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Discogenic low back pain (LBP) is a main cause of disability and inflammation is

presumed to be a major driver of symptomatic intervertebral disc degeneration (IDD).

Anti-inflammatory agents are currently under investigation as they demonstrated to

alleviate symptoms in patients having IDD. However, their underlying anti-inflammatory

and regenerative activity is poorly explored. The present study sought to investigate

the potential of Etanercept and Tofacitinib for maintaining disc homeostasis in a

preclinical intervertebral disc (IVD) organ culture model within IVD bioreactors allowing

for dynamic loading and nutrient exchange. Bovine caudal IVDs were cultured in a

bioreactor system for 4 days to simulate physiological or degenerative conditions: (1)

Phy—physiological loading (0.02–0.2 MPa; 0.2Hz; 2 h/day) and high glucose DMEM

medium (4.5 g/L); (2) Deg+Tumor necrosis factor α (TNF-α)—degenerative loading

(0.32–0.5 MPa; 5Hz; 2 h/day) and low glucose DMEM medium (2 g/L), with TNF-α

injection. Etanercept was injected intradiscally while Tofacitinib was supplemented into

the culture medium. Gene expression in the IVD tissue was measured by RT-qPCR.

Release of nitric oxide (NO), interleukin 8 (IL-8) and glycosaminoglycan (GAG) into the

IVD conditioned medium were analyzed. Cell viability in the IVD was assessed using

lactate dehydrogenase and ethidium homodimer-1 staining. Immunohistochemistry was

performed to assess protein expression of IL-1β, IL-6, IL-8, and collagen type II in the

IVD tissue. Etanercept and Tofacitinib downregulated the expression of IL-1β, IL-6, IL-8,

Matrix metalloproteinase 1 (MMP1), and MMP3 in the nucleus pulposus (NP) tissue and

IL-1β, MMP3, Cyclooxygenase-2 (COX2), and Nerve growth factor (NGF) in the annulus

fibrosus (AF) tissue. Furthermore, Etanercept significantly reduced the IL-1β positively

stained cells in the outer AF and NP regions. Tofacitinib significantly reduced IL-1β

and IL-8 positively stained cells in the inner AF region. Both, Etanercept and Tofacitinib

reduced the GAG loss to the level under physiological culture condition. Etanercept and

Tofacitinib are able to neutralize the proinflammatory and catabolic environment in the IDD

organ culture model. However, combined anti-inflammatory and anabolic treatment may

be required to constrain accelerated IDD and relieving inflammation-induced back pain.
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FIGURE 9 | IL-6 immunohistochemistry staining of IVD tissue from the Tofacitinib experiments. Representative IL-6 IHC image of NP region, inner AF region (iAF) and

outer AF (oAF) region from day 0 control samples (Day0.med.), IVDs cultured under physiological condition on day 4 (Phy.med.), IVDs cultured under degenerative

condition on day 4 (Deg.med.), and IVDs cultured under degenerative condition and treated with Tofacitinib on day 4 (Tofacitinib.med.). Scale bar: 100µm. The

percentage of positively stained cells were counted, as presented in the bar graph. n = 8, Means + SEM, *p < 0.05.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 June 2020 | Volume 8 | Article 583



Li et al. Biologicals in Discopathy

FIGURE 10 | IL-8 immunohistochemistry staining of IVD tissue from the Tofacitinib experiments. Representative IL-8 IHC image of NP region, inner AF region (iAF) and

outer AF (oAF) region from day 0 control samples (Day0.med.), IVDs cultured under physiological condition on day 4 (Phy.med.), IVDs cultured under degenerative

condition on day 4 (Deg.med.), and IVDs cultured under degenerative condition and treated with Tofacitinib on day 4 (Tofacitinib.med.). Scale bar: 100µm. The

percentage of positively stained cells were counted, as presented in the bar graph. n = 8, Means + SEM, *p < 0.05.
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FIGURE 11 | Collagen type II immunohistochemistry staining of IVD tissue from the Etanercept experiments. Representative COL2 IHC image of NP region, inner AF

region (iAF) and outer AF (oAF) region from day 0 control samples (Day0.inj.), IVDs cultured under physiological condition on day 4 (Phy.inj.), IVDs cultured under

degenerative condition on day 4 (Deg.inj.), and IVDs cultured under degenerative condition and treated with Etanercept on day 4 (Etanercept.inj.). Scale bar: 100µm.

The staining optical density (OD)/area value was analyzed, as presented in the bar graph. n = 8, Means + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

Interestingly, degenerative and proinflammatory culture
condition also induced gene expression of nerve growth factor
(NGF) in the AF tissue, which is related with nociceptive
nerve ingrowth and discogenic pain (Freemont et al., 1997;
Nakawaki et al., 2019). Previous work has already indicated
that, inflammatory cytokines such as IL-1β, TNF-α regulate local
intradiscal NGF expression and subsequent ingrowth of small

non-myelinated nerve fibers into the IVD (Abe et al., 2007;
Miyagi et al., 2012, 2018; Nakawaki et al., 2019). Although
our model lacks the opportunity to investigate pain behavioral
changes due to IDD driven NGF expression as done by others
(i.e., in vivo studies in rodents), upregulation of NGF in the AF
tissue may be a hint for local intradiscal NGF production in our
ex vivo system as observed in symptomatic IDD (Lai et al., 2015).
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FIGURE 12 | Collagen type II immunohistochemistry staining of IVD tissue from the Tofacitinib experiments. Representative COL2 IHC image of NP region, inner AF

region (iAF) and outer AF (oAF) region from day 0 control samples (Day0.med.), IVDs cultured under physiological condition on day 4 (Phy.med.), IVDs cultured under

degenerative condition on day 4 (Deg.med.), and IVDs cultured under degenerative condition and treated with Tofacitinib on day 4 (Tofacitinib.med.). Scale bar:

100µm. The staining optical density (OD)/area value was analyzed, as presented in the bar graph. n = 8, Means + SEM, *p < 0.05, ***p < 0.001.

Additionally, degenerative culture conditions combined with
TNF-α injection elevated the IL-8 protein release compared to
physiological culture conditions, further indicating inflammatory
disc condition consistent with our previous work (Lang et al.,
2018). Likewise, GAG and NO release were enhanced due
to the inflammatory and degenerate culture condition. The
collagen type II and proteoglycan expression in the IVD were
not reduced by degenerative culture condition compared to the
Phy group, as indicated by IHC staining in the current study

and Safranin O staining and GAG content quantification from
previous study, respectively (Lang et al., 2018). This is due to
the high intrinsic content of GAG and collagen type II within
the young bovine discs, which did not show a reduction under
Deg condition during the culture period. However, the enhanced
GAG release into the culture medium indicates the early onset of
matrix degradation.

The biomechanical response of IVDs under a degenerative
proinflammatory stimulus was assessed via disc height change.
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FIGURE 13 | Cell viability of IVD tissue from the Etanercept experiments. Representative LDH/ EthD-1 staining image of NP region, inner AF region (iAF) and outer AF

(oAF) region from day 0 control samples (Day0.inj.), IVDs cultured under physiological condition on day 4 (Phy.inj.), IVDs cultured under degenerative condition on day

4 (Deg.inj.), and IVDs cultured under degenerative condition and treated with Etanercept on day 4 (Etanercept.inj.). Scale bar: 50µm. The percentage of alive cells

were counted, as presented in the bar graph. n = 8, Means + SEM, ***p < 0.001.
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FIGURE 14 | Cell viability of IVD tissue from the Tofacitinib experiments. Representative LDH/ EthD-1 staining image of NP region, inner AF region (iAF) and outer AF

(oAF) region from day 0 control samples (Day0.med.), IVDs cultured under physiological condition on day 4 (Phy.med.), IVDs cultured under degenerative condition on

day 4 (Deg.med.), and IVDs cultured under degenerative condition and treated with Tofacitinib on day 4 (Etanercept.med.). Scale bar: 50µm. The percentage of alive

cells were counted, as presented in the bar graph. n = 8, Means + SEM, **p < 0.01, ***p < 0.001.
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FIGURE 15 | Disc height change normalized to the original dimension after dissection. n = 8, means ± SEM, ***p < 0.001, ****p < 0.0001, FS, Free swelling.

Outcome indicates that a short-term application of degenerative
loading increased temporary disc height loss of bovine IVDs.
However, the disc height recovery capacity after free swelling did
not differ between the groups, which is consistent to our previous
study (Lang et al., 2018). Degenerative loading combined with
TNF-α injection significantly decreased cell viability in the NP
and inner AF tissue compared to the physiological and Day0
control groups.

In summary, the combination of detrimental dynamic
loading, nutrient deficiency, and intradiscal TNF-α injection is
able to simulate the proinflammatory and degenerative condition
operative in IDD, highlighting the potential of our whole IVD
organ culture model to efficiently screen and explore novel anti-
inflammatory agents or regenerative therapies.

Etanercept and Tofacitinib Reduce
Proinflammatory Activity in IDD
As far as we know, this is the first study evaluating anti-
inflammatory effects of Etanercept and Tofacitinib within a
proinflammatory and degenerative microenvironment of a whole
organ IVD culture model. Both, Etanercept and Tofacitinib
partially prevented the upregulation of proinflammatory
cytokines in IVDs cultured under IDD-like conditions which
supports outcome of previous in vitro studies on TNF-α
inhibition (Likhitpanichkul et al., 2015; Walter et al., 2015b;
Evashwick-Rogler et al., 2018). Moreover, our data confirms the
concept of recent work investigating a potential involvement
of the IL-6/JAK/STAT3 pathway in IDD (Suzuki et al., 2017).
Pharmacological inhibition of JAK3 activity with CP690550
significantly suppressed the IL-6-mediated gene expression in
human AF cells. Increased expression levels of IL-6 are associated
with active discopathy (Kang et al., 1995; Watts et al., 1996;
Pedersen et al., 2015). Milici et al. performed a rodent in vivo

study to evaluate whether selective JAK3 inhibition can preserve
cartilage in RA. Outcome revealed a dose dependent reduction
of clinical and histological signs of joint inflammation following
JAK-inhibition (Milici et al., 2008).

On protein level, Etanercept and Tofacitinib did not
alter IL-8 protein release. Etanercept partially diminished the
elevated release of proinflammatory mediator NO compared
to IVDs cultured within a degenerative and proinflammatory
microenvironment, while Tofacitinib did not. In summary, these
results indicate a superior protective anti-inflammatory effect of
Etanercept in the tested conditions compared with Tofacitinib.
Within the IVD tissue, a region dependent anti-inflammatory
effect of both drugs was observed, where Etanercept reduced the
percentage of IL-1β positively stained cells in the oAF region,
while Tofacitinib reduced the percentage of IL-1β and IL-8
positively stained cells in the iAF region.

Etanercept Shows a “Pain” Alleviation
Effect
Intradiscal administration of Etanercept has shown to relieve
pain at 4-weeks after injection in discogenic low back pain
patients (Sainoh et al., 2016). In the current study, Etanercept
reduced the expression of NGF in the AF tissue. Previous
research by Kivitz et al. (2013) and Katz et al. (2011)
investigated whether Tanezumab, a monoclonal antibody that
specifically inhibits NGF, relieves chronic pain in a randomized
controlled trial against naproxen and placebo. The authors
concluded that Tanezumab provides greater improvement in
pain, function, and global scores vs. placebo and naproxen
in patients with chronic low back pain. These results indicate
that Etanercept may alleviate discogenic pain by inhibition of
NGF expression.
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Etanercept and Tofacitinib Partially
Diminish Matrix Catabolism in IDD
Etanercept and Tofacitinib prevented the upregulation of MMP1
and MMP3 catabolic gene expression in the NP tissue. In
addition, both drugs reduced the GAG loss to the level under
physiological culture condition. These results indicate that both
drugs could prevent matrix degradation and slow down the
catabolic pathology in disc degeneration. They are also consistent
with previous research, where Tofacitinib was shown to reduce
degenerative effects of proinflammatory cytokines in rat AF cells
(Suzuki et al., 2017). IVD degeneration starts with GAG loss and
fibrosis in the tissue. Therefore, these drugs which showed an
inhibition effect on GAG loss under the degenerative condition
are of important potential for clinical translation, to slow down
the IVD degeneration process after traumatic injury.

Both biologicals tested in the present study are FDA approved
drugs for the treatment of chronic inflammatory diseases such
as RA, Psoriasis, and ulcerative colitis. These drugs have been
implemented in daily clinical use with limited clinical side effects
(Genevay et al., 2009; Fleischmann et al., 2012). Furthermore,
Etanercept was proved successful in alleviating symptoms in
patients with disabling discogenic or radicular LBP (Genevay
et al., 2004, 2012; Cohen et al., 2009; Okoro et al., 2010; Ohtori
et al., 2012; Freeman et al., 2013; Sainoh et al., 2016).

Strengths and Limitations
In contrast to previous models, the present organ culture system
comprises a 3D IVDmicroenvironment combined with dynamic
loading, which is more relevant than cell culture experiments
(Ponnappan et al., 2011; Purmessur et al., 2013; Walter et al.,
2015a; Krupkova et al., 2016; Teixeira et al., 2016). In vitro
studies have several limitations when assessing inflammation
and IVD homeostasis as the monolayer culture itself induces
a dedifferentiation effect on IVD cell phenotype (Kluba et al.,
2005). IVDs can be maintained viable under dynamic load
in a bioreactor for several weeks while still having intact
endplates (Illien-Junger et al., 2010; Li et al., 2015, 2016a,
2017). Here, we offer a relevant and easily modifiable whole
organ culture system providing a straightforward and cost-
efficient approach to rapidly screen a variety of therapies for
IVD regeneration. Furthermore, the present organ culture system
reduces the need for unnecessary animal studies and thus
perfectly represents the 3R principles “reduce, replace, refine”
while still delivering relevant answers on research questions.
Probably, the observed changes on gene signaling are “early
signs” which may cause alteration on protein expression when
performing longer experiments. Hence, the limited effect of the
drugs might be due to the short observation time. The current
study was designed as a first screening step to investigate if
Etanercept and Tofacitinib are able to inhibit or slow down
this inflammation at the beginning of the signaling progression,
which is the primary requisite for anti-inflammatory therapeutics
that show an immediate response. Further analysis of another
longer time point is warranted in future studies to evaluate
the long-term effect of the drugs. In our experiments, neither
Etanercept nor Tofacitinib were capable of maintaining initial
cell viability during degenerative culture. Though targeting
different signaling molecules, both drugs could partially reduce

the detrimental effects. However, combined anti-inflammatory
and anabolic treatment may be required to constrain accelerated
IVD degeneration while relieving back pain and promoting
disc regeneration.

Changes on gene expression level are the first alterations in
the onset of degeneration which are later followed by protein
and structural changes. The distinctive distribution of cytokines
among different disc tissue regions in symptomatic IDD might
offer a basis for tissue specific application of novel treatments,
which needs further intensified investigation.

In addition, systemic reaction and interaction cannot be
investigated in the present organ culture system. Certainly, this
system fails to reproduce complex immunologic interactions.
However, intradiscal injection of Etanercept in patients already
demonstrated beneficial effects which were partially reproducible
in our bioreactor system (Tellegen et al., 2018).

CONCLUSIONS

The combination of detrimental dynamic loading, nutrient
deficiency and intradiscal TNF-α injection could simulate the
proinflammatory and degenerative condition operative in active
discopathy, highlighting the potential of our whole IVD organ
culture model to efficiently screen and explore novel anti-
inflammatory agents or regenerative therapies. In addition,
Etanercept and Tofacitinib revealed their capability to slow down
the degenerative cascade and neutralize the proinflammatory
microenvironment in our early onset organ culture model.
Combined anti-inflammatory and anabolic treatment may be
required to constrain accelerated IVD degeneration while
relieving back pain and promoting disc regeneration.

DATA AVAILABILITY STATEMENT

Datasets are available on request. The raw data supporting the
conclusions of this article will be made available by the authors,
without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

ZL: substantial contributions to study design, acquisition,
analysis, interpretation of data, drafting the paper, revising
it critically, and final approval. YG and FH: substantial
contributions to acquisition of data, analysis, interpretation of
data, revising the article critically, and final approval. DK, NS,
KI, EK, RR, and MA: substantial contributions to study design,
revising the article critically, and final approval. SG: substantial
contributions to study design, interpretation of data, revising the
article critically, and final approval. GL: substantial contributions
to study design, interpretation of data, drafting the article,
revising it critically, final approval, and takes responsibility
for the integrity of the work as a whole, from inception to
finished article.

FUNDING

This study was funded by the Foundation for the Promotion
of Alternate and Complementary Methods to Reduce Animal

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 20 June 2020 | Volume 8 | Article 583

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Li et al. Biologicals in Discopathy

Testing (SET) under the project InflamoDisc [number 59], AO
Foundation, and AO Spine International. GL was supported
by the Berta-Ottenstein-Programme for Advanced Clinician
Scientists, Faculty of Medicine, University of Freiburg. The
article processing charge was funded by the Baden-Württemberg
Ministry of Science, Research and Art and the University of
Freiburg in the funding programme Open Access Publishing.

ACKNOWLEDGMENTS

We would like to acknowledge Nora Goudsouzian and Robert
Peter (AO Research Institute Davos, Davos, Switzerland) for
technical support. The collagen type II antibody was obtained

from the Developmental Studies Hybridoma Bank, developed
under the auspices of the NICHD and maintained by the
University of Iowa, Department of Biology, Iowa City, IA, USA.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00583/full#supplementary-material

Supplementary Figure 1 | Gene expression levels of NP tissue in Tofacitinib

dose response experiment. Gene expression levels of NP tissue after 4 days of

culture under Deg culture condition, with 250 ng/mL or 2.5 µg/mL Tofacitinib
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