 3 E, E’). In both genotypes, the junction between NP and AF
compartments was well demarcated, and the AF exhibited a well-organized collagenous
lamellae interspersed with fibroblastic cells (Fig. 3 F, F’).

The health of the discs in both the caudal (Fig. 3 H), and lumbar (Fig. 3 I) regions of the
hTNFa-TG and WT animals were systematically graded and the average Modified
Thompson Score determined. In both regions of the spine, the hTNFa-TG mice showed a
healthier distribution of scores in both the NP and AF compartment (Fig. 3 F, G). The
average scores plotted for each disc are shown for caudal (Fig. 3 H) and lumbar (Fig. 3 1)
levels. Although hTNFa-TG mice showed a healthier distribution of scores in both the NP
and AF compartments of the caudal spine, this did not translate to a statistically significant
reduction in average Modified Thompson Score (Fig. 3 H). However, comparison of the
average lumbar grade scores indicated a significant (p = 0.0249) reduction in degenerative
changes (Fig. 3 1).

To further characterize the effects of hTNFa on cell phenotype, immunofluorescent staining
of NP cell markers was performed. There were no discernable no differences in the
expression of glucose transporter 1 (GLUT1) (Fig. 3 J-J”) or carbonic anhydrase 111 (CA3)
(Fig. 3 K-K”). Further, there was no difference in NP cell number between the genotypes
(Fig. 3 M). However, careful examination of the histology of the NP indicated that compared
to WT discs, NP cells of the hTNFa-TG lumbar region occupied a larger proportion of the
NP compartment than those of the WT levels (p <0.0001) (Fig. 3 L). Additionally, we found
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no difference in the distribution of aggrecan or chondroitin sulfate between genotypes (S
Fig. 3 A-B”). In summary, the NP and AF of the hTNFa-TG mice are comparable to, or
healthier than, the WT controls, and while the NP cells of both genotypes are phenotypically
similar, subtle cellular differences are noted.

hTNFa-TG mice evidence a vigorous inflammatory response adjacent to the caudal AF
accompanied by AF cell loss and reduced AF width.

Safranin O/fast green and hematoxylin staining of hTNFa-TG caudal discs revealed a dense
cellular response directly outside and infiltrating the outer lamella of the AF that was not
present in the WT controls. To characterize the changes in AF, sections were TUNEL
stained and DAPI positive nuclei of AF cells counted. There was a small amount of cell
death identified by TUNEL positivity in the WT levels scattered throughout the endplate
(EP), AF, and NP (Fig. 4 A). In the hTNFa-TG levels, there was robust cell death in the AF
forming a border between what was now an acellular outer AF lacking DAPI stained nuclei
and the inner AF, which included a population of DAPI and TUNEL positive nuclei (Fig 4
A’). There was no difference in NP or EP TUNEL staining between the WT and hTNFa-TG
mice. Since TUNEL staining only captures actively dying cells, we chose to quantify the
number of nuclei in the AF to provide a more complete picture of AF cellularity. There was
a significant reduction in cell number in the hTNFa-TG AF compared to the WT controls (p
=0.0001) (Fig. 4 B). Additionally, we measured the width of the AF compartment.
Compared with WT controls, the AF width of the hTNFa-TG animals was significantly
reduced (p < 0.0001) (Fig. 4 C).

We next interrogated the types of cells that were present outside of the caudal AF; cells were
stained for immune cell markers: CD68 a phagocytic macrophage marker, lymphocyte
antigen-6 (Ly6) a neutrophil marker, and both T-cell markers CD4 and CD8. In comparison
with the AF of WT discs, which display one or two CD68 positive cells (Fig. 4 D, arrow),
the hTNFa-TG discs exhibit robust CD68 positive cell staining adjacent to the AF (Fig. 4
D”). Widespread AF cell loss was particularly apparent on this image as was the loss of
DAPI positive cells in the AF, and the nuclei adjacent to the AF were more dispersed and
organized in a linear pattern giving the impression that they were immune cells infiltrating
the organized AF collagen matrix (Fig. 4 D’, arrow).

As for the other cell markers, while there were no Ly6 immunopositive cells in the WT
discs, there were pockets of Ly6 positive cells adjacent to the hTNFa-TG AF (Fig. 4 E, E’
arrows). Likewise, the WT AF sections were negative for both CD4 and CD8 positive cells,
but some CD4 or CD8 positive cells were present in the hTNFa-TG AF cell infiltrate (Fig. 4
F-G’, arrows). The vigorous inflammatory response adjacent to the caudal AF of hTNFa.-
TG mice is primarily composed of phagocytic macrophages. While we did not establish a
causation between immune activation and AF changes in this model, the immune response
described herein occurred concurrently with AF cell loss and reduced AF width.
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hTNFa-TG mice show no difference in AF collagens but have a reduction in cartilage
oligomeric matrix protein

To determine the collagen content and fiber diameter of the fibrillar collagens, sections were
stained with Picrosirius red and visualized under both bright field and polarized microscopy.
Both caudal and lumbar discs showed strong collagen localization in the AF with a very
weak NP pericellular staining (Fig. 5 A-D). Polarized light images of the AF exhibited
strong red, yellow and green birefringence, an indicator of collagen fiber maturity, with no
variation between genotypes (Fig. 5 A’-D’). To quantify the fiber maturity, the percent area
occupied by green, yellow, or red fibers was evaluated to confirm that there was no
difference in caudal or lumbar discs between the genotypes (Fig. 5E, F). We observed that
both collagen | and collagen 11 were primarily localized in the AF in a fibril-morphology in
the caudal discs of both WT and hTNFa-TG mice (Fig. 5 G-H’). There were no differences
in the levels of collagen | or Il (Fig. 5 G” and H”). Additionally, we measured the expression
of cartilage oligomeric matrix protein (COMP), which helps maintain the structural integrity
of the collagen fibrils. There was a significant decrease in COMP content in the AF of the
hTNFa-TG discs (p =0.0185) (Fig. 5 I-1”). There was also a significant decrease in
aggrecan cleavage product ARGxx (SFig. 3 C-C™). While there are no changes in the
collagen I or 1l content or maturity in the hTNFa-TG mouse AF compartment, the reduction
in COMP suggests a potential reduction in matrix stability.

Microarray analysis reveals minimal gene expression changes in the NP

Microarray analysis of hTNFa-TG and WT NP showed only subtle changes in NP cell gene
expression. Even with 6 animals/genotype analyzed, no genes were significantly different
between the groups using a false discovery rate adjusted p-value <0.05. Taking this into
consideration, we used multiple data analysis methods to get a sense of the subtle gene
expression changes that did not rise to the level of statistical significance when factoring in
adjustments due to false discovery rate. A heat map of the 74 genes with an unadjusted p-
value <0.001 showed the clustering of the WT samples and hTNFa-TG samples into two
distinct groups with more sample variation in the hTNFa-TG mice apparent in the
dendrogram at the top of the heat map (Fig. 6 A). Both significance analysis of microarrays
(SAM) with a delta value set to 0.74 for a FDR of 5% and using a FDR adjusted p-value
<0.1, the volcano plot identified a similar small family of genes (Fig. 6 B and C). Along the
phenotypes, PCR analysis confirmed that the following genes are significantly different:
kruppel like factor 2 (kIf2), cathepsin S (ctss), adrenoceptor beta 2 (adrb2), leukocyte
immunoglobulin-like receptor, subfamily B (Lilrb4a), nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha (Nfkbia), lysozyme C-2 precursor
(Lyz2), cluster of differentiation 74 (Cd74), and solute carrier family 22 member 17
(Slc22al17) (Fig. 6 D). DAVID analysis of the gene list determined from FDR p-value <0.1,
revealed a number of associated GO terms including bone resorption, adaptive immune
response, positive regulation of transcription, regulation of sensory perception of pain,
antigen processing and presentation, and cellular response to hydrogen peroxide (Fig. 6 E).
While terms like bone resorption and sensory perception of pain were expected functions of
TNFa, NP cells expressing genes for type Il antigen processing and presentation was a
unique finding. We confirmed the finding that NP cells are highly phagocytic and can
internalize and cleave DQ Ovalbumin, a necessary step for type 11 antigen presentation (S
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Fig. 4). Additionally, vacuole was the top GO CC direct term, which echoes the vacuolated
NP cells of the hTNFa-TG animals. Together microarray analysis confirmed that TNFa
overexpression has little effect on the NP compartment, and the minimal effect is consistent
with the changes shown in this model.
DISCUSSION

There is a vast body of literature linking inflammatory cytokines with disc disease
(12,15,31,32). However, our recent studies of a hTNFa overexpressing mouse model
revealed no signs of disc degeneration after 16 weeks; in fact, the NP of these hTNFa
overexpressing mice appeared healthier and more cellular than WT controls (14). However,
it is unclear whether the nutrient limited NP compartment could support this increased
cellularity and consequent metabolic demands over a longer time course (33). To ascertain
whether a long-term TNFa challenge would sustain both a healthy NP and AF
compartments we evaluated structural changes in discs of TNFa transgenic animals with
less severe arthritic disease burden and a relatively longer lifespan than the Tg197 strain
(34). This study showed that longer-term exposure to hTNFa caused changes in the AF
characterized by cell death, altered collagen fibril structure, immune cell infiltration and
macrophage-mediated loss of outer lamellae. Importantly, even with extensive AF damage,
the NP maintained its cellularity, tissue morphology and matrix composition.

Systemic overexpression of hTNFa resulted in an increase in numerous blood cytokine
concentrations: IL-1pB, IL-2, KC/GRO, and MCP-1. Notably absent from this list was TNFa
itself. The multiplex platform used to measure blood cytokine concentrations is mouse-
specific and consequently does not reflect A TNFa levels in these mice, which should be
around 2.5 pg/mL (34). Suppression of endogenous TNFa. in the context of TNFa
overexpression is expected based on previously published data examining the TNFa
concentration of these mice in response to lipopolysaccharide (LPS) stimulation (34).
Increased systemic cytokine concentrations, in particular TNFa, characterize conditions like
obesity and smoking that are implicated in increasing the risk of disc disease associated LBP
(35-38). Establishing a severe model of systemic inflammation thus allowed the evaluation
of its effect on disc health.

In addition to the altered systemic cytokine profile, the overexpression of hTNFa resulted in
alterations in vertebral bone structure including cortical and trabecular thinning. There is a
well-established link between systemic inflammatory conditions and reduced bone mass for
both smoking and diabetes (39,40). The state of the neighboring vertebral bone
inflammation is pertinent to the discussion of degenerative disc disease: bone marrow
inflammation with Modic changes, is highly correlated with painful disc degeneration
(41,42). However, despite vertebral bone inflammation there were no corresponding changes
in disc health. This finding reinforces the view that the disc is largely isolated from the
neighboring bony inflammation (14).

Despite the robust and significant changes in both systemic cytokine profile and vertebral
bone phenotype, the intervertebral discs in the hTNFa-TG mice remained largely
unaffected, with comparable or healthier Modified Thompson scores in both regions of the
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spine. The NP cells in the lumbar hTNFa-TG levels occupied a larger proportion of the NP
compartment than WT controls, however this trend did not appear to hold true in the caudal
levels. Caudal NP cells of hTNFa-TG mice did not retain the vacuolated phenotype seen in
the lumbar region. The change in apparent cell size mirrors the small changes of DHI
described by uCT; there is a small decrease in DHI and apparent cell size in the caudal
spine, and a small increase in DH and cell size in the lumbar spine. This result suggests that
NP cell vacuoles may contribute to the DHI measurement. Cell size is particularly relevant
to degenerative disc disease, because smaller chondrocyte-like cells are associated with
aging and degeneration (6,7). The increase in cell band size in the lumbar region is
consistent with a recent study involving overexpression of TNFa. Our previous studies
showed that the cell band area was elevated together with increased size and vacuolar
morphology of NP cells (14). The lack of vacuolar change in the caudal NP cells is likely
secondary to the robust changes in the neighboring AF. While the basal TNFa
overexpression does not affect NP cell health, the presence of this immune response could
result in a more inflammatory environment inducing this phenotypic change.

Despite the lack of change in AF grade, it is important to note that the Modified Thompson
Grading system only considers NP cellularity and neglects AF cellularity, focusing instead
on AF clefts, buckling, and the mucinous infiltration characteristic of the loss of
demarcation between the AF and the NP (43). Consequently, this grading system misses the
most striking disc-related phenotypic effect of systemic hTNFa overexpression, AF cell
death and thinning. AF cell death progression appeared to proceed from the outside to the
inner layers of the tissue. Hence, there were few DAPI stained nuclei at the periphery of the
AF; within the AF, a zone of TUNEL positive cells was evident, and deep to this zone, the
cells are TUNEL negative. This out-to-in progression of cell death suggests that the AF cell
death is in response to the invading immune cells and not nutrient deprivation.

The lack of this immune reaction in the lumbar discs is puzzling. Most likely, this reflects
the difference in mechanical stress experienced by the caudal and lumbar component of the
axial skeleton (44). Increased displacement in the caudal spine translates to elevated stress
on the caudal discs leading to micro-fractures and an immune response in the caudal levels
of the TNFa transgenic mice. The observation that COMP expression is low in the hTNFa.-
TG animals is of particular interest since this molecule has been shown to be protective
against collagen-induced arthritis (45). Thus, decreased COMP would be expected to
increase the susceptibility of the collagen-rich matrix to immune mediated degradation.
Although there was clear loss of cellularity and loss of AF width, the fibrillar collagen
content in the remaining AF was structurally similar to WT AF collagen. This similarity
suggests that the immune response is not due to an intrinsic issue with the collagen itself, but
it may be due to proteins organizing the AF collagen matrix.

The limited changes in hTNFa-TG NP gene expression identified by microarray analysis
further reinforces the view that cytokine overexpression has a minimal effect on the health of
the NP compartment. While increased cytokine expression within the NP compartment is
typically considered pathological, it is important to acknowledge that TNFa is expressed in
the juvenile human NP indicating that this cytokine may play a physiological role in disc
homeostasis (46). TNFa may be involved in maintaining cell viability and matrix
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homeostasis in the physiologically challenging disc niche that is hypoxic, hyperosmolar, and
under mechanical stress (47). Earlier work from our group found that TNFa expression is
maintained in the post-natal NP cells by tonicity-responsive binding-protein (TonEBP); this
transcription factor controls cell adaptive responses in the hyperosmolar disc environment
likely in part by regulating the expression of pro-survival and anabolic matrix genes
(20,48,49). Additionally, complete removal of IL-1pB, another cytokine closely related to disc
degeneration, renders mice more susceptible to age-related disc degeneration, further
reinforcing the importance of the physiological role that certain cytokines play in the
preservation of disc health (50). Of the genes that did change in the hTNFa-TG animals,
two were related to antigen presentation. This is a particularly intriguing finding considering
that MHC type Il antigen presentation is typically restricted to a small population of immune
cells. However, NP cells possess the ability of internalize and cleave external material as
reported before and by our present study. This process could represent a novel way for NP
cells to communicate with each other or keep the disc space free of cellular debris; however,
much more work is necessary to adequately explore this idea.

In summary, findings from this investigation confirm that AF health and integrity is pivotal
to disc health. Clinical research supports the idea; a longitudinal study of adults looking at
the association between AF tears and degenerative disc disease found that annular tears
likely occur early in the course of disc disease and speed NP degeneration (51). A second
study of a pediatric population found that only 30 percent of discs with radial annular tears
had intact discs while only 3 percent of degenerate discs had an intact AF (52). While
systemic cytokine expression did not directly induce NP degeneration, the loss of vertebral
bone mass and thinning of the AF suggest that systemic inflammation may weaken the
integrity of the AF-EP junction predisposing these discs to herniation (53). The findings
presented herein further support the hypothesis that the NP compartment is isolated from
systemic inflammation and the immune system; and importantly, any procedure that
compromises AF integrity should be avoided.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Circulating cytokine levelsin hTNFa-TG mice showed an overall increase of
inflammatory markers compared to WT controls.

IL-1pB, IL-2, KC/GRO, and MCP-1 show a significant increase in concentration in the
hTNFa-TG mice. IP-10 and IL-5 both show a significant decrease in the hTNFa-TG mice.
Scatter plots show all data points plotted as mean * SD. t-test was used to determine
significance between groups. (n = 5) * p<0.05, ** p<0.01, *** p< 0.001.
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Figure 2: hTNFa-TG vertebrae showed cortical and trabecular thinning.
(A-B’) Representative UCT scans of caudal motion segments of 9-month-old spines showing

cortical thinning in hTNFa.-TG vertebrae. (C-C”) Cross-section of a representative caudal
vertebrae showing a robust cortical thinning of hTNFa-TG bone. (D-F’) Representative pCT
scans lumbar vertebrae (D-D’) whole, (E-E”) optical hemi-section, and (F-F’) cross section.
(G) Quantification of cortical thickness in caudal vertebrae. (H-K) Bone volume/trabecular
volume (BV/TV), trabecular thickness (Th.Th), trabecular number (Th.N), and disc height
index (DHI) of WT and hTNFa-TG mice (mean £ SD) (n =5 mice per genotype with 3
consecutive vertebrae/animal). Scatter plots show all data points and plotted as mean + SD.
Significance was determined using ANOVA and Sidak’s multiple comparison test. Scale bar
=1mm ** p<0.01, **** p<0.0001.
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Figure 3: TNFa transgenic lumbar discs are healthier than wild type controls, but the caudal
annulus fibrosus shows cell infiltration of the outer lamellae.

(A-F”) Safranin O/Fast Green/Hematoxylin staining of coronal sections of WT and hTNFa.-
TG mouse intervertebral discs (A, A’, D, D’; scale bars = 200um; B-C’ and E-F’, scale bars
= 20um). (F, G) Distribution of histological grades of (F) caudal and (G) lumbar discs using
the modified Thomson scale. (H, 1) Average modified Thompson scores for (K) caudal and
(L) lumbar intervertebral discs of 9-month-old WT and hTNFa-TG mice. (J-K”)
Representative images and quantification showed similar expression of NP cell markers
glucose transporter 1 (GLUT1) (n=4; 1-2 levels per animal for WT, n = 5; 3 levels per
animal for h\TNFa-TG)(J-J”) and carbonic anhydrase 3 (CA3) (n=5; 3 levels per animal) (K-
K™) in WT and hTNFa-TG lumbar discs (J-K’; scale bar = 200 pm). (L) The area occupied
by the NP cell band in lumbar discs is significantly larger in the hTNFa-TG animals.
However, the NP compartment showed comparable cell number between WT and hTNFa-
TG mice (M). Histological grading data was collected from 4 caudal and 4 lumbar discs per
mouse (n=5 mice/genotype). Scatter plots show all data points and plotted as mean + SD.
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Significance was determined using ANOVA and Sidak’s multiple comparison test. * p<
0.05, **** p<0.0001.
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Figure 4: hTNFa-TG mice evidence a vigorous inflammatory response adjacent to the caudal AF
accompanied by AF cell loss and reduced AF width.

TUNEL staining of (A) WT and (A”) hTNFa-TG caudal levels. (B) Quantification of AF
cellularity by counting the number of nuclei on DAPI stained sections. (C) Quantification of
AF width measured from Safranin O/Fast Green/Hematoxylin stained images. (D-G’)
Representative immunofluorescence staining of caudal discs from WT and hTNFa-TG mice
showing elevated immune cell staining of (D,D’) CD68 a phagocytic macrophage marker,
(E,E’) Ly6 a neutrophil marker, and (F-G’) both CD4 and CD8 T-cell markers. Quantitative
data was plotted as mean + SD and differences between groups were analyzed using t-test.
*** p<0.001, **** p<0.0001 Staining was performed on 5 animals/genotype and
representative images are shown. Scale bar = 200um.

J Bone Miner Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gorth et al.

Page 21

Caudal | | Lumbar |
hTNFa-TG

|[ Bright Field |

Polerized

Caudal coL | coLl COMP

WT hTNFo-TG

e,
-

-

%Area

WT hTNFa-TG
B Mature

% Area

O Intermediate

WT  hTNFo-TG WT  hTNFo-TG WT  hTNFo-TG

B Immature

Figure5: hTNFa-TG mice show no differencein AF collagens but havereduction in cartilage
oligomeric matrix protein.

(A-D’) Picrosirius red staining of (A-B’) caudal and (C-D’) lumbar discs showing collagen
organization in the annulus fibrosus. Collagen fibers visualized under polarized light (A’, B’,
C’, and D”) show organized lamellae (scale bar 50 um). (E, F) Quantification of the fiber
content distribution in (E) caudal and (F) lumbar levels showing no significant difference in
fiber maturity distribution (n = 5 animals/genotype). Representative images of
immunofluorescence staining of disc and quantification showed comparable expression of
(G) caudal collagen I (COL 1), (H) caudal collagen 11 (COL I1), and a reduction in (1)
cartilage oligomeric matrix protein (COMP) levels of hTNFa-TG mice. Staining was
performed on 5 animals/genotype and 1-2 levels per animal; A-D’ scale bar = 100um; G-I’
scale bar = 200um. Significance between fiber distribution was determined using x 2 test and
differences between immunofluorescence staining data plotted as mean + SD was analyzed
using t-test. * p<0.05

J Bone Miner Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gorth et al.

Page 22

A <05 05
Bt b b4 bt b i il o P s
UOOUOOFFFFRFKF

342 274 205 -1y 7 08 _ 068 137 205 274 342
= -09F

Gm21936 Xaxis = Expected, Y axis = Observed
82

AdD2 4 KIS

Lyz2
7 Slc22a17 Acps Lirb4a” “Nikbia N

Ctss
Krtda Ovgp
] 5 1s *. M9t i a7

Tmdsft omasTs, . .
. Rhob«
. .

Gm5294
4930572003Rk

e
Kk1b3d

-log10("FDR P-val’)
00 02 04 06 08 1.0 1.20

Efemp1 D Log2FC

NE
[
-
2 o
o o
:
;*
*
%
¥
¥

639
Trmdsf1
Krt23

Krtdap
Lhfpl1

Myi7
Gm15818
Mitfmt

Sk22a17

Fold Change
(Normalized to GAPDH)

Ovap1 GO Term Biological Process P Value Genes

Gm5447 Regulation of sensory perception of pain  2.7E-2  Adrb2, Ctss

Hist1h2al Cellular response to hydrogen peroxide 3.7E-2  KIf2, Rhob

Figure 6: Microarray analysesreveals minimal gene expression changesin the NP of hnTNFa-TG
mice.

(A) A heat map showing gene and sample clustering of the genotypes in to two distinct
groups with more distance between the hTNFa-TG samples than the WT controls. (B)
Significance analysis of microarrays (SAM) with a delta value of 0.74 for an FDR of 5%.
(C) VWolcano plot showing genes with Log?2 (fold change) greater than 1 or less than -1 in
orange, genes with Log2 (fold change) greater than 1 or less than —1 and adjusted p value <
0.1 in green, and genes with adjusted pvalue <0.1 in red. (D) PCR verification of genes
identified by microarray analysis with significance determine by t-test. (E) A table showing
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the DAVID identified significant GO biological terms associated with the gene expression
changes identified by the microarray. * p< 0.05, ** p<0.01, *** p<0.001.
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