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Abstract

Increased cytokine expression, in particular interleukin-1p (IL-1p), is considered a hallmark of
intervertebral disc degeneration. However, the causative relationship between IL-1 and age-
dependent degeneration has not been established. To investigate the role of IL-1 in driving age-
related disc degeneration, we studied the spine phenotype of global IL-1a/p double knockout
(IL-1KO) mice at 12 and 20 months. Multiplex ELISA analysis of blood revealed significant
reductions in the concentrations of IFN-vy, IL-5, IL-15, TNF-a, IP-10, and a trend of reduced
concentrations of IL-10, MIP-1a, KC/GRO, and IL-6. However, the circulating level of MIP-2, a
neutrophil chemattractant, was increased in the IL-1KO. The alterations in systemic cytokine
levels coincided with altered bone morphology—IL-1KO mice exhibited significantly thicker
caudal cortical bone at 12-and 20-months. Despite these systemic inflammatory and bony changes,
IL-1 deletion only minimally affected disc health. Both wild type and IL-1KO mice showed age-
dependent disc degeneration. Unexpectedly, rather than protecting the animals from degeneration,
the aging phenotype was more pronounced in IL-1KO animals: knockout mice evidenced
significantly more degenerative changes in the annulus fibrosis (AF) together with alterations in
collagen type and maturity. At 20-months, there were no changes in nucleus pulposus (NP)
extracellular matrix composition or cellular marker expression; however, the IL-1KO NP cells
occupied a smaller proportion of the NP compartment that those of wild type controls. Taken
together, these results show that IL-1 deletion altered the systemic inflammatory environment and
vertebral bone morphology. However, instead of protecting discs from age-related disc
degeneration, global IL-1 deletion amplified the degenerative phenotype.

Keywords
Genetic animal models; aging; cytokines; collagen; Chondrocytes; intervertebral disc degeneration

To whom correspondence should be addressed: Dr. Makarand V. Risbud, Department of Orthopaedic Surgery, Sidney Kimmel Medical

College, Thomas Jefferson University, Philadelphia PA, 19107. Tel: 215 955 1063; Fax 215 955 9159;
makarand.risbud@jefferson.edu.

Authors’ roles

Study design: DG, IS and MR. Study conduct, data collection, data analysis: DG. Data interpretation: DG, IS, and MR. Drafting

manuscript: DG. Revising manuscript content: DG, MR, IS. Approving final version of manuscript: DG, MR, IS. DG and MR takes

responsibility for the integrity of the data analysis.
Conflicts of Interest: None for all authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gorth et al. Page 2

INTRODUCTION

Low back pain (LBP) is a widespread, costly, and complex medical condition. Over ten
percent of the population is currently experiencing low back pain; approximately one quarter
of adults report having back pain the previous month, and the number of affected individuals
rises to over eighty percent when considering the population who sought care for LBP in the
previous year (1-3). LBP is intricately correlated with the health of the intervertebral disc; a
study reviewing the MRIs of patients with persistent LBP showed disc degeneration in 87%
of the participants (4).

The healthy intervertebral disc comprises three distinct structures: an inner gelatinous
glycosaminoglycan-rich nucleus pulposus (NP), a fibrocartilaginous annulus fibrosus (AF)
that circumferentially encases the NP, and cartilaginous endplates (EP) that cap the NP and
AF superiorly and inferiorly. As the disc degenerates with age or disease, the NP becomes
more fibrotic, losing proteoglycan content and consequently the ability to bind water,
compromising the mechanical properties of the motion segment (5-7). The vacuolated
notochordal-derived NP cells die or transition to cells that exhibit the characteristics of
hypertrophic chondrocytes (6,7). In addition to these cellular and extracellular matrix
changes, inflammatory cytokine expression increases with increasing severity of disc
degeneration (8). These cytokines promote disc degeneration by activating matrix
metalloproteinases (MMPs), causing further extracellular matrix breakdown (9-11).
Interleukin-1p (IL-1p) and tumor necrosis factor-a. (TNF-a) are the most commonly
studied inflammatory cytokines in conjunction with disc degeneration.

IL-1B and its structurally distinct but functionally similar family member IL-1a signal by
binding to IL-1 receptor, inducing the expression of inflammatory genes in addition to
increasing their own transcription creating a positive feedback loop (12). IL-1 signaling is
tempered by endogenous expression of IL-1 receptor antagonist (IL-1ra), which
competitively binds to IL-1 receptor (13). IL-1p and its receptor expression increase as
severity of degeneration increases without a commensurate increase in IL-1ra, suggesting
that activation of IL-1p signaling is correlated with intervertebral disc degeneration (14). In
addition to its role in promoting extracellular matrix breakdown, IL-1p also interferes with
aggrecan transcription and translation, further tipping the scales from anabolism to
catabolism (14). However, it is interesting to note that IL-1f is expressed in the NP
compartment as early as postnatal day 0, implying that this cytokine may have other
physiological functions (15). Considering its potential role in promoting disc degeneration,
targeting IL-1p signaling is current being explored to treat disc degeneration (16,17).
Despite the existing literature suggesting its importance, the causative link between IL-1
signaling and age-dependent degeneration has not been clearly established.

To gain further understanding of the role of IL-1 in the progression of age-dependent disc
degeneration, we performed an in-depth analysis of the spinal phenotype of a previously
generated global IL-1a/IL-1pB double knockout mouse at twelve and twenty months of age
(18). Surprisingly, while both genotypes showed age-related disc degeneration, the absence
of IL-1 appeared to enhance the age-dependent phenotype as opposed to ameliorate the
effect of aging on the intervertebral disc. These results thus provide the first evidence that
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activation of IL-1 signaling alone is not sufficient to drive age-dependent degenerative
pathologies of the disc.

RESULTS

IL-1KO mice show a reduction in systemic levels of inflammatory makers

To investigate if loss of IL-1 results in decrease in circulatory levels of inflammatory
markers, we used a multiplex ELISA assay platform from Mesoscale Discovery to measure
circulating levels of cytokines in the blood. Analysis of 12-month and 20-month samples in
both wild type (WT) and IL-1KO mice showed no age-related differences, so the samples
were grouped together for the subsequent comparative analysis between genotypes. IL-1KO
mice showed reduced plasma concentrations of the vast majority of cytokines assayed, with
significant reductions in IFN-vy, IL-5, TNF-a, IL-15, and IP-10 (Fig. 1). Moreover, 1L-10,
MIP-1a, KC/GRO, and IL-4 all showed a trend of reduction in ILLKO mice compared to
wild-type mice (Fig. 1). The plasma concentrations of IL-6, IL-2, and MCP-1 were nearly
identical between the genotypes. On the other hand, there was a significant increase in the
serum concentration of MIP-2 with a trend of increasing levels of IL-17 and IL-33 in IL1KO
mice (Fig. 1). These results suggest that there was an overall reduction in the systemic levels
of inflammatory markers in IL-1KO mice.

IL-1KO vertebrae show cortical thickening with limited trabecular changes

Micro-computed tomography (UCT) analysis showed that the exterior caudal cortical shell
had similar morphology between WT and IL-1KO mice (Fig. 2A, A’). However, optical
sectioning of the reconstructed images in both sagittal and transverse planes clearly showed
a pronounced thickening of the cortical shell of the caudal vertebrae of the 20-month
IL-1KO mice (Fig. 2 B-C’). This cortical phenotype was also present in the 12-month
animals (Fig. S1 A-C’). The cortical shells of the 20- and 12-month-old lumbar vertebrae
were thinner than the caudal levels, with no appreciable between the genotypes (Fig. 2 D-F’
and Fig. S1 D-F’). Quantification confirmed that the IL-1KO mice had a significant increase
in caudal cortical shell thickness at both 12 (p = 0.0004) and 20 months (p < 0.0001), but
changes in the lumbar cortical bone were undetectable at both time points (Fig. S1G and Fig.
2G). Despite the robust change in caudal cortical bone thickness, the trabecular bone in both
the caudal and lumbar vertebrae was similar between the genotypes at 20 months of age
(Fig. 2 H-K). Interestingly, while the IL-1KO caudal bone volume/total volume (BV/TV)
showed a small but significant increase, the IL-1KO lumbar vertebrae did not show a
difference between the genotypes (Fig. 2H). The trabecular thickness (Th.th) mirrored the
BV/TV result showing a significant increase in the IL-1KO caudal levels and no change in
thickness of the lumbar levels (Fig. 21). Both the BV/TV and Th.th values were higher in the
caudal than the lumbar vertebrae in both the genotypes. The remaining trabecular bone
parameters such as trabecular spacing (Tb.sp) and trabecular number (Th.n) were constant
between the genotypes (Fig. 2 J and K). The 12-month IL-1KO animals showed no changes
in the lumbar parameters, but some trabecular changes in the caudal parameters (Fig. S1H-
M). Trabecular thickness was increased in the IL-1KO 12-month caudal levels, and
trabecular spacing showed a corresponding decrease (Fig. S1 1,J). Noteworthy, the disc
height index (DHI) and disc height were not affected in IL-1KO animals at 20 months of
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age, but the caudal 1L-1KO animals showed a 75um increase in disc height despite no
change in DHI (Fig 2 L and M and Fig. S1 L and M).

IL-1KO mice do not evidence protection from age-dependent disc degeneration

To investigate if IL-1 signaling plays an important role in age-dependent disc degeneration
in vivo, we performed an in-depth histological analysis of IL-1KO and WT mice at 12 and
20 months of age. To accurately represent the full spectrum of observed phenotype, both
representative healthy and representative degenerated disc images from 20-month-old mice
were displayed (Fig 3 A-H’). Safranin O/Fast green and hematoxylin staining of healthy
lumbar discs showed comparable phenotypes between the IL-1KO mice and their wild type
controls (Fig. 3 A, A”). The healthier lumbar discs of both genotypes exhibited a vacuolated
cell band and abundant proteoglycan-rich matrix comprising the NP compartment (Fig. 3 B,
B’). The junction between NP and AF compartments was well demarcated, and the AF
comprised a well-organized collagenous lamellae interspersed with AF cells (Fig. 3 C, C’).
The EP of healthy WT and IL-1KO discs showed various levels of ossification and vascular
infiltration, however there were no discernable differences between the genotypes (Fig. D,
D).

In the degenerated levels, the discrete NP cell band was replaced by dispersed clusters of
chondrocyte-like cells scattered throughout the NP compartment (Fig. 1E-F”) with evidence
of clonal proliferation (arrow, Fig. 1F, F’). Moreover, in these degenerated levels, the
proteoglycan-rich extracellular NP matrix of the healthy lumbar disc was replaced by
conspicuous pericellular and inter-territorial proteoglycan matrix interspersed with varying
levels of collagenous material, a hallmark of hypertrophic cartilage as well as tissue fibrosis
(Fig. 1 F, F*). The distinction between the NP and AF compartment was diffuse in the
degenerated levels (Fig. 1G, G’). The EP of both the WT and IL1KO degenerated discs
showed chondrocytic cell proliferation and clefts delaminating from the NP and EP (arrows,
Fig 1H, H’). Similar to 20-month-old animals, 12-month-old IL-1KO and WT mice showed
comparable lumbar disc histology, except that the discs were overall healthier than the 20-
month-old animals (Fig. S2 A-B”).

The caudal discs of both genotypes also showed age-dependent degeneration. Unlike the
lumbar discs, the caudal disc NP cells of both age groups were clustered in the center of the
NP compartment, and did not show the distinctive cell band (Fig. S2 C-F’). The NP cells
towards the periphery of the compartment were vacuolated while the central cells were more
condensed around a few pockets of proteoglycan-rich matrix (arrows, Fig. S2 F, F’). In
healthy discs, the NP/AF border in both genotypes remained distinct (Fig. S2 G, G”).
Additionally the EPs of wild type and IL-1KO animals showed discrete EP consisting of a
thin layer of chondrocytes overlying the bony EP (Fig. S2 H, H’). The degenerated examples
from both genotypes again showed similar pathological features (Fig. S2 I-L").

There were no significant level-by-level differences observed (Fig. S3), so lumbar and
caudal levels were each pooled for analysis to provide an overview of degeneration status of
the lumbar and caudal spine. Likewise, no sex dependent differences in NP and AF grades
were found regardless of the genotype, so the presented grading data includes both sexes
equally represented between genotypes. At 12 months compared to wild type controls, the
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distribution of Modified Thompson scores of the IL-1KO lumbar discs showed a reduction
of completely healthy Grade 1 NP and AF and an increased incidence of more degenerated
NP and AF, tissues with higher grade scores (Fig. 31). While at 20 months, the distribution
of Modified Thompson scores was overall worse than at 12 months for both NP and AF in
both genotypes, there was a less pronounced difference in the grade distribution between the
two genotypes (Fig. 31). The caudal grade distributions followed the same trends as the
lumbar distributions, with a more pronounced trend in the distribution of AF scores in the
20-month-old IL-1KO caudal discs toward grade 3 and 4 than wild type controls (Fig. 3J).

Figure 3K shows the average Modified Thompson scores for lumbar levels at 12 and 20
months. Both genotypes showed a significant (p < 0.0001) age-dependent reduction in NP
and AF health (Fig. 3K). The lumbar discs of wild type and IL-1KO mice showed
comparable age-dependent changes. Like the lumbar discs, the NP and AF of caudal discs
showed age-related degeneration regardless of the genotype (Fig. 3L). While the distribution
of average Modified Thompson scores of the NP was similar at both 12 and 20 months,
surprisingly, the average of AF scores in the IL-1KO caudal discs was significantly worse (p
=0.0267) than the wild type controls 4 (Fig. 3L). The caudal AF of IL-1KO levels showed
an amplified age-dependent reduction in health.

NP cells in IL-1KO mice preserve their molecular phenotype but occupy a smaller
proportion of the NP.

To determine if deletion of I1L-1 results in altered molecular phenotype, we analyzed the
expression of validated NP phenotypic markers, carbonic anhydrase 3 (CA3) and glucose
transporter 1 (GLUTL). NP cells showed a robust expression of both of the markers and the
expression was restricted to the NP compartment; staining was comparable between the two
genotypes (Fig. 4 A-B’). Additionally, GLUT1 signal was seen in the vasculature of the
bony EP, as is expected due to its known expression in immune cells (Fig. 4 B and B’) (19).
Quantification of staining in NP compartments confirmed comparable expression and thus
the phenotypic similarities of cells between the genotypes (Fig. 4 A’’, B’*). Since both
genotypes showed a spectrum of degeneration (Fig. 3), we investigated whether the NP
marker expression was sensitive to disease status and if it was influenced by the genotype.
The staining for NP cell marker CA3 decreased as severity of degeneration increased in both
IL-1KO and WT animals (Fig. 2C-E’). To determine if there were any changes in the
cellularity and cell size due to absence of IL-1, we quantified these parameters. While the
lumbar NP compartment of IL-1KO discs had similar cellularity as the wild type controls,
the cell band in IL-1KO mice occupied a smaller area of the compartment (o = 0.0388) (Fig.
3G and H). Taken together, these results show that NP cells in IL-1KO mice preserved their
phenotypic characteristics but occupy a smaller proportion of the NP.

IL-1KO mice show differences in AF collagens but preserve proteoglycan composition of

the NP

To delineate if absence of IL-1 in the systemic and local tissue environment during the aging
process resulted in better preservation of extracellular matrix quality, we analyzed the status
of major extracellular matrix components of the disc. Picrosirius red staining and polarized
microscopy were performed to determine the collagen content and fiber diameter of the
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fibrillar collagens. Both caudal and lumbar discs showed strong collagen localization in the
AF with a weak pericellular staining around the NP cells (Fig. 5 A-D”). Polarized light
images exhibited strong birefringence, an indicator of collagen fiber maturity, and showed
variation between genotypes with IL-1KO AF containing more mature fibers (Fig. 5 B, B’)
(20). This difference was not visible in the lumbar discs (Fig. 4 D, D’). To quantify this
difference, the percent area occupied by green, yellow, or red fibers was evaluated to confirm
the significant (p < 0.05) difference in caudal fiber distribution and no difference in lumbar
fiber maturity (Fig. 5E, F). To determine if there were genotype-specific differences in the
expression of major collagens of the disc, we studied localization of collagens I and Il. Both
collagen I and collagen Il were primarily localized in the AF in a fibril-morphology in the
caudal and lumbar discs of both IL-1KO and WT mice (Fig. 5 G-H’ and J-K”).
Quantification of collagen staining in the AF compartment showed no differences in the
amount of collagen I, but a significant decrease in collagen Il in both caudal and lumbar
IL-1KO discs (Fig. 5 G-H” and J-K”). Additionally, we measured the expression of cartilage
oligomeric matrix protein (COMP), which helps maintain the structural integrity of the
collagen matrix, in the caudal levels. We observed a significant decrease in COMP content
in the IL-1KO mice (Fig. 5 I-17).

In addition to the AF collagen composition, we studied the localization and integrity of
aggrecan, a predominant proteoglycan of the disc. Immunofluorescent staining revealed that
aggrecan (ACAN) and chondroitin sulfate (CS), the major glycosaminoglycan component of
aggrecan were predominantly localized in the NP compartment; the pattern and level of
expression were similar between the 1L-1KO and WT mice (Fig. 6 A-B”). To investigate if
aggrecan turnover is affected in the mutant mice, we stained disc sections for aggrecanase
generated N-terminal neoepitope ARG (ARGXxx) of aggrecan; the staining was
predominantly localized in the pericellular region in the AF with no changes between
genotypes. In contrast to ARGxx, MMP generated N-terminal neoepitope DIPEN showed
diffuse staining throughout the NP, but again there were no apparent differences between the
two genotypes (Fig. 6 C-D”). Additionally we looked at collagen X staining, which is
expressed during disc degeneration (6). Collagen X showed little staining in relatively
healthy 20-month old discs (data not shown), however its expression was diffused
throughout the NP of degenerated discs with strong pericellular staining around the NP cells
that acquired hypertrophic chondrocyte-like morphology (Fig. 6 E-E”). These results show
that the NP matrix content and composition were not affected in IL-1KO mice.

DISCUSSION

There is a vast body of literature that has linked inflammation and in particular IL-1p to disc
disease (21-24). Studies of spinal phenotype of the global IL-1a/p double knockout were
therefore undertaken with an aim to establish a causative relationship between this important
cytokine and disc degeneration. We tested the hypothesis that activation of IL-1 signaling
with aging contributes to age-dependent disc degeneration with the expectation that deletion
of IL-1 is protective and results in better preservation of the tissue structure than in wild type
mice. However, surprisingly, the results suggest that there was an overall lack of protection
from age-related disc degeneration in the IL-1KO mice, though the IL-1KO mice fared
worse on some criteria. The IL-1KO and wild type animals evidenced different vertebral
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bone parameters and blood cytokine profiles. Knocking out IL-1 resulted in significant
changes in the circulating cytokine profile with reductions in several key inflammatory
cytokines including IFN-y, TNF-a, IL-5, IL-15, and IP10. Previous studies have examined
the cytokine profile of IL-1KO mice in response to an inflammatory stimulus; the cytokine-
mediated inflammatory response is muted in these IL-1KO mice (25). While the IL-1KO
mice in this study were not subjected to any acute stimulus to induce inflammation, aging
itself creates a proinflammatory state (26). It was interesting to note that unlike other
cytokines, MIP-2 was increased in the knockout mice. MIP-2 is secreted by cells to recruit
lymphocytes (27) and it is plausible that in IL-1KO mice, the peripheral tissues secrete
excess MIP-2 to compensate for the reduced immune function associated with decreased
TNF-a and IFN-y (28,29) Thus, in agreement with previous studies, the overall reduction in
cytokines observed herein could be representative of a reduction in the systemic
inflammatory state of IL-1KO mice.

In addition to the altered systemic cytokine profile, the lack of IL-1 resulted in alterations in
vertebral bone morphology in the knockout mice characterized by marked cortical
thickening in the caudal levels. The lack of detectable difference in the lumbar cortical bone
is not surprising. Due to the 16 um voxel size used for scanning and the average lumbar
cortical thickness of 50 um, a 20 percent difference between genotypes, observed in the
caudal cortical bone, falls within the observational error for this measurement in the lumbar
spine. The thicker cortical bone is likely due to reduced osteoclast function; the difference
between genotypes was more pronounced in the 20-month-old mice than the 12-month-old
mice, suggesting a possible catabolic mediated process as opposed to a developmental
defect. Both the BV/TV and trabecular thickness showed an increase in the caudal vertebrae
of the IL-1KO mice compared to WT controls at 20 months of age. While 12-month-old
IL-1KO mice showed trends of increased BV/TV, only the change in trabecular thickness
was significant. These results are in agreement with previous studies that showed increased
cortical bone thickness in the long bones of these IL-1KO mice due to reduced osteoclast
function (30,31).

It is noteworthy that despite the robust and significant changes in both systemic cytokine
profile and vertebral bone phenotype, the NP of IL-1KO mice were not drastically affected.
Very recent work suggests that the intervertebral disc is isolated from systemic inflammatory
factors and alterations in neighboring vertebral bone morphology (32). While the NP cell
molecular phenotype was preserved in IL-1KO mice, there was a small reduction in the area
that cells occupied in IL-1KO lumbar levels. Since there was no apparent change in the
pericellular matrix content or the cell number between the genotypes, this could imply that
IL-1KO NP cells are smaller than WT NP cells. Smaller chondrocyte-like cells are
associated with aging and degeneration (6). This result is consistent with a recent study
showing that overexpressing inflammatory cytokine TNF-a leads to increased cell band size
and a vacuolar morphology of NP cells (32). However, contrary to the current understanding
of the role of cytokines in disc degeneration, the absence of IL-1 amplified the age-related
degeneration in the caudal spine; the 20-month-old AF grades in IL-1KO mice were
significantly worse than WT controls. The lack of phenotype in the lumbar AF compared to
the caudal AF could arise from the difference in mechanical stress experienced by these
sections of the axial skeleton (33). Increased displacement in the caudal spine translates to
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elevated stress on the caudal discs, and knocking out IL-1 may impair the homeostatic
ability of the AF to heal resulting micro fractures. The worse AF grades and reduced AF
collagen 1l and COMP levels in the IL-1KO mice fits well with the important role that
cytokines play in healing collagenous structures (34). This could indicate that systemic IL-1
signaling may be important to maintaining AF integrity and preventing herniation. IL-1
receptor type | (IL-1R) KO mice show reduced fibrosis in response to injury, consequently
impaired collagen deposition could affect AF health in IL-1KO mice (35). An aging model
of osteoarthritis showed the protective role of inflammatory cytokines in tissue degeneration;
IL-6 knockout mice are more susceptible to age-related osteoarthritis, supporting the
possible protective role of traditionally inflammatory cytokines in age-related tissue
degeneration (36). Importantly, the observation that the caudal discs of IL-1KO mice
possessed a higher content of mature collagen fibers and a corresponding decrease in thin,
more nascent fibers, along with reduced collagen 11 levels was a clear reflection of the
contribution of IL-1 to collagen homeostasis of the compartment. A recent study showed
that IL-1f concentration in the disc is not age dependent (37). These observations
underscore the complex interaction of the IL-1 genotype with the mechanical environment
of the tissue, while at the same time providing the first evidence that IL-1 may have
important physiological functions in the disc.

While our results initially appear to contradict a previous study of IL-1ra deficient mice that
exhibit features consistent with early onset disc degeneration, there are several possibilities
that could account for this difference. There is an inherent difference between removing an
inhibitor of a positive feedback loop and removing one component of a redundant system
promoting inflammation. Moreover, due to the inherent inter- and intra-animal variation, the
smaller sample size used in the IL-1ra knockout mouse paper is more prone to this bias than
the analysis of 32 caudal and 32 lumbar levels from 8 mice per genotype at each of the time-
points in this present study (21). It is noteworthy that the cartilage degeneration and arthritic
phenotype associated with IL-1ra knockout is highly strain dependent. The previous study of
disc phenotype in IL-1ra knockouts was done on a BALB/c background while the work
presented herein uses C57BL/6 mice (21). BALB/c mice deficient in IL-1ra spontaneously
develop chronic inflammatory arthritis while IL-1ra deficient DBA/1 and B10.DR1 mice do
not (38). The IL-1ra knockout driven arthritic phenotype was found to be dependent on a
non-MHC genetic basis; by crossing the BALB/c and DBA/1 mice, and performing
quantitative trail locus analysis, a region on chromosome 1 has been identified that contains
the arthritis predisposing factor, and further genomic analysis indicates that it is likely
interferon activated gene 204 (1fi204) (39,40). This Ifi204 effect appears to be immune cell
related; concurrently knocking out IL-17, a T cell-derived inflammatory cytokine, abrogated
the development of arthritis in IL-1Ra KO (41). The analysis presented herein showed no
significant change in systemic IL-17 between the genotypes, suggesting that an 1L-17
mediated process would not affect these mice. It is therefore highly plausible that the genetic
differences between the strains C57BL/6 (IL-1KO model) and BALB/c (IL-1ra KO) account
for the observed differences (42). It is also important to acknowledge that the intervertebral
disc is an immune privileged compartment, so an effect mediated by the involvement of T-
cells may spare this organ while affecting the more accessible synovia of diarthrodial joints,
an idea that is supported by the recent studies of hnTNF-Tg mice (32). Taken together, 1L-1
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deletion altered the systemic inflammatory environment and vertebral bone morphology but
did not have the expected effect on intervertebral disc health. Instead of protecting discs
from age-related degeneration, global IL-1 deletion amplified the degenerative phenotype.
This observation challenges the existing dogma that IL-1 expression in the disc is inherently
pathological and raises the question, what are the physiological functions of this cytokine in
the homeostasis of the disc compartment with aging.

MATERIALS AND METHODS

Mice —

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. The global IL-1a/p double knockout
mice on C57BL/6 background generated by Horai et al. were used in this study (18). These
mice harbor deletions of the part of exon 5 and intron 5 that encodes the N-terminal coding
region for mature IL-1a and exons 3 through 5 that contain N-terminal coding region for
mature IL-1B. These mice do not exhibit any mRNA expression of IL-1a and IL-1p
confirming complete disruption of the IL-1 genes (18). Both male and female mice were
used in these studies.

Blood collection and analysis —

Blood from both 12- (n=6) and 20- (n=6) month-old mice was collected immediately post-
mortem by intra-cardiac puncture using heparinized needles. Red blood cells were separated
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 IL1KO and wild type spines fixed with 4% PFA. Six
mice per genotype were used and data was averaged as a mean of 2-3 spinal levels; all levels
were plotted. Segments were scanned with an energy of 70 kVp, a current of 114 mA, and a
200-ms integration time producing a resolution of 16 mm?3 voxel size. The region of interest
for analysis 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 (43).
Disc height index (DHI) was calculated by dividing average disc height by the height of
adjacent vertebral bodies.

Histological analysis —

Spines were decalcified in 20% ethylenediaminetetracetic acid (EDTA) at 4~C for 15 days
before paraffin embedding. Mid-coronal 7 um sections were used for staining. Xylene
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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 (44,45). Eight mice per genotype with 4 discs per mouse
for both caudal and lumbar levels were analyzed.

Picrosirius Red™ Analysis —

Picrosirius Red™ staining visualized localization and quality of the collagen fibrils (20,46).
Stained sections were imaged on a polarizing microscope (Eclipse LV100 POL, Nikon) (6).
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.

Cell number quantification —

DAPI (Thermo Fisher Scientific, P36934) stained mid-coronal 7um sections were used to
quantify cell number in the NP. Three sections per animal (n=8) 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 (47).
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.

Immunofluorescence microscopy —

Mid-coronal 7 pm sections were used for all immunofluorescence studies. Sections were de-
paraffinized and rehydrated as described above before antigen retrieval. Antigen retrieval
was accomplished in an antibody-specific manner by either heated citrate buffer for 20 min
or proteinase K for 10 min at room temperature or Chondroitinase ABC for 30 min 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. The
primary antibodies used were Aggrecan (1:50, Millipore, AB1031), Collagen 1 (1:100,
Abcam, ab34710), Collagen Il (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), CS (1:300, Abcam,
ab11570), and DIPEN (1:500, mdbiosciences, 1042002) staining, Mouse on Mouse Kit
(\ector laboratories, BMK-2202) was used for blocking and primary antibody incubation.
Tissue sections were washed and incubated with the appropriate Alexa Fluor®-594
conjugated secondary antibody (Jackson ImmunoResearch), at a dilution of 1:700 for 1 h at
room temperature in dark. The sections were washed again with PBS-T (0.4% Triton X-100
in PBS) and mounted with ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, P36934). All mounted slides were allowed to set overnight 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 for all genotypes. Staining percent area quantification of three levels from six
animals of each genotype was performed using ImageJ software (NIH); thresholds remained
constant for each antibody.
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Statistics —

Eight animals per genotype per time point were used for analysis (n=8), 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. Four
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 x 2 test. All
statistical analyses were performed using Prism7 (GraphPad Software). £ <0.05 was
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Blood cytokine levels in IL-1KO mice showed an overall decrease compared to wild-

type mice.

Blood cytokine analysis of 12-month-old (shown in blue n=6) and 20-month-old (shown in
red n=6) wild type (filled circle) and IL-1KO (open circle) mice. IFN-vy, IL-5, IL-15, TNF-
a, and IP-10 showed a significant decrease in concentration in IL-1KO mice. IL-10,
MIP-1a, KC/GRO, and IL-6 all showed a trend of decrease in the IL-1KO mice. IL-2
showed no change between the genotypes. MIP-2 showed a significant increase in
concentration, while IL-17 showed a trend of increase in IL-1KO mice. Scatter plots show
all data points and plotted as mean £SD. t-test was used to determine significance between
groups. * p<0.05
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Figure 2: IL1KO vertebrae showed cortical thickening with limited trabecular changes.
(A-B’) Representative UCT scans of caudal motion segments of 20-month-old spines

showing cortical thickening. (C-C”) Cross section of a representative 20-month-old vertebrae
showing a robust cortical thickening. (D-F’) Representative pCT scans 20-month-old lumbar
vertebrae (D-D’) whole, (E-E’) optical hemi-section, and (F-F’) cross section. (G)
Quantification of cortical thickness in caudal and lumbar vertebrae of 20-month-old mice.
(H-M) Bone volume/trabecular volume (BV/TV), trabecular thickness (Tb.th), trabecular
spacing (Th.s), trabecular number (Th.n), disc height index (DHI), and disc height index of
IL1KO and wild type mice (mean £SD) (n = 6 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. ns = not significant, *
p<0.05, **** p<0.0001.
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Figure 3: Both IL-1KO and wild type mice evidenced age dependent spectrum of degeneration.
(A-H”) Safranin O/Fast Green/ Hematoxylin staining of coronal sections of wild type and

IL-1KO mouse intervertebral discs showing both representative healthy discs (A-D’) and
representative degenerated levels (E-H”) with the NP, AF, CEP, and BEP labeled on the top
row for reference (left column, scale bars = 200um; right three columns, scale bars = 50um).
(1, J) Distribution of histological grades of (I) lumbar and (J) caudal discs using the modified
Thomson scale for 12-month-old and 20-month-old mice. (K, L) Average modified
Thompson scores for (K) lumbar and (L) caudal intervertebral discs of 12-month and 20-
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month-old WT and IL-1KO mice. Data was collected from 4 caudal and 4 lumbar discs per
mouse (n=8 mice/genotype). Scatter plots show all data points and plotted as mean £SD.
Significance was determined using ANOVA and Sidak’s multiple comparison test. * p<
0.05, *** p<0.001, **** p<0.0001.
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Figure 4: NP cells in IL-1KO mice were phenotypically similar to wild-type mice but occupied
smaller proportion of the NP compartment.

(A,A’) Representative images showed similar expression of NP cell markers carbonic
anhydrase 3 (CA3) and (B,B”) glucose transporter 1 (GLUT1) in WT and IL-1KO lumbar
discs (scale bar = 200 um). Quantification of NP markers from 3 levels from 6 animals each
per genotype confirmed comparable expression of (A’”) CA3 and (B’”) GLUT1 between
genotypes. (C, C’) Expression of CA3 was robust in healthy lumbar levels and is reduced
and nearly absent in increasingly degenerated discs (D-E’) (Scale bar = 200 pm). (G) NP
compartment showed comparable cell number between WT and IL-1KO mice. (H) The area
occupied by the NP cell band in lumbar discs is significantly smaller in the IL-1KO animals.
Quantitative data was plotted as mean £SD and differences between groups were analyzed
using t-test. * p<0.05
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Figure 5: IL-1KO discs show differences in AF collagen content.

(A-D’) Picrosirius red staining of 20-month-old (A-B’) caudal and (C-D’) lumbar discs
showing collagen organization in the annulus fibrosus. Collagen fibers visualized under
polarized light (B and D) show organized lamellae (scale bar 50 um). (E, F) Quantification
of the fiber content distribution in (E) caudal and (F) lumbar levels (n = 6 animals/
genotype). Representative images of immunofluorescence staining of disc and quantification
showed comparable expression of (G) caudal collagen I (COL I) with a reduction in (H)
caudal collagen Il (COL II) levels in AF compartment and (1) cartilage oligomeric matrix
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protein (COMP) levels in the NP compartment of IL-1KO mice. (J) Col I and (K) Col Il
staining in the lumbar levels followed the trend as caudal levels. Staining was performed on
6 animals/genotype and 3 levels per animal; scale bar = 200pm. 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, *** p< 0.001, ****
p<0.0001
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Figure 6: IL-1KO and WT mice showed comparable proteoglycan content and composition.
(A-E”) Representative immunofluorescence staining images of discs from 20-month-old

WT and IL-1KO mice and their quantification showed comparable expression levels of (A-
A”) Chondortin sulfate (CS), (B-B”) aggrecan (ACAN) and aggrecan cleavage products (C-
C”) ARGxX, (D-D”) DIPEN, and (E-E”) collagen X done on degenerated levels. (n =6

animals/genotype and 3 levels per animal; scale bar = 200 um). Differences between
immunofluorescence staining data plotted as mean £SD and analyzed using t-test. No
significant differences were found.
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