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A B S T R A C T

Problem due to disc degeneration is frequently found in the aging population. However, severe pain and ac-
companying end plate inflammation is only found in a small subset of patients, who can be of a younger age than
most people with severe disc degeneration, with no apparent cause. We hypothesized that deficiencies in B
regulatory (Breg) cells might contribute to the aberrant inflammation in these patients. However, we found that
the frequency of CD24hiCD38hi Breg cells was significantly higher in patients than in controls. To investigate
Breg function, CD24hiCD38hi Breg cells were stimulated via CD40L/αIg and via Staphylococcus aureus Cowan.
Interestingly, the expression of IL-10 and TGF-β1 was significantly lower in patients than in controls. The ex-
pression of PD-L1 was comparable between patient CD24hiCD38hi Bregs and control CD24hiCD38hi Bregs.
Control CD24hiCD38hi Bregs, but not patient CD24hiCD38hi Bregs, could suppress the expression of TBX21 and
RORC2 in stimulated CD4+ T cells, in a manner that was dependent on IL-10 and PD-L1. The expression of
FOXP3, on the other hand, was dependent on TGF-β. In addition, PD-L1 reduced the viability of CD4+ T cells.
Together, we demonstrated that the patients with end plate inflammation did not present a reduction in
CD19+CD24hiCD38hi Breg frequency, but presented a reduction in CD19+CD24hiCD38hi Breg function.

1. Introduction

The vertebral end plate is the cartilage structure located between
the intervertebral disc and the vertebra [1,2]. Mechanically, the end
plate can distribute physical stress between the discs and the adjacent
vertebrae and prevent the disc nucleus from bulging [3]. The end plate
also serves as a nutrient transport pathway to the cells inside the disc
nucleus. Small solutes, such as glucose, oxygen, and lactate, may pass
through to end plate to and from the intervertebral disc via passive
infusion, and the efficiency of the transport is directly correlated with
the area of contact [4,5].

Chronic low back pain is a debilitating disease with increasing
prevalence worldwide [6]. Degenerative changes in the innervated end
plate can contribute to both painful symptoms and disc atrophy due to
altered stress distribution and nutrient delivery. Age-related changes in
proteoglycan and collagen, such as gradual thinning and calcification,
play a part in end plate degeneration [7]. Inflammation around the end
plate may also contribute to end plate degeneration [8]. Infiltration of
immune cells, including T cells, macrophages, and neutrophils, are

found in the disc tissue of patients with degenerated and herniated
discs, as well as in experimental models of disc degeneration [9–12].
These immune cells release a multitude of cytokines, including tumor
necrosis factor α (TNFα), interferon γ (IFNγ), interleukin (IL)-1α, IL-1β,
IL-4, IL-6, IL-10, IL-17, and IL-23 [13–19]. Spontaneous release of in-
flammatory mediators by herniated disc tissues is also observed
[20,21]. Both other groups and ours have demonstrated that patients
with end plate degeneration and disc diseases display aberrant Th17
inflammation, characterized by IL-17 upregulation and associated
changes in antigen-presenting cells [22–25]. Hence, it should be in-
vestigated whether regulatory immune cells could suppress the in-
flammatory responses in end plate inflammation.

B regulatory (Breg) cells are a collection of B lymphocytes with the
potential to suppress inflammatory responses and maintain tolerance
[26]. The CD24hiCD38hi transitional B cell subset is among the best-
characterized Breg cells, and was shown to suppress T cell responses via
IL-10 release and the PD-L1 and CD80/86 pathways. Diseases char-
acterized by chronic pathological inflammation, such as systemic lupus
erythematosus, multiple sclerosis, inflammatory bowel diseases, and

https://doi.org/10.1016/j.intimp.2019.02.034
Received 18 December 2018; Received in revised form 9 February 2019; Accepted 20 February 2019

⁎ Corresponding author at: Department of Orthopedics, Pudong New Area People's Hospital, 490 Chuanhuan South Road, Shanghai, China.
E-mail address: jianwangmd@aliyun.com (J. Wang).

1 These authors contributed equally to the work.

International Immunopharmacology 70 (2019) 295–301

Available online 07 March 2019
1567-5769/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2019.02.034
https://doi.org/10.1016/j.intimp.2019.02.034
mailto:jianwangmd@aliyun.com
https://doi.org/10.1016/j.intimp.2019.02.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2019.02.034&domain=pdf


allergies, have been associated with dysfunctions in the Breg com-
partment [27–31].

The function of Breg cells in patients with disc degeneration and end
plate inflammation has not been extensively investigated. We hy-
pothesized that Breg cells might suffer from dysregulation and dys-
function in these patients, resulting in exacerbated inflammation that
could contribute to further disc and end plate degeneration. With this
goal, we compared the circulating Breg cells in controls and patients
with idiopathic end plate inflammation.

2. Methods

2.1. Sample collection

The diagnosis, recruitment, sample collection, and experimentation
were conducted at Pudong New Area People's Hospital. The patient
group included 35 subjects, including 20 females and 15 males at
38.5 ± 6.1 (mean ± standard deviation) years of age at a body-mass
index (BMI) at 24.1 ± 3.1 kg/m2. The control group included 35
healthy individuals, including 22 females and 13 males at
40.1 ± 5.8 years of age at a BMI of 23.8 ± 2.7 kg/m2. Exclusion cri-
teria included, past or present injuries at the low back or hip, in-
flammatory arthritis, ankylosing spondylitis, malignancies, auto-
immunity, and chronic virus infections. Six out of 35 patients and 7 out
of 35 controls were smokers, and no participant were alcohol depen-
dent, though 22 out of 35 patients and 28 out of 35 controls were casual
consumers of alcohol. Patients and controls were matched in gender,
age, BMI, smoking status, and alcohol consumption status. The patients
reported constant, motion-restricting low back pain from the end plate
that worsened with movement, without previous traumatic events or
radicular symptoms. Additionally, 8 patients experienced dual hip or
dual thigh pain above the knee, and 3 patients experiences unilateral
hip pain. Lesions at the end plate were diagnosed and confirmed via a
combination of CT scanning, MRI examination, and X-ray radiography.

After receiving written informed consent from each participant,
peripheral blood was collected via venipuncture. PBMCs were collected
using Ficoll gradient centrifugation (Sigma).

2.2. Flow cytometry

To evaluate the frequency of CD24hiCD38hi Breg cells, PBMCs were
incubated under 4 °C in dark with Aqua dead cell stain (Life
Technologies), anti-CD19, anti-CD24, and anti-CD38 mAbs
(BioLegend). To examine the expression of PD-L1 by Breg cells, an
additional anti-PD-L1 mAb (BioLegend) was added. After 30min, the
cells were washed twice to remove excess antibodies and processed in
FACSCanto II system (BD).

2.3. Breg stimulation

CD19+CD24hiCD38hi Breg cells (5× 105 per experiment) were
stained with surface antibodies and sorted in FACSAria system (BD).
The cells were then incubated with were incubated in unstimulated
culture media, with 1 μg/mL recombinant human CD40L carrier-free
(BioLegend)+ 1 μg/mL goat anti-human IgG+ IgM F(ab′)2 (Jackson
Laboratories), or with 1 μg/mL SAC (Sigma), for 72 h. The cells and the
supernatant were separated by centrifugation. IL-10 and TGF-β1 ELISAs
were performed using Human IL-10 Quantikine ELISA kit and Human
TGF-beta 1 Quantikine ELISA kit (R&D Systems), respectively.

2.4. Breg/CD4+ T cell coculture

CD4+ T cells were purified from whole PBMCs via negative selec-
tion of non-CD4+ T cells (Miltenyi Biotec). CD4+ T cells (5× 105 per
experiment) were incubated in the presence or absence of an equal
number of CD19+CD24hiCD38hi Breg cells, with or without 1 μg/mL

SAC, 1 μg/mL anti-CD3, and 2 μg/mL anti-CD28 mAbs (BioLegend).
When indicated, human IL-10 neutralizing JES3-19F1, human/mouse
TGF-β1 neutralizing 19D8 (BioLegend), and PD-L1 blocking MIH1
(Thermo Fisher Scientific) were added at 10 μg/mL. Isotype control
antibodies, including Rat IgG2a κ and Mouse IgG1 κ were added in
separate experiments. Supernatant was replaced every 72 h. To eval-
uate the expression of CD4+ T cell transcription factors, at the end of
co-culture, CD4+ T cells were re-isolated via negative selection.
Viability of CD4+ T cells was determined using anti-CD4 mAb
(BioLegend) staining and Aqua dead cell stain.

2.5. RT-PCR

Following cell harvest, the RNA was extracted using RNeasy Mini kit
(Qiagen) combined with RNase-free DNase I (Qiagen) to remove con-
taminating DNA. Reverse transcription was performed using iScript
cDNA Synthesis kit (Bio-Rad). PCR was performed using SYBR Green
Master Mix (Applied Biosystems) in a 7500 Fast Real-Time PCR system
(Applied Biosystems). Initiation was performed for 10min at 95 °C,
followed by 40 cycles of amplification (20 s at 95 °C plus 60 s at 60 °C).
Each gene was examined in triplicates and the result was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression
level. The TaqMan primers, including Hs00894392_m1 for TBX21,
Hs01076112_m1 for RORC, Hs01085834_m1 for Foxp3,
Hs00961622_m1 for IL-10, Hs00204257_m1 for PD-L1,
Hs00998133_m1 for TGF-β1, and Hs02786624_g1 for GAPDH (Thermo
Fisher), were used for each gene.

2.6. Statistics

Individual data or mean ± standard deviation were presented.
Two-tailed tests were performed for all comparisons. Unpaired t-test
was used to compare Breg frequency between control and patient. Two-
way ANOVA followed by Sidak's test was used to compare the char-
acteristics of Breg cells and CD4+ T cells from control and patient under
various forms of stimulation. One-way ANOVA followed by Dunnett's
test was used to compare the effects of IL-10, TGF-β, and PD-L1 in-
hibition. A p value smaller than 0.05 was considered significant.

3. Results

3.1. Frequency of CD24hiCD38hi B cells in patients with end plate
inflammation

To evaluate Breg cells, the peripheral blood mononuclear cells
(PBMCs) were collected from 35 patients with idiopathic end plate in-
flammation and 35 healthy controls with matching age and gender.
Using previously published gating strategy [29], we examined the fre-
quency of the CD24hiCD38hi population in total circulating B cells
(Fig. 1A). As a group, the patients presented significantly higher fre-
quencies of CD24hiCD38hi B cells than controls (Fig. 1B), but the dif-
ference was small, and high variability was observed for both the pa-
tient group and the healthy group.

3.2. Expression of inhibitory molecules by CD24hiCD38hi Breg cells in
patients and controls

To assess the functional capacity of CD24hiCD38hi Breg cells in
patients and controls, the expression of inhibitory molecules was ex-
amined with or without stimulation. The IL-10 transcription was low
under unstimulated condition but significantly increased in the pre-
sence of CD40L and anti-Ig (αIg), and was further increased in the
presence Staphylococcus aureus Cowan (SAC) (Fig. 2A). Additionally,
stimulated CD24hiCD38hi Breg cells in patients presented lower IL-10
transcription than that in controls. The transcription of PD-L1 was
higher in stimulated Bregs than unstimulated Bregs, but no significant
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difference was observed between patients and controls (Fig. 2B). The
TGF-β1 expression was also significantly elevated following CD40L/αIg
stimulation and SAC stimulation, and was significantly lower in pa-
tients than in controls (Fig. 2C).

To confirm protein expression, we stained CD24hiCD38hi Breg cells
for PD-L1 expression on the surface (Fig. 3A). The frequency of PD-L1+

CD24hiCD38hi Breg cells elevated from under 5% in unstimulated
condition to approximately 10% after stimulation (Fig. 3B). No sig-
nificant differences between patients and controls were observed. IL-10
and TGF-β1 secretion by CD24hiCD38hi Breg cells was below the de-
tection limit under unstimulated condition. After stimulation, both
could be detected and the levels of expression were significantly lower
in patients than in controls (Fig. 3C and D).

3.3. CD24hiCD38hi Breg cells significantly modulated the expression of
CD4+ T cell transcription factors

Murine IL-10-producing B cells suppressed the differentiation of Th1
and Th17 cells [32]. Murine Breg cells could also elevate the expression
of FOXP3 and promote Treg differentiation via TGF-β expression. To
examine whether these capacities exist in CD24hiCD38hi Breg cells, we

co-incubated CD24hiCD38hi Breg cells with autologous CD4+ T cells,
without stimulation and with SAC and anti-human CD3 and CD28 (3/
28) for stimulation. The level of transcription factor expression in CD4+

T cells was then examined. Due to the limitation that the frequency of
CD24hiCD38hi Breg cells in PBMCs was low, we only performed this
experiment in patients and controls with higher than average Breg
frequencies. The expression of TBX21, encoding the Th1-lineage tran-
scription factor T-bet, was significantly elevated by SAC+3/28 sti-
mulation in both patients and controls, and was significantly lower in
patients than in controls (Fig. 4A). In controls, the addition of Breg cells
resulted in lower TBX21 expression in stimulated CD4+ T cells, while
such effect was not observed in patients (Fig. 4A). RORC2, which en-
codes the Th17-lineage transcription factor RORγt, was also upregu-
lated by stimulation (Fig. 4B). Interestingly, in controls but not patients,
the presence of Breg cells significantly reduced the RORC2 expression
in stimulated CD4+ T cells, resulting in lower RORC2 expression in
stimulated CD4+ T cells in controls than in patients (Fig. 4B). The ex-
pression of FOXP3, encoding the Treg signature transcription factor,
was higher in stimulated CD4+ T cells in controls than in patients
(Fig. 4C). The addition of CD24hiCD38hi Breg cells did not change the
transcription of FOXP3 in either patients or controls.

Fig. 1. Frequency of CD24hiCD38hi

cells in CD19+ B cells in patients and
controls.
PBMCs isolated from patients with end
plate inflammation and healthy con-
trols were stained for CD19, CD24, and
CD38 expression directly ex vivo. (A)
Representative gating of CD24hiCD38hi

cells (upper right quadrant) in pre-
gated CD19+ B cells from one patient
and one control. (B) Frequency of
CD24hiCD38hi cells in CD19+ B cells
from 35 patients and 35 controls.
*p < 0.05.

Fig. 2. Transcription of inhibitory molecules by CD24hiCD38hi Breg cells.
CD24hiCD38hi Bregs were flow cytometry-sorted and incubated for 72 h in blank unstimulated media, with CD40L/αIg stimulation, or with SAC stimulation. The
mRNA transcript levels of (A) IL-10, (B) PD-L1, and (C) TGF-β1 were shown. N=35 for both groups in (B), (C), and (D). *p < 0.05. **p < 0.01.
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Fig. 3. Protein expression of inhibitory molecules by CD24hiCD38hi Breg cells.
CD24hiCD38hi Bregs were flow cytometry-sorted and incubated for 72 h in blank unstimulated media, with CD40L/αIg stimulation, or with SAC stimulation. (A)
Representative gating of surface PD-L1 expression in one patient. (B) The frequency of PD-L1+ CD24hiCD38hi Breg cells in patients and controls under unstimulated
condition or with CD40L/αIg or SAC stimulation. (C) IL-10 release in the supernatant following stimulation. (D) TGF-β1 release in the supernatant following
stimulation. N= 35 for both groups in (B), (C), and (D). *p < 0.05.

Fig. 4. Transcription factor expression by CD4+ T cells with or without autologous Breg.
CD24hiCD38hi Bregs were co-incubated with autologous CD4+ T cells at 1/1 ratio, in the absence or presence of SAC and anti-human CD3 and CD28 (SAC+3/28)
stimulation. As control, Breg was absent in select cultures. Following 6-day co-incubation, CD4+ T cells were negatively selected and lysed. The transcription of (A)
TBX21, (B) RORC2, and (C) FOXP3 was evaluated. N=17 for each group. *p < 0.05. **p < 0.01. ***p < 0.001.
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3.4. CD24hiCD38hi Breg-mediated suppression of TBX21 and RORC2 was
dependent on IL-10 and PD-L1, and Foxp3 on TGF-β

To investigate the mechanism of action of CD24hiCD38hi Breg cells,
we neutralized IL-10, TGF-β, and PD-L1 using corresponding blocking
antibodies. Compared to isotype controls, anti-IL-10 and anti-PD-L1
monoclonal antibodies (mAbs) significantly elevated the expression of
TBX21 and RORC2, in control subjects (Fig. 5A), while anti-TGF-β mAb
did not produce a significant result. In patients, anti-PD-L1 mAb, but
not anti-IL-10 mAb or anti-TGFβ mAb, significantly elevated the ex-
pression of TBX21 and RORC2 (Fig. 5B). Foxp3 expression, on the other
hand, was significantly suppressed by anti-TGF-β mAb in both controls
and patients, and was unaffected by anti-IL-10 mAb or anti-TGFβ mAb.

3.5. PD-L1, but not IL-10 or TGF-β, reduced the viability of CD4+ T cells

Subsequently, we examined the effect of IL-10, TGF-β, and PD-L1
blocking on the viability of CD4+ T cells, measured using Aqua dead
cell stain in flow cytometry. Compared to isotype controls, anti-PD-L1
mAb significantly increased the viability of patient CD4+ T cells and
control CD4+ T cells (Fig. 6A and B). The anti-IL-10 mAb or anti-TGF-β
mAb, on the other hand, did not produce a significant difference.

4. Discussion

Disc degeneration due to aging is found in most individuals, yet,
only a small subset experience significant pain accompanied with end
plate lesion and inflammation, with no apparent cause and occasionally
at younger ages. Other groups and we have found that low back pain is
frequently accompanied by aberrant proinflammatory immune re-
sponses at the degenerated disc, the end plate, and systemically in
circulating T cells [3,23–25,33]. These observations might be asso-
ciated with a defective regulatory compartment of the immune system.

Since Breg cells play an important role in the maintenance of tol-
erance and suppression of autoimmune responses, we hypothesized that
a lack of Breg cells might be found in these patients. However, the
frequency of CD19+CD24hiCD38hi Breg cells was higher in patients
than in controls, though large variations were found in both groups.
Subsequently, we examined the expression of inhibitory molecules ex-
pressed by CD19+CD24hiCD38hi Breg cells from patients and controls.
Interestingly, patient Breg cells exhibited lower IL-10 expression and
TGF-β1 expression upon antigen-dependent (CD40L/αIg) stimulation
and antigen-independent (SAC) stimulation. The expression of PD-L1,
on the other hand, was comparable between patient Breg cells and
control Breg cells. While control Breg cells suppressed the expression of
TBX21 and RORC2 in CD4+ T cells, patient Breg cells was incapable of
altering the expression of these transcription factors. The mechanism of
action by CD19+CD24hiCD38hi Breg cells was most commonly

Fig. 5. Effect of IL-10, TGF-β, and PD-L1 inhibition in Breg/CD4+ T cell co-culture.
CD24hiCD38hi Bregs were co-incubated with autologous CD4+ T cells at 1/1 ratio, in the presence of SAC+3/28 stimulation. Anti-human IL-10, TGF-β, and PD-L1
mAbs and corresponding isotype controls were added in separate experiments. The TBX21, RORC2, and Foxp3 expression in (A) control CD4+ T cells and (B) patient
CD4+ T cells were examined following 6-day co-incubation. *p < 0.05. **p < 0.01. ***p < 0.001.
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attributed to the production of IL-10, PD-L1, and other surface mole-
cules such as CD80/86 and CD1d [26]. In this study, we observed that
the CD19+CD24hiCD38hi Breg cells possessed the capacity of producing
TGF-β1 in both patients and controls. TGF-β1 is instrumental to the
development of Treg cells, and TGF-β-expressing Breg cells promoted
Treg differentiation [34–36]. Here, we showed that TGF-β inhibition
reduced the expression of Foxp3 but did not affect the expression of
TBX21 or RORC2, or the viability, of the CD4+ T cells in the coculture
with CD19+CD24hiCD38hi Bregs. In controls, IL-10 and PD-L1, but not
TGF-β, contributed to the suppression of TBX21 and RORC2, while in
patients, PD-L1 contributed to the suppression of TBX21 and RORC2. In
both controls and patients, PD-L1, but not IL-10 or TGF-β, reduced the
viability of stimulated CD4+ T cells. Together, we demonstrated that
the patients with end plate inflammation did not present a reduction in
CD19+CD24hiCD38hi Breg frequency, but presented a reduction in
CD19+CD24hiCD38hi Breg function.

Due to the above discoveries, strategies that enhance Breg function
might provide new opportunities for the treatment of disc degeneration
and end plate inflammation. However, several challenges are present.
First, the experiments were performed entirely using peripheral blood
Breg cells, and the high frequency of blood Breg cells did not translate
to high functional potency. Hence, the frequency and function of Breg
cells at the disc and infiltrating blood from the end plate should be
investigated, upon receiving relevant samples. Also, in the laboratory
setting, activation of Breg cells is usually performed using anti-Ig,
CD40L, PMA, ionomycin, and TLR agonists such as SAC [26]. The
suitability of these stimulants in the setting of disc degeneration may
appear questionable at first, since these agents were rarely present in
blood. However, several studies have identified that low-virulence
bacterial and viral infection may be associated with disc degeneration
and end plate inflammation [37,38]. Whether these foreign antigens
could stimulate Breg cells in vivo should be further investigated. Also,
the pros and cons of using Breg cells versus immunosuppressive drugs
should also be considered. It remains unclear whether improvement in
Breg function could actually reduce the rate of disc degeneration and
ameliorate low back pain. For this reason, the association between Breg
function and clinical parameters of the disease should be further ex-
amined. The patients should be followed for an extended period of time
to investigate the association between Breg function and frequency with
clinical progression of the disease. In addition, animal models have
been developed to simulate human disc disorders and degeneration,
including spontaneous models with collagen mutations or accelerated
aging, and vertebral damage models induced by chemical or mechan-
ical insults [39]. The role of Breg cells should be further confirmed in
these animal models.
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