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Abstract Autologous disc cell transplantation (ADCT) is a cell-based therapy aiming to initiate regeneration of inter-
vertebral disc (IVD) tissue, but little is known about potential risks. This study aims to investigate the presence of structural
phenomena accompanying the transformation process after ADCT treatment in IVD disease. Structural phenomena of
ADCT-treated patients (Group 1, n = 10) with recurrent disc herniation were compared to conventionally-treated patients
with recurrent herniation (Group 2, n = 10) and patients with a first-time herniation (Group 3, n = 10). For ethical reasons,
a control group of ADCT patients who did not have a recurrent disc herniation was not possible. Tissue samples were
obtained via micro-sequestrectomy after disc herniation and analyzed by micro-computed tomography, scanning electron
microscopy, energy dispersive spectroscopy, and histology in terms of calcification zones, tissue structure, cell density, cell
morphology, and elemental composition. The major differentiator between sample groups was calcium microcrystal
formation in all ADCT samples, not found in any of the control group samples, which may indicate disc degradation. The
incorporation of mineral particles provided clear contrast between the different materials and chemical analysis of a single
particle indicated the presence of magnesium-containing calcium phosphate. As IVD calcification is a primary indicator of
disc degeneration, further investigation of ADCT and detailed investigations assessing each patient’s Pfirrmann degen-
eration grade following herniation is warranted. Structural phenomena unique to ADCT herniation prompt further
investigation of the therapy’s mechanisms and its effect on IVD tissue. However, the impossibility of a perfect control
group limits the generalizable interpretation of the results.
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1 Introduction

Approximately 40% of disc herniation patients develop
chronic lower back pain following micro-sequestrectomy
[1, 2]. Regenerative therapies provide new treatment
options to replace conservative treatment and reconstruc-
tive surgeries for treating intervertebral disc degeneration
(IDD) [3, 4]. Evaluation of these new treatments is based
on clinical symptoms, patient conditions, and the current
biological stage of the disc assessed by the MRI-based
Pfirrmann grading scheme [5].

For the early stages of disc degeneration, a protein
injection of growth factor is occasionally considered as a
promising method of treatment [6], as it stimulates extra-
cellular matrix production; however, a cell therapeutic
approach also appears promising [7]. For grade IV or V
degeneration, several treatment options are under investi-
gation [8], including gene therapies which provide a more
prolonged mode of growth factor delivery, as well as direct
cell therapies through various types of cells [9, 10]. Most of
these new treatment options are the subject of basic science
and preclinical studies. However, regenerative therapies
present a promising approach for the treatment of chronic
back pain caused by a herniation of a lumbar intervertebral
disc (IVD).

Autologous disc cell transplantation (ADCT) based
therapies are currently one the most advanced treatment
options and two ADCT approaches are being clinically
tested [11-14]. For both approaches, cells from the anulus
fibrosus (AF) and nucleus pulposus (NP) tissue sequestered
from the spinal canal are isolated by enzymatic digestion
via incubation with collagenase. A mix of AF and NP cells
are then cultivated until a sufficient amount of cells are
achieved [15]. The cells are then harvested to create the
cell graft. Depending on the application form, the approach
and cell grafts differ for reinjection.

The latest approach is still in phase 1 trials and injects
the cells together with a scaffold material [14]. The scaf-
fold material is an in situ polymerizing gel [13]. 12 patients
were treated in the trial, with a reherniation occurring in
one case after 7 months [13].

A second, older approach is the application of a pure cell
suspension in NaCl, as is the case for the product chon-
drotransplant® DISC. Previous preclinical studies of this
second approach using a canine model have suggested that
ADCT [10, 16] is able to initiate regeneration [12, 17]. The
first clinical trial of ADCT [11] was published in 2006 for
the cell-based chondrotransplant® DISC and included 12
patients meeting the following criteria: age 18—60 years,
body mass index (BMI) <28, single affected inter vertebral
disc, and low grade IDD [11]. Another 8 patients were
treated in a later study by the same method [18].
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The results of these studies demonstrated total exclusion
of responsive immune reactions, no inflammatory compli-
cations, and increased water content [11, 18]. The rate of
recurrent herniation was reportedly reduced in these trials,
while cancerous neoplasm formation was not observed.

Despite these published successes, disc reherniation
following treatment can still occur. Therefore, the present
study investigates which pathological changes occur in the
disc as part of the incidence of recurrent herniation by
analyzing disc sequester tissue. Due to the limited amount
of tissue (approximately 1-2 cm® worth) [19] available via
sequestrectomy following disc prolapse, this study focused
on analyzing morphological abnormalities in IDD tissue.
Information on known degeneracy characteristics such as
indicative cellular distribution [20, 21], cell morphology
[22], matrix structure [23], and calcification [24] was col-
lected and evaluated. Calcification of the intervertebral disc
in particular is a well-established characteristic of degen-
eration [24-26].

The aim of this study is to provide a microstructural
comparison of human tissue samples after: recurrent disc
herniation following ADCT treatment (Group 1, n = 10),
recurrent disc herniation without ADCT (Group 2,
n = 10), and initial disc herniation (Group 3, n = 10), as
well as a detailed chemical analysis of embedded mineral
particles.

2 Materials and methods
2.1 Patient population

Tissue samples with a volume of 1-2 cm® were evenly
bisected into one half for histological examinations and the
other for p-CT, scanning electron microscopy (SEM), and
energy dispersive spectroscopy (EDS).

An analysis of Group 1 samples after the first hernia-
tion could not be conducted due to the tissue volume
requirements and guidelines of the ADCT technique;
Group 3 samples were collected and analyzed as an
analogous control for this time step. All control group
patients also met the inclusion conditions for an ADCT
treatment trial and have comparable age and BMI
[11, 27]. All patients were operated on explicitly due to a
motor-function failure and received treatment no more
than 72 hours after the appearance of symptoms. The
mean age of all patients is 35.08 &+ 2.78 years; Table 1
lists further detailed descriptions of the three patient
groups. Patients were assessed via MRI performed with a
Philips Achieva 1.5T scanner and scored using the Pfir-
rmann scale (grades I-V) [5], with all patients exhibiting
grade V degeneration.
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Table 1 Overview of the patient group clinical data and treatments

Parameter Group 1 ADCT group Group 2 conventional recurrent Group 3 conventional
treatment group treatment group

Group size 10 10 10

Sex 4 female/6 male 4 female/6 male 3 female/7 male

Age 36.7 £ 1.6 348 £29 347 £ 3.1

BMI 26.1 £22 26.5 £ 39 248 £33

Level 7 x L4/L5 and 2x L5/S1 7 x L4/L5 and 3x L5/S1 8 x L4/L5 and 2x L5/S1

Recurrent herniation Yes Yes No

Treatment Micro-sequestrectomy Micro-sequestrectomy Micro-sequestrectomy
ADCT injection - -
Microsequestrectomy Microsequestrectomy -

Weeks between herniations 17 ...77 10 ... 122 -

Mean 37 + 26.7°

Mean 25.2 4+ 29.6%

* The values are not normally distributed

All tissue samples were collected as part of a clinical
study investigating microstructural changes during aging
and IDD.

2.2 ADCT technique

After surgery, tissue sequesters were sent in whole to the
sole ADCT manufacturer CO.DON AG (Teltow, Germany)
for synthesis of the chondrotransplant® DISC therapeutic
agent. As the sequestrum in its entirety was required for
production of the ADCT drug, it was impossible to perform
analysis of the tissue before it was sent to the manufacturer.
The therapeutic agent was subsequently received and
stored under cryogenic conditions until treatment. The cell
graft is an externally provided physiological saline cell-
suspension solution that was injected with a SPROTTE®
cannula (PAJUNK Medical, Geisingen, Germany) by the
attending surgeon.

2.3 Histology

For all three groups, one piece of each relevant tissue
sample was fixed in 2.5% (v/v) glutaraldehyde (Carl Roth
GmbH & Co0.KG, Germany), dehydrated using a soaking
series of ethanol dilutions (Carl Roth GmbH & Co.KG,
Germany), embedded in paraffin wax (Carl Roth GmbH &
Co.KG, Germany) and cut into 5 pm thick slices. Samples
were stained with a modified von Kossa staining to identify
possible calcium deposits [24, 28, 29]. A minimum of ten
different slides per patient were imaged via light micro-
scopy, examining dark brown stained regions of calcium
deposits. Images of the slides were taken at 40x and 100x
magnification.

2.4 Scanning electron microscopy (SEM)

The remaining piece of sequester tissue from each patient
was fixed using 2.5% (v/v) glutaraldehyde, rinsed twice
with phosphate buffered saline (PBS) (c.c.pro GmbH,
Germany), post-fixed with 0.5% (v/v) osmium tetroxide
(Carl Roth GmbH & Co.KG, Germany), rinsed with PBS
again, and then dehydrated via ethanol soaking series.
Samples were then “Spurr” resin-embedded [30]. The
resin blocks were abraded and polished to form a cross
section of the tissue, then sputter coated with a 2-3 nm
platinum layer. SEM investigations were performed in a
FEI Quanta 3D microscope using a back-scattered electron
detector (FEI, Eindhoven, Netherlands). The prepared tis-
sue samples were then investigated regarding tissue struc-
ture, cell density, and cell morphology using the
commercial software cell” (Olympus Soft Imaging Solu-
tions, Miinster, Germany). Afterwards, the sample was
abraded by another 50 microns, polished, and sputtered
before re-imaging. This procedure was repeated for ten
different levels.

2.5 Energy dispersive spectroscopy (EDS)

Chemical characterization of sample tissue areas selected
by SEM was performed via energy dispersive X-ray
spectroscopy (EDAX Inc., Mahwah, NJ, USA) in a Jeol
JSM-7401F high-resolution SEM (JEOL USA, Inc., Pea-
body, MA, USA) by engaging the EDS mode to produce an
energy dispersive X-ray spectrum. This allowed for iden-
tification and quantification of the each sample’s elemental
composition at various locations. The sample was exam-
ined by spot and surface area analyses at an acceleration
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voltage of 30 keV. Signal offset was determined by anal-
ysis of pure embedding resin. The separation of osmium
and phosphorus peaks was conducted by unfolding the
spectra in the analysis software TEAM™ EDS (EDAX
Inc., Mahwah, NJ, USA) [31].

2.6 n-CT/Nano-CT examination of intervertebral
disc samples

A phoenix nanomelx 180NF (GE, USA) source with a
nano-focus X-ray cone-beam and fixed stand detector with
512 x 512 pixels was used to examine material contrast
differences of minute objects in tissue samples with high
spatial resolution [32]. Soft tissue structures could also be
investigated, as samples were previously osmium-con-
trasted for SEM. Eleven images were collated by the
detector for each of the 500-image pattern steps over a 360°
rotation using an acceleration voltage of 100 kV, beam
current of 100 pA, and 400 ms exposure time. With a
resulting voxel size of 25 microns, visualization of indi-
vidual inclusions, e.g. calcification zones, was possible
with high X-ray density [32].

2.7 Statistical data analysis

Results of the calcification analysis for each of the tissue
samples provide a purely binary result (calcification 0; no
calcification 1), representing a simple Bernoulli distribu-
tion. The cell density and extracellular matrix size of each
patient were recorded across the 10 histological and SEM
image locations analogous to the methods presented in
[19]. The mean value and standard deviation for each of the
three patient groups was then calculated. Significance was
determined using one-way analysis of variance (ANOVA)
with a 95% confidence interval (significance level
p < 0.05) to identify any intercorrelations.

3 Results

As visible in the MRI images (Fig. 1A, B), stabilization of
the nucleus pulposus volume from each of the affected
discs was achieved immediately following ADCT injection
after the first disc herniation for all patients. Despite this,
long-term success was elusive as recurrent disc herniation
occurred in these patients. In addition, one ADCT patient
formed a type-1 Modic change over the prolapsed time
period (Fig. 1B). Contrary to the clinical and radiological
findings of the tissue structure, which exhibit no concern-
ing abnormalities, the p-CT studies (Fig.2) display a
substantial difference in X-ray contrast between individual
samples. Such a large difference could be investigated by
osmium staining the sample to visualize individual
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collagen structures. However, none of the samples
demonstrated a definitive orientation of tissue structures.
Group 1 patient samples also exhibited distinct areas of
greatly increased radiopacity that varied in size from a few
microns (the device’s resolution limit) to several millime-
ters in size (Fig. 2A). Additionally, circular and elliptical
particles exhibited a non-uniform distribution across the
Group 1 samples, as demonstrated through 3D recon-
struction (Fig. 2B). Interestingly, such particles were not
observed in the cross sections of conventionally-treated
patients (Fig. 2C). Figure 2D shows the sequestrum from
the recurrent herniated disc of a Group 2 patient. Histo-
logical analysis of finely cut sample sections was con-
ducted to highlight possible calcium deposits. Prepared
tissue samples from Group 1 patients contained stained
particles varying from 1 (Fig. 3A) to 10 um (Fig. 3B),
indicating possible calcium deposits. In comparison, the
two sections prepared from tissue samples of Group 2 and
Group 3 patients displayed no evidence of calcium parti-
cles (Fig. 3C, D).

For all included ADCT-treated patients (Group 1), the
examination result was calcification (denoted as ‘0’), as
evaluated by both nCT and von Kossa staining. All patients
in both control groups (Group 2, Group 3) exhibited no
calcification (‘1°). The probability function of the Bernoulli
distribution thus provides a trivial result of ¢ = 1 forp = 0
and q = 0 with p = 1 because calcification was seen in
100% of Group 1 patients and 0% of Group 2 and Group 3
patients.

An irregular distribution of tissue-forming cells was
observed in ADCT patient samples. Figure 4a shows the
SEM image of a typical cell from a representative Group 3
patient tissue sample. These separate cells are imbedded in
the surrounding tissue matrix and evenly distributed
throughout the tissue, with a cell density of
35.2 + 8.6 cells/cm®. Most cells exhibited a spherical
shape with a typical diameter for cartilage cells of
9.74 £ 0.86 pm. Newly generated extracellular matrix is
also visible in Fig. 4A, arranged in concentric shells
around the cell with each successive layer decreasing in
thickness. A variety of cell clusters containing multiple,
primarily spindle-shaped cells were present in ADCT
patients. A comparison of such agglomerates is displayed
in Fig. 4B, C, with a pocket formed around the cell cluster
in Fig. 4C. Between the individual agglomerated cells,
little extracellular matrix is visible. Additionally, no cell
clusters larger than 20 x 20 pm in size were visible in
Group 1 patients after treatment. The sample in Fig. 4B
exhibited substructures of disordered, tightly-packed fibrils
with relatively high contrast after osmium staining com-
pared to EDS.

EDS analyses were performed at various tissue loca-
tions, determined through osmium detection in the local
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Fig. 1 A T2-MRI images of a representative group-1 patient: (left)
the situation before micro-sequestrectomy of L4/5; (middle) slight
increase in volume and water content by ADCT injection in L4/5;
(right) recrudescence disc herniation of L4/5. B T2-MRI images of a
group-1 patient with additional Modic changes: (left) the situation
before micro-sequestrectomy of L5/S1 Modic Type I; (middle) slight
increase in volume and water content by ADCT injection in L5/S1

tissue, to ascertain particle composition (Fig. SA, B).
Table 2 shows the elemental distribution observed in a
representative Group 1 patient; elemental composition
results for all of the ADCT patients were comparable.
Proportional amounts of carbon and osmium were detected
through the selected staining method. By taking into

Modic Type I; (right) recrudescence disc herniation of L5/S1 Modic
Type I and increased zone of edema; C Representative T2-MRI
images of an group-2 patient: (left) the situation before micro-
sequestrectomy of L5/S1; (right) recrudescence without ADCT
treatment. D T2-MRI image of a representative group-3 patient, the
situation before micro-sequestrectomy L5/S1

account higher energy excitation levels, detectable levels
of carbon, oxygen, phosphate, calcium, and a negligible
concentration of magnesium were observed (Table 2) in a
single particle (Fig. 5C). However, analysis of the tissue
surface at position 2 (Fig. 5D), selected via SEM imaging
of a fibrillar structure, only shows detectable quantities of
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Fig. 2 pCT images of osmium
contrasted disc tissue samples,
A pCT cross-section of ADCT-
treated patient, marked by I
small particles with a diameter
of 1 um; B 3D reconstruction of
ADCT-treated patient, marked
by II large particles with a
diameter of 10 um; C pCT
cross-section of conventionally
treated patient—first herniation;
D pCT cross-section of
conventionally treated patient—
second herniation

notably higher carbon and osmium concentrations
(Table 2). The peak levels of calcium and phosphate vary
between particles (Table 2, position 5). Notably, substan-
tial portions of calcium and phosphate were not detected at
points 4, 7, and 8. Additionally, the variation in fractional
distribution of osmium, visible in SEM images at points 2,
4,7 and 8, correlates with a decreasing density of fibrillar
tissue components. Conventionally-treated patients also
displayed comparable EDS results at points 2, 4, 7, and 8.
As previously demonstrated through the SEM and X-ray
analyses, no particle inclusions were visible in these
patients. The shape of the particles and the high osmium
content at position 3 combined with the simultaneous
absence of minerals, i.e. the presence of organic matrix,
suggests that these are erythrocytes which have not been
removed despite thorough washing.

4 Discussion
The aim of this study was to investigate the presence of

structural phenomena that accompany the transformation
process after ADCT treatment in IVD disease. Some of the
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primary findings unique to Group 1 samples were the
presence of calcium particles, calcification, and irregular
cell distribution and clustering. These sample analyses are
particularly valuable, as obtaining tissue samples following
ADCT treatment in human patients is inherently difficult
due to low incidence and inclusion in clinical trials.

All patients represent a younger age group
(30-39 years) with a lower risk of recurrent disc herniation
than older individuals (60+ years) [23], though herniation
obviously cannot be precluded [33]. In the investigated age
group, a herniation event represents approximately 8.8% of
the patients treated at our clinic, which falls within the
range of previous reportings [34-36]. The average time
period between the first disc herniation and reherniation is
25.2 weeks for conventionally-treated patients (Group 2),
while the average time between subsequent herniations is
37.0 weeks for ADCT-treated patients (Group 1). How-
ever, this difference is not statistically significant as the
spread of individual events is too large (Table 1).

The probability of a recurrent disc herniation following
ADCT is comparable to conventional treatment [11]. Yet
very few clinical applications of the relatively new ADCT
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Fig. 3 Light microscopy image
of von Kossa staining of disc
tissue removed by
sequestrectomy after:

A Recurrent disc herniation of
an ADCT-treated patient
(group-1); B Recurrent disc
herniation of an ADCT-treated
patient (group-1); C Recurrent
disc herniation of a
conventionally treated patient
(group-2); D Single disc
herniation of a conventionally
treated patient (group-3)

Fig. 4 Scanning electron
microscopy of herniated disc
tissue: A Single cell I with
surrounding, newly formed
extracellular matrix II of the
recurrent sequestration tissue of
a patient after conventional
treatment (group-3). At III
strong material contrast due to
fat accumulation; B Cell
agglomerate with spindle-
shaped cells IV embedded in
dense matrix tissue V in
recurrent sequester tissue after
ADCT (group-1); C Cell
agglomerate strongly contrasted
with the surrounding area in
recurrent sequester tissue after
ADCT treatment (group-1);

D Individual particles (VII
small particles with a diameter
of 1 pm and VIII large particles
with a diameter of 10 pm) with
no apparent substructure in
recurrent sequester tissue after
ADCT (group-1)

@ Springer
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Fig. 5 Spot and mapping EDS analyses of different tissue regions of
a group-1 patient in an SEM image: A, B SEM images with marked
analysis positions 1-8 (elemental compositions shown in Table 2);

therapy have been performed prior to the present study, and
with little accompanying literature. Thus, the source of
comparable recurrent herniation rates between the two
treatments was previously unknown. An inflammatory
reaction in the tissue could be excluded as the cause based
on previous reports [11]. However, histological examina-
tions did show visible microstructural differences between
the patient groups.

Results of calcification analysis are unambiguous: cal-
cification in 100% of ADCT cases (Group 1) and in 0% of
control cases (Group 2, Group 3). It should be noted
however, that calcification in the populations sampled by
Group 2 and Group 3 can occur, if extremely rarely in
younger patients [37]. The tissue samples of convention-
ally-treated patients (Group 2, Group 3) exhibited many of
the common characteristics associated with degenerated
IVD’s. The tissue samples displayed a substantially
decreased cell density, decreased water content, altered
extracellular matrix structure, and nonhomogeneous col-
lagen content. However, other characteristics such as
spindle-shaped cells, formation of cell clusters, and
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C Spectra for the mapping analysis of the area of a particle 1;
D Spectra for the mapping analysis of the surrounding fibrillar tissue
area 2; E Spectra for the spot analysis of the particle at position 5

calcification were not observed. Additionally, cells were
uniformly distributed in the extracellular matrix, as has
been described for non-degenerated IVD’s. Although the
overlapping processes of aging and degradation are con-
sistently interrelated [33, 38, 39], it is notable that all
patients in the current study are under 40 years old. As
such, age is a lessened factor and it may be concluded that
the degenerative process is dominant. Weight-induced
degeneration may also be reasonably excluded, as all
patients possessed a BMI (25.9 £ 3.3) within the national
average range for ‘average weight’. However, a previous
study comprised of patients with a BMI greater than 25
observed an increased tendency for disc herniation [40].
Considering the younger age range, typically associated
with stronger regenerative capability, these patients are
ideal candidates for cell-based therapy and should be par-
ticularly inclined to positive outcomes, i.e. no reherniation.
The sequestered tissue from Group 1 patients used as a cell
source for ADCT was comparable to that of control
patients who received conventional treatment (Group 2,
Group 3). Thus, the age range, physical condition, and
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Table 2 Microanalysis of the o ) ) ) . )
elemental compositions (in Position C (at.%) O (at.%) Mg (at.%) Os (at.%) P (at.%) Ca (at.%)
atom percent) of different 1 53.66 30.31 1.26 171 4.15 8.92
sample regions marked in
Fig. 5A, B from one recurrent 2 78.79 17.12 0.58 2.68 0.50 0.38
ADCT patient 3 84.11 11.24 0.03 4.26 0.22 0.14

4 74.03 19.52 0.66 1.37 1.53 2.89

5 34.82 28.65 2.87 3.58 8.72 21.36

6 37.59 28.53 2.83 3.26 8.20 19.59

7 83.22 10.09 1.02 4.57 0.84 0.26

8 83.16 15.35 0.08 1.01 0.11 0.09

The osmium contrast agent and phosphorus were separated by the energetically significant spectral lines

tissue source were positive preconditions for ADCT ther-
apy. ADCT patients displayed positive clinical results
immediately following the injection (Fig. 1A, B), demon-
strated by slightly increased water content and disc volume.
However, permanent stabilization of the affected IVD and
restoration of NP water content were unattainable (Fig. 1A,
B), indicating that the injected autologous cells were
unable to produce water-binding glycosaminoglycans in
the extracellular matrix. The number of cells contained in
the chondrotransplant® DISC may be a critical factor for
future investigation, as this value is not specified for the
individual drug and may vary between 1 million and 6
million cells [11, 12]. The manufacturer’s indefinite cell
count specifications are problematic when evaluating
ADCT treatment. However, independent investigation of
the supplied therapeutic agent is contractually prohibited
by the manufacturer; the drug in its entirety must be used
solely for patient treatment. Estimation of the cell number
may only be achieved by evaluating what portion of the
minimum 1 million injected cells remain intact and reach
the nucleus pulposus region.

Therefore, it is of particular interest to investigate the
alterations of injected cells that occur while inside the
IVD. The formation of cell clusters and cell agglomerates
detected in the ADCT patients may result from two pos-
sible explanations: IVD degeneration, as it is a defining
characteristic of such [28, 33, 41-43], or the application
method. To determine the primary cause, a suspension of
cells and physiological saline was injected into the
nucleus pulposus using a 22G injection syringe guided to
the soft tissues by a 19G puncture needle. Following
injection, the extracellular matrix prevented a uniform
distribution of cells. The compact disc acts as a filter [28],
separating the cells from the saline solution. This irregular
distribution over an extended period of time results in
insufficient cell nutrition, as mass transport within the
degraded nucleus pulposus tissue is severely hampered
[44-46]. As such, injection of a large quantity of cells did
not result in a functionally adequate quantity of extra-
cellular matrix.

Histological slices and von Kossa staining of Group 1
tissue samples demonstrate the inclusion of mineral parti-
cles in cell distribution and matrix density. Additional
observations indicate that cell clusters may also act as a
seed crystal for onset of calcification. A comparison
between positions 5 and 7 (Fig. 5) suggests that the con-
trast differences seen between SEM and X-ray images may
not have resulted solely from calcification. The histological
evaluation (Fig. 3), commonly applied through von Kossa
staining to detect calcification, offers no definitive classi-
fication [47] because the level of calcification is under-
valued. The EDS atomic distribution of calcium,
phosphate, and oxygen suggests that the particles are pri-
marily composed of hydroxyapatite. At points 1 and 5 the
Ca/P ratios of atomic masses are 2.15 and 2.44, respec-
tively. For pure hydroxyapatite crystals the atomic mass
ratio has a theoretical value of approximately 1.67 [25].
The possibility of calcium pyrophosphate dihydrate
microcrystalline deposition (CPPD) is therefore virtually
eliminated, as all examined sites exhibit Ca/P atomic mass
ratios greater than 1.0. This result supports previous
pathological findings of degraded discs [24, 37] collected
during clinical post-mortem examinations. Additionally,
calcification is also dependent on the degree of IVD
degeneration. Calcification occurred in both anulus fibrosus
and nucleus pulposus tissues in association with endo-
chondral ossification [24]. In contrast, individual cell
clusters developed a calcified matrix in ADCT patients,
where compact particles are evident with and without the
context of endochondral ossification. Furthermore, mag-
nesium whitlockite formation is indicated by the presence
of the magnesium peak at point 5 in Fig. S5E. The detection
of magnesium whitlockite has primarily been accompanied
by CPPD in patients with joint osteoarthritis [48, 49] while
having been observed only once in a IDD patient [25]. In
the current study, ADCT patients exhibited common
abnormalities in terms of existing magnesium whitlockite
deposits, as well as the nearly exclusive presence of
hydroxyapatite. However, no other symptoms of
osteoarthritis were observed. As such, closer observation
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for the initial signs of osteoarthritis should be considered as
an additional procedure for further follow-up examinations.
Although detection of CPPD particles could not be
explicitly demonstrated in this investigation, it is possible
that hydroxyapatite and CPPD may be present in the IVD
in parallel [50]. Various symptoms including muscle pain,
fever, and motor-sensory disturbances are exhibited by
patients and may also provide indications of IVD calcifi-
cation during childhood development [51]. In a histological
control conducted by the manufacturer, no calcification
was specified in the first sequester tissue from ADCT
patients, which was later used in harvesting cells. This
indicates that calcification was promoted after cell therapy
administration.

Cellular phenotypic changes must also be considered,
under the assumption that they are important related factors
in IVD degeneration [52]. The initial condition of the
extracted cells should also be considered, as these cells are
extracted from a degraded disc. In the current study, all
patients exhibited Pfirrmann grade V degradation of the
affected discs prior to sequestration. As a result, pheno-
typic changes already existed in the extracted cells.
Observations were described with respect to numerous
factors [53] that occur in a variety of altered phenotypes
during the degradation process.

Therefore in terms of obtaining cells for therapy,
phenotypic changes in the protein matrix, growth factors,
and pro-inflammatory cytokines and their receptors were
assumed to exist in degenerated disc tissue, as has been
widely described in previous literature. Although no
studies have investigated increased calcification from cell
culturing, phenotypic changes in this respect are con-
ceivable [52]. Additionally, cell proliferation was
obtained through a monolayer culture in absence of
stimulation. Human disc cells have exhibited a significant
decrease in gene expression of aggrecan and Type II and
X collagen while retaining the ability to proliferate during
monolayer culture. However, these genes were re-ex-
pressed when cells were re-cultured in a three-dimen-
sional environment [54]. Therefore, it is questionable
whether therapy using dedifferentiated cells can achieve
permanent success.

Contrary to expectations for a regenerative therapy, we
observed several structural phenomena indicative of
degraded discs following ADCT in the patients analyzed.
Each ADCT-treated patient with prior disc degeneration
exhibited significant calcification of the affected IVD.
Previously it was assumed that Modic vertebral endplate
and marrow changes represent the main criteria for suc-
cessful application of ADCT therapy. However, the results
here suggest the necessity for detailed investigations after
intervertebral disc herniation to assess degeneration grade
based on each individual’s Pfirrmann score.

@ Springer

Due to the restriction of a low sample number, quali-
tative evaluations are only possible to a limited extent. For
ethical reasons, it is not justifiable to examine the inter-
vertebral disc tissue of ADCT patients without recurrent
intervertebral disc herniation. As such a control group is
not available and determining the presence of mineral
deposits is only possible with microstructural analysis
methods, it cannot be clarified whether ADCT can lead to
deposits or whether the presence of deposits leads inevi-
tably to a new intervertebral disc herniation. This limits the
results with regard to their general interpretation. However,
in all cases where herniation occurs, the results are clear.

A description of the morphological changes in IVD
tissue is of particular interest, as it may provide some
clarification for the therapy’s failure. Biochemical, patho-
logical, and histological investigations were not possible as
the amount of available sample material was limited.
However, such investigations should be included as an
essential part of further evaluations and development of
this therapeutic procedure.
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