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Abstract

Introduction: Studies have identified the presence of M1 andM2macrophages (Mf) in injured intervertebral discs (IVDs).
However, the origin and polarization-regulatory factor of M2 Mf are not fully understood. TGF-β is a regulatory factor for
M2 polarization in several tissues. Here, we investigated the source of M2 Mf and the role of TGF-β on M2 polarization
using a mice disc-puncture injury model.

Methods: To investigate the origin of M2 macrophages, 30 GFP chimeric mice were created by bone marrow
transplantation. IVDs were obtained from both groups on pre-puncture (control) and post-puncture days 1, 3, 7, and
14 and CD86 (M1 marker)- and CD206 (M2 marker)-positive cells evaluated by flow cytometry (n = 5 at each time
point). To investigate the role of TGF-β on M2 polarization, TGF-β inhibitor (SB431542) was also injected on post-
puncture days (PPD) 5 and 6 and CD206 expression was evaluated on day 7 by flow cytometry (n = 5) and real time
PCR (n = 10).

Results: The proportion of CD86+ Mf within the GFP+ population was significantly increased at PPD 1, 3, 7, and 14
compared to control. CD206-positive cells in GFP-populations were significantly increased on PPD 7 and 14. In addition,
the percentage of CD206-positive cells was significantly higher in GFP-populations than in GFP+ populations. TGF-β
inhibitor reduced CD206-positive cells and Cd206 expression at 7 days after puncture.

Conclusion:Our findings suggest that M2 Mf following IVD injury may originate from resident Mf. TGF-β is a key factor
for M2 polarization of macrophages following IVD injury.
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Introduction

Pathology of intervertebral discs (IVDs) is a major factor in
chronic low back pain (LBP). A number of studies have
reported finding macrophages (Mf) within IVDs with
degeneration, indicating that Mf play a pivotal role in the
pathology of IVD.1–3 Therefore, a better understanding of
macrophage-mediated IVD pathology will aid the devel-
opment of therapeutic strategies.

Mf have been functionally divided into two polarizing
phenotypes, inflammatoryM1 and anti-inflammatoryM2.We
previously reported that M1 Mf increased following IVD
injury and made a contribution to inflammatory cytokine
production and pain-associated molecules.4–6 Using green
fluorescence protein (GFP)-bone marrow (BM) chimeric
mice, we previously reported that BM-derived monocytes
recruited to injured disc were the polarizedM1 phenotype.7 In
contrast, M2Mf phenotypes have also been found in murine
and human IVDs.1,6,8 However, the origin of M2Mf and the
mechanism of M2 polarization have not been determined.

Previous studies focused on the recruitment of Mf from
BM following tissue injury because these cells often occur in
greater numbers than resident Mf and exhibit inflammatory
phenotypes during inflammation.7,9,10 However, several
studies have identified the presence of resident Mf in several
tissues, including adipose tissue and skeletal muscle,11,12

some of which exhibit an M2-like phenotype.13,14 We pre-
viously reported that F4/80+CD11b+ cells exist in intact
IVDs containing nucleus pulposus (NP) and at annulus fi-
brosis (AF) using flow cytometric analysis.6 When intact
IVD-derived CD11b+ cells were stimulated with IL-4 and
IL-10 in vitro, expression of the M2 macrophage markers
CD206 and Fizz1 was elevated.7 A more recent study
showed that F4/80+ cells were localized at annulus fibrosis
(AF) of mice intact IVD.15 We therefore hypothesized that
M2 Mf originate from resident Mf.

Transforming growth factor-beta (TGF-β) signaling plays
an essential role in the development and tissue homeostasis of
the IVD.16 Previous studies reported that TGF-β expression
was increased in mice and human degenerative IVD17–20 and
that exogenous TGF-β treatment suppressed IVD inflam-
mation in vitro and in vivo.21–23 In contrast, other studies
indicated that TGF-β plays a key role in M2 polarization of
macrophages within the tumor environment.24,25 However,
the role of TGF-β in M2 polarization in IVD remains unclear.

Here, we investigated the origin of M2 Mf polarization
following IVD injury and role of TGF-β on M2 polari-
zation following IVD injury in mice.

Methods

Animals

The protocol was approved by Kitasato Institutional An-
imal Care Committee (reference number: 2020-089). The

study was performed in compliance with the ARRIVE
guidelines for reporting of animal experiments. All
methods were performed in accordance with guidelines for
the conduct of animal experimentation from the Science
Council of Japan. Male C57BL/6J (B6) mice and GFP-
transgenic (GFP-tg) mice were used at age 10 weeks. The
mice were maintained in a housing system kept at 25 ± 1°C
with 60 ± 5% humidity and a 12:12 hour light–dark cycle.
The study protocol was approved by our institution’s
Animal Care Committee (reference no.: 2020-089). Sample
size for PCR analysis was determined based on our pre-
vious studies.6,26 Power analysis with an alpha of 0.05 and
power of 0.80 was conducted using G*POWER3 to de-
termine a sufficient sample size for each analysis, except
PCR analysis. IVDs were resected without separating the
NP and AF, and pooled for each experiment.

Generation of GFP BM chimeric mice

To distinguish bone marrow-derived macrophages and
resident macrophages, GFP BM chimeric mice were
generated. Following induction of anesthesia using iso-
flurane, an anesthesia cocktail containing butorphanol
tartrate, medetomidine hydrochloride, and midazolam was
injected via intramuscular injection in an upper limb of
mice. BM cells from 15 male GFP-tg mice were injected
into the tibia of 30 recipient B6 mice which had received
10.5 Gy irradiation from a cesium source.7 We previously
reported that BM transplantation following 10.5 Gy irra-
diation was able to replace almost all peripheral blood cells
(approximately 97%) for 4 weeks after transplantation.7

Therefore, 4 weeks after BM transplantation, five of the 30
mice were randomly grouped as the control group, in which
IVDs were not disturbed, and the remaining 25 mice were
used as the IVD injury group, in which a 27-gauge needle
was employed for puncture of IVDs (coccygeal discs 5–6
and 6–7) a total of 10 times. On pre-puncture (control) and
post-puncture days 1 (PPD 1), 3 (PPD 3), 7 (PPD 7), and 14
(PPD 14), IVDs were obtained from the two groups for
evaluation with flow cytometry (n = 5 per time point).

Flow cytometric analysis

To clarify the difference in the ratio of CD206-positive cells
(%) between GFP+ and GFP-cells at PPD 7 and PPD 14,
preliminary data (n = 3), including mean (PPD 7, GFP�,
0.300, GFP+, 0.070; PPD 14, GFP�, 0.214, GFP+, 0.034)
and standard deviation (PPD 7, GFP�, 0.095, GFP+, 0.054;
D14, GFP�, 0.100%, GFP+, 0.036), were entered into
G*POWER3. Power analysis revealed that 4 samples for
PPD 7 and 5 samples for PPD 14 were needed to detect a
difference between GFP� and GFP+ cells. Accordingly,
IVDs were obtained from 30 mice (n = 5 at each time point).
IVDs were digested with 2 mg/mL collagenase type I
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solution overnight at 37°C, and filtered through a nylon
mesh filter with a pore size of 100 μm to obtain single-cell
suspensions. IVD-derived cells were incubated with anti-
CD45 (conjugated with PE/Cy7, Clone: 30-F11), anti-F4/80
(conjugated with BV421TM, Clone: RM8), anti-CD11b
(conjugated with APC-Cy7, Clone: M1/70) antibodies for
50 min at 4°C then treated with a fixation/permeabilization
solution (BioLegend). Then, the cells were reacted with
CD86 (conjugated APC antibody, Clone: GL-1) or CD206
(conjugated APC antibody, Clone: C068C2) at 4°C for
30 min. After two washings in washing buffer, a total of
30,000 events were provided via the BD FACSVerse system
(BD Biosciences, San Jose CA, USA) and the findings were
evaluated with FlowJo v10.7TM (Tree Star, Ashland OR,
USA). Negative gates were obtained using the isotype
control.

TGF-β expression and localization in the IVD injury
model

Sample size (n = 10) for PCR analysis of TGF-β was
determined based on our previous study.6 To clarify the
difference in TGF-β protein concentration (μg/mg total
protein) between control and PPD 7, preliminary data (n =
5) including mean (control, 1.48; PPD 7, 1.75) and standard
deviation (control, 0.21; PPD 7, 0.18) were entered into
G*POWER3. Power analysis revealed that 10 samples
were needed to detect a difference between control and
PPD 7 for ELISA. Fifty male B6 mice were used to create a
puncture model, as described above. IVDs were obtained at
control (n = 25), PPD 1 (n = 20), PPD 3 (n = 20), PPD 7 (n =
25), and PPD 14 (n = 20). Tgfb mRNA and TGF-β protein
expression was analyzed by real time PCR and ELISA,
respectively (n = 10 at each time point). TGF-β localization
at control and PPD 7 was evaluated by immunohisto-
chemistry (n = 5).

Real time PCR analysis

Following treatment, total RNA was obtained from cells
with the standard Trizol/chloroform method. First-strand

cDNA was synthesized with superscript III RT� (In-
vitrogen, Carlsbad CA, USA) and analyzed by real time
PCR with the SYBR� green method (Qiagen, Valencia
CA, USA). Mouse M2 markers Cd206 and Fizz1 were
examined with reference to previous reports. Primers were
all synthesized with reference to our previous reports6,8

(Table 1). The delta–delta Ct method was utilized with the
housekeeping gene Gapdh to evaluate relative mRNA
levels in comparison with vehicle.

Immunohistochemistry

To determine TGF-β localization, IVD samples from control
and PPD 7 were paraffin-embedded and sliced into 4 μm
sections. The sections were deparaffinized for 1 h with
xylene, then hydrated in a serial dilution of ethanol (100%,
95%, and 70%) and rinsed in distilled water. Exogenous
peroxidase was blocked by incubating the sections with 3%
hydrogen peroxide for 15 min in methanol. The slides were
then washed with phosphate-buffered saline (PBS) and
incubated with 10% goat serum (Nichirei, Tokyo, Japan) at
room temperature. Subsequently, they were incubated with
anti-TGF-β monoclonal rabbit IgG (category number:
ab215715, Abcam, Cambridge, MA) for 2 h at room tem-
perature. Location of the primary antibodies was determined
using the streptavidin-biotin-peroxidase method (Histofine
SAB-PO Kit; Nichirei, Tokyo, Japan). All sections were
counterstained usingMeyer’s hematoxylin. Sections without
incubation with primary antibody were used as control.

ELISA

IVD samples obtained from control, PID1, PID3, PID 7,
and PPD 14 were subject to homogenization in RIPA buffer
which contained protease inhibitor cocktails with a Poly-
tron homogenizer. The homogenates were subject to
centrifugation at 15,000 r/min for 5 min at 4°C. Protein
concentration was analyzed by BCA assay and prepared at
the concentration of 250 μg/ml. TGF-β concentration was
estimated using a commercial mouse TGF-β ELISA kit
(R&D Systems, Minneapolis, MN, USA).

Table 1. Primer Sequences.

Primer Sequence (50–30) Product size (bp)

Cd206-F TGGCAATTCAGGAGAGGCAG 109
Cd206-R AGTGGTTGGAGAAACAGGCA
Tgfb-F CTCCCGTGGCTTCTAGTGC 133
Tgfb-R GCCTTAGTTTGGACAGGATCTG
Fizz1-F ACTGCTACTGGGTGTGCTTG 101
Fizz1-R GCAGTGGTCCAGTCAACGA
Gapdh-F AACTTTGGCATTGTGGAAGG 223
Gapdh-R ACACATTGGGGGTAGGAACA
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Effect of TGF-β on disc macrophage in vitro

IVDs were obtained from five mice and digested with 2 mg/
mL type I collagenase at 37°C for 18 h, then strained
through a 100 μm filter (n = 5). Obtained cells incubated in
biotinylated anti-CD11b antibody at 4°C for 30 min. The
cells were first washed with PBS and mixed with
streptavidin-labeled magnetic particles, then subject to
incubation on ice for 30 min using an IMag separation
system (BD Biosciences). Following removal of unbound
(CD11b-negative) cells, the tub was detached from the
magnetized support and a further 2 mL α-MEM which
contained 10% fetal bovine serum was added to obtain
CD11b-positive cells. The CD11b-positive disc-derived
macrophages were cultured with α-MEM supplemented
with 100 ng/mL mouse recombinant macrophage colony
stimulating factor (mrM-CSF). Previous studies used TGF-
β stimulation of M2 polarization when macrophages were
incubated with IL-10 in vitro.26,27 In addition, TGF-β
stimulation in the absence of IL-10 failed to induce CD206
in disc macrophages (Supplemental Figure 1). Therefore,
disc macrophages were stimulated in culture medium
(vehicle), 10 ng/mL mouse recombinant TGF-β (mrTGF-
β, R&D System) and 10 ng/mL IL-10, mrTGF-β + IL-10 +
1 μM SB431542 (TGF-β inhibitor) for 30 min, at which
time phosphorylation of SMAD2 and SMAD3 was
evaluated by western blotting. After stimulation for 24 h,
M2 marker (Cd206, Fizz1) was evaluated by real time
PCR analysis

Western blotting

Disc-derived macrophages were stimulated using culture
medium (vehicle), mrTGFβ, mrTGFβ + SB431542 for
30 min. The cells were subsequently lysed with sodium
dodecyl sulfate (SDS) sample buffer, and proteins contained
in the lysates (5 μg) were separated by SDS polyacrylamide
gel electrophoresis, followed by electrophoretic transfer to a
polyvinylidene difluoride membrane in a blotting buffer.
The membrane was then subject to blocking using 10%
nonfat milk added to Tris-buffered saline which contained
0.05% Tween 20 (TBS-T) at RT for 1 h. Following
blocking, the membrane was then reacted with anti-SMAD2
rabbit monoclonal antibody (1: 1000; Cell Signaling
Technology, Inc., Danvers, MA, USA), anti-phosphor-
SMAD2 (Ser465/467) rabbit monoclonal antibody (1:
10,000 Cell Signaling Technology), anti-SMAD3 rabbit
monoclonal antibody (1: 1000; Cell Signaling Technology,
Inc.), anti-phosphor-SMAD3 (Ser423/425) rabbit mono-
clonal antibody (1:1000; Cell Signaling Technology, Inc.),
anti-SMAD4 (1:1000; Cell Signaling Technology, Inc.), and
GAPDH (1:5000; Cell Signaling Technology, Inc) for 1 h at
RT. It was then reacted with HRP-conjugated goat anti-
rabbit IgG antibody for a further hour. After three rinses

using TBS-T, proteins on the membrane were detected by
enhanced chemiluminescent detection with an ImageQuant
LAS-4000mini (Fuji Photo Film Co). Densitometry of the
western blot protein bands was analyzed using ImageJ and
findings were normalized to those of GAPDH.

Effect of TGF-β inhibitor on M2 macrophage marker
expression in IVD injury models

In the puncture model, elevated gene and protein ex-
pression of TGF-β- and CD206-positive cells was observed
at PPD 7. Therefore, we evaluated the effect of TGF-β
inhibition at PPD 7. Power analysis based on preliminary
data (n = 3) revealed that 5 samples were needed to detect a
difference of CD206-positive cells between the vehicle
(mean, 0.24; SD, 0.075) and SB431542 groups (mean,
0.12; SD, 0.01). Accordingly, five mice in each group were
used for flow cytometric analysis. Sample size (n = 10) for
PCR analysis of Cd206 was determined based on our
previous study.26 The puncture model was created in 30
C57BL/6J mice, with random and equal assignation to the
vehicle or treatment groups. One group received intra-
peritoneal (IP) injection with 10 mg/kg SB431542 in a 5%
DMSO solution while the second received IP injection with
5% DMSO solution (vehicle) at PPD 5 and PPD 6. Dose
was determined using the optimal inhibitory effect of
10 mg/kg on intraperitoneal administration, as reported
previously.28,29 Five of the 10 mice in each group were
used to analyze CD206+ Mf for flow cytometric analysis.
The remaining mice were used to evaluateCd206 and Fizz1
for qPCR analysis.

Statistical analysis

Tukey multiple comparison test was employed to identify
day(s) showing differences in expression in the groups.
Further, the t test was used to identify per-day differences
between the groups.

Results

Proportion of CD86+ and CD206+ macrophages in
GFP� and GFP+ cells after IVD injury

CD11b+F4/80+ (Mf) cells within IVD were increased at
PPD 3, 7, and 14 compared to control (Figure 1, PPD 3, p <
.001; PPD 7, p = .010; PPD 14, p < .001). CD86+ cells
within IVD were increased at PPD 3 compared to control
(Figure 1, PPD3, p = .006). CD206+ cells within IVD were
increased at PPD 7 and PPD 14 compared to control
(Figure 1, PPD 7, p < .001; PPD 14, p = .008). CD206/
CD86 ratio was significantly reduced at PPD 3 (p = .018),
but returned to baseline at PPD 7 and PPD 14.

The proportion of CD86+ Mf within the GFP+ pop-
ulation was significantly increased at PPD 1, 3, 7, and 14
compared to control (Figure 2a–f, PPD1, p = .032; PPD3, p
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Figure 1. Flow cytometry analysis of the M1 and M2 macrophage population after intervertebral injury. Percentage of Mφ (CD11b+F4/
80+) (a), CD86+Mφ (b), and CD206+Mφ (c) in IVDs. Ratio of CD206+/CD86+ (d). All data show the mean ± standard error (n = 5).
*, p < .05 in comparison with control (Con).

Figure 2. Ratio of M1 and M2macrophages in GFP- and GFP+ cells. A–E. Dot plots of GFP+ and GFP�CD86+ cells in the intervertebral
discs (IVDs). The X-axis indicates CD11b and the y-axis indicates green fluorescence protein (GFP). F. Percentage of CD86+ GFP-
negative (white) and -positive (gray) cells in IVDs. G-K. Dot plots of GFP+ and GFP� CD206+ cells in IVDs. L. Percentage of CD206+
GFP-negative (white) and -positive (gray) cells in IVDs. All data represent mean ± standard error (n = 5). A, p < .05 compared with control
(Con); b, p < .05 compared with the time-matched GFP� population.

Kawakubo et al. 5



< .001, PPD 7, p = .009; PPD 14, p = .015). In contrast,
CD86+ Mf in the GFP� population was significantly
decreased at PPD 1, 3, 7, and 14 compared to control
(Figure 2a–f, PPD 1, p < .001; PPD 3, p = .006; PPD 7, p <
.001; PPD 14, p < .001). The proportion of
CD86+CD11b+F4/80+ cells within the GFP+ population

was significantly greater than that in the GFP� population
at PPD 3, 7, and 14 (Figure 2a–f, PPD 3, p < .001; PPD 7,
p = .001; PPD 14, p = .002) The percentage of CD206+
Mf was significantly increased within the GFP� pop-
ulation at PPD 7 and 14 compared to control (Figure 2g–l,
PPD 7, p = .001; PPD 3, p < PPD 14, p = .038). The

Figure 3. Expression of TGF-β after IVD injury. Tgfb expression in IVDs (a). TGF-β protein concentration in IVDs (b). All data represent
mean ± standard error (n = 10).
*, p < .05 compared with control (Con).

Figure 4. Localization of TGF-β following IVD injury. Hematoxylin and eosin-stained tissue sections of IVDs in the control (a) and injury
groups (b) at post injury day 7. Immunostaining for TGFb in the control (c) and injury groups (d) at post injury day 7. Negative control
section without primary antibody in the control (e) and injury groups (f). Scale bar = 100 µm.
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percentage of CD206+ Mf cells was also significantly
greater in the GFP+ population at PPD 7 (p = .007).
However, the percentage of CD206+ Mf cells within the
GFP- population was significantly increased compared to the
percentage in the GFP+ population at PPD 3, 7, and 14
(Figure 2g–l, PPD 3, p = .011; PPD 7, p = .011; PPD 14, p =
.010). CD206/CD86 ratio was significantly increased
compared to the control at PPD 14 in the GFP� pop-
ulation (Figure 2m, p < .011). There was no difference in
CD206/86 ratio in the GFP+ population among the groups
(Figure 2n)

Expression and distribution of TGF-β following IVD
injury

TgfbmRNA expression was significantly increased at PPD
7 (p < .001) and PPD 14 (Figure 3a, p < .001). TGF-β
protein concentration was also significantly increased at
PPD 7 (Figure 3b, P = .011). There was no significant
difference between control and PPD 1 (p = 1.000), PPD 3
(p = .573), or PPD14 (p = .051). The nucleus pulposus
region in control was replaced by chondrocytic cells at PPD

7 (Figure 4a and b). TGF-β immunoreactivity was observed
at both control and PPD 7. However, chondrocytic cells at
PPD 7 were more heavily stained for TGF-β than intact
IVD (Figure 4c and d). No TGF-β-positive cells were
observed in control sections.

Figure 6. Effect of TGF-β on M2 maker expression in vitro. RT-
PCR for Cd206 (A) and Fizz1 (B). DMs were exposed to the
α-MEM control, TGF/IL-10, or TGF/IL-10/SB for 24 h. Relative
expression was evaluated with regard to expression in the control
samples. The data show mean ± SE (n = 5).
*p < .05 in comparison with control.

Figure 5. Effect of TGF-β on Smad pathway in vitro. Effects of TGF-β and TGF-β inhibitor on phosphorylation of smad2, smad3, smad4,
and M2 maker (Fizz1 and Cd206) mRNA expression. Disc macrophages (DMs) were exposed to α-MEM (control), 10 ng/mL mouse
recombinant (mh) TGF-β + 10 ng/mL IL-10 (TGF/IL-10), or 10 ng/mL rhTGF-β + 10 ng/mL IL-10 +10 μM SB431542 (TGF/IL-10/SB) for
30 min before protein extraction and western blot. Grouping of gels/blots cropped from different parts of the same gel or obtained from
different gels. Western blotting for phosphorylated smad2 (p-smad2), smad2, p-smad3, smad3, smad4, and GAPDH (a). Densitometry
of western blot protein bands for p-smad2 (b), smad2 (c), p-smad3 (d), smad3 (e), and smad4 (f) were normalized to the expression of
GAPDH. Data indicate mean ± SE (n = 5).
*p < .05 in comparison with control.
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Effect of TGF-β inhibition on M2 polarization in vitro

TGF-β/IL-10 induced the phosphorylation of Smad2 and
Smad3 (Figure 5a–e), which was suppressed in the presence
of SB431542 (Figure 5a–e). There were no changes in
Smad4 expression in the presence of TGF-β/IL-10. Ex-
pression ofM2macrophagemarkerCd206was significantly
increased after TGF-β/IL-10 stimulation in DM (Figure 6a,
Cd206, p = .020), while exposure to SB431542 significantly
decreased this increase (Figure 6a, Cd206, p = .015). Al-
though Fizz1 increased after TGF-β/IL-10, no significant
difference was seen among the groups (Figure 6b).

Effect of TGF-β inhibition on M2 polarization in vivo

Flow cytometric analysis showed that CD206+ macro-
phage was significantly reduced following SB431542
treatment (Figure 7a–c, Cd206, p = .019). Cd206 and Fizz1
expression at PPD 7 were significantly reduced following
SB431542 treatment (Figure 7d and e, Cd206, p = .009;
Fizz1, p < .001).

Discussion

M2-like Mf are related to the role of Mf in resolving
inflammation, as well as in the induction and maintenance
of homeostasis.9,14 Recent studies also suggest that re-
cruited and tissue-resident Mf are independently regulated
during inflammation.9,13 Tissue-resident Mf in perito-
neum, lung, and brain are maintained by a self-renewing

and proliferative capacity even after exposure to an in-
flammatory environment. Tissue-resident Mf repopulate
inflamed tissues in response to M-CSF and are not re-
plenished by recruited monocytes.9 Our previous study
indicated that CD86+ M1 macrophages increased in the
acute phase of tissue inflammation, and mainly consisted of
recruited (GFP+) macrophages.7 In our present study,
resident macrophages polarized to M2 phenotype, CD206+
Mf. GFP+CD206+ macrophages were also increased at 7
days after injury, albeit in a significantly lower percentage
than that of GFP-CD206-macrophages. Our results suggest
that M2 Mf may predominantly originate from resident
macrophages in disc.

Previous studies reported the macrophage subsets
contribute to inflammation (M1), anti-inflammation (M2a),
and tissue remodeling phenotype (M2c).30–33 Our previous
study showed that stimulation of M1 polarization by IFN-γ
andLPS increased CD86 expression inmouse bonemarrow–
and disc-derived CD11b-positive cells in vitro.7 In contrast,
stimulation of M2a polarization by IL-4 promoted Fizz1 and
CD206 and M2c polarization by increased CD206 expres-
sion in disc-derived CD11b cells.7 Therefore, CD86was used
as marker for the inflammatory subset, M1 macrophage.
Fizz1 and CD206 were used asM2a andM2a+M2cmarkers,
respectively. However, the specific function of CD86+ and
CD206+ macrophages in IVDs remains unclear. In addition,
a previous study reported that NP cells in human IVD express
a macrophage/phagocytic cell marker, CD68.34 In our study,
we could not exclude the possibility that GFP-F4/
80+CD11b+ were NP cells expressing macrophage markers.

Figure 7. Effect of TGF-β inhibitor onM2marker expression in vivo. Dot plots of CD11b+CD206+ cells in vehicle (DMSO)- and TGF-β
inhibitor (SB435124)-treated groups (a). Ratio of CD11b+CD206+ cells in vehicle (DMSO)- and TGF-β inhibitor (SB435124)-treated
groups (n = 5 for each group) (b). Expression of Cd206 (c) and Fizz1 (d) expression in vehicle (DMSO)- and TGF-β inhibitor (SB435124)-
treated groups (n = 10 for each group). The data show mean ± standard error.
*p < .05 in comparison with vehicle.
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Further functional and histological analysis of CD86 and
CD206+ cells in IVD is needed.

A previous study reported that TGF-β increased the
degree of degeneration in IVDs.35 Similarly, increased
TGF-β was observed in injured IVDs. In contrast, previous
studies showed that TGF-β regulates the proliferation and
polarization of resident macrophages.11,36 Additionally, the
number of Langerhans cells (LC), resident macrophages in
skin, decreases when TGF-β is absent.36 Alveolar mac-
rophages are significantly reduced in mice with conditional
knockout of TGF receptors.11 In our present study, TGF-β
increased Cd206 expression in mice disc macrophages in
vitro. In addition, TGF-β inhibitor reduced CD206+ cells
and suppressed the expression of Cd206 in mice IVD
puncture models. A previous study reported that TGF-
β-polarized M2 macrophages exhibit an anti-inflammatory
phenotype.27 TGF-β may play a role in M2 polarization in
the switch from an inflammatory process toward resolution
during IVD injury.

Studies have reported that the relationship between TGF-
β from different sources modulatesM2macrophages. Tumor
cell-secreted TGF-β induces M2-type polarization of mac-
rophages.37 M2 macrophages secrete TGF-β in fibrotic
disorders. We previously reported that TGF-β is dominantly
expressed in disc cells compared to macrophages in de-
generative IVDs in mice.38 In our present study, chon-
drocytic cells in degenerative IVD were positive for TGF-β.
Therefore, chondrocytic cell-derived TGF-β may modulate
M2 polarization in degenerative IVDs. However, factors
governing the release of TGF-β remain unclear.

Mice IVDs characteristically differ to those of humans.
The vertebral column and thus the IVDs of all mammals
arise from aggregation of the mesenchyme around the
notochord and subsequent segmentation during
development.39,40 Notochordal cells persist in the NP of
mice into adulthood. However, the number of these cells
decreases rapidly following birth in humans and noto-
chordal cells are completely absent from the NP by early
adulthood. The mice IVDs are also subject to significantly
different mechanical loading to human IVDs. In addition,
puncturing of IVDs is not exactly the same as IVD de-
generation, which is a chronic process. Therefore, exper-
imentation on human IVDs is necessary to validate our
mice data.

Conclusion

M2Mf following IVD injury may predominantly originate
from resident Mf. TGF-β plays a role in M2 polarization.
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