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ABSTRACT
Objective. To investigate the immu-
nomodulatory effects of dental pulp 
stem cells (DPSCs) on lymphocytes 
and monocytes from rheumatoid arthri-
tis (RA) patients unresponsive to con-
ventional synthetic disease-modifying 
anti-rheumatic drugs (csDMARDs).
Methods. Peripheral blood lympho-
cytes and monocytes were isolated from 
12 RA patients unresponsive to csD-
MARDs. Lymphocytes were activated 
using anti-CD3/CD28 beads or with 
CpG ODN 2006, and monocytes with 
LPS. After 48 hours of co-culture with 
DPSCs, the expression of 7 immune 
checkpoints on DPSCs was analysed by 
flow-cytometry, and 17 cytokines were 
quantified in the supernatants.
Results. Co-culture of DPSCs with 
CD3/CD28-activated lymphocytes or 
LPS-activated monocytes increased the 
expression of PD-L1, PD-L2, CD155, 
and Galectin-9 on DPSCs. In contrast, 
lymphocytes activated with ODN 2006 
did not alter immune checkpoint ex-
pression. CD80, CD86, and 4-1BBL 
expression was not induced under any 
condition. Co-culture with DPSCs 
reduced levels of sFas-L, IFNγ, sIL-
6RA, MIP-1β, TNFα in supernatants of 
CD3/CD28-activated lymphocytes; and 
BAFF, sFas-L, IL-1β, sIL-6RA, IL-9, 
IL-17A, IL-18, IL-23, M-CSF, perforin, 
TNFα in supernatants of LPS-activated 
monocytes. IL-6 and IP-10 levels in-
creased in all experimental conditions, 
while IL-9 increased in ODN 2006- and 
CD3/CD28-stimulated lymphocyte cul-
tures. DPSCs showed differential ef-
fects depending on the activation status 
of lymphocytes and monocytes.
Conclusion. The overexpression of in-
hibitory immune checkpoints by DPSCs 

may contribute to their immunomodu-
latory effects. DPSCs modulated a 
broader range of cytokines in monocyte 
supernatants compared to lymphocytes.

Introduction
Rheumatoid arthritis (RA) affects 0.5–
1% of European adults, causing joint 
damage and disability (1). Despite ad-
vances in disease-modifying anti-rheu-
matic drugs (DMARDs) (2), around 
30% of patients respond poorly (3), un-
derscoring the need for better treatments.
Mesenchymal stem cells (MSCs) are 
multipotent non-haematopoietic stem 
cells with regenerative and immu-
nomodulatory abilities, tested in au-
toimmune disease trials (4). Though 
generally safe, small sample sizes and 
inconsistent protocols leave their ef-
fectiveness unclear. MSCs modulate 
innate and adaptive immunity via cell 
contact and soluble factors, including 
extracellular vesicles (4,5). This study 
used dental pulp-derived MSCs: DPSCs 
(6). Most RA-related MSC research is 
based on animal models or healthy do-
nor cells, with limited data from RA 
patients (7). In the collagen-induced 
arthritis mouse model of RA, MSC ad-
ministration has been found to increase 
T lymphocytes hypo-responsiveness, 
promote the proliferation of regulatory 
T lymphocytes, modulate fibroblast-like 
synoviocyte and osteoclast activation, 
and decrease Th1/Th17 expansion as 
well as systemic concentrations of in-
flammatory cytokines (7). Understand-
ing MSC mechanisms could improve 
their clinical application.
MSC-based therapies may benefit RA 
patients who are unresponsive to current 
treatments (8). This study investigated 
the effects of DPSCs on lymphocytes 
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and monocytes from conventional syn-
thetic DMARDs (csDMARDs)-refrac-
tory RA patients, focusing on immune 
checkpoint expression on DPSCs and 
cytokine levels after direct co-culture. 

Material and methods
Cohort of patients 
We enrolled 12 adult RA patients satis-
fying the ACR/EULAR 2010 classifica-
tion criteria (9), who had an inadequate 
response to csDMARD therapy. Remis-
sion was defined according to ACR/EU-
LAR criteria (10) using either a Boolean 
or an index-based approach. The study 
was approved by the Local Ethics Com-
mittee of Reggio Emilia, Italy (protocol 
no. 1421/2020/TESS/AUSLRE–RF-
2019-12370609), following the Dec-
laration of Helsinki. Written informed 
consent was obtained from all patients.

DPSCs
Human DPSCs were purchased from 
CTIBiotech and expanded in alpha-
MEM (catalog: 22561) supplemented 
with 10% heat-inactivated FBS, 100 U/
ml penicillin plus 100 mg/ml strepto-
mycin (all from Gibco, ThermoFisher) 
and routinely cultured at 37°C, 5% CO2.

Isolation of lymphocytes 
and monocytes from peripheral 
blood mononuclear cells
Information regarding the collection 
of peripheral blood mononuclear cells 
(PBMCs) is reported in the online Sup-
plementary file. PBMCs were thawed, 
and manually counted with a haemo-
cytometer. Viability was evaluated by 
Trypan Blue solution. Lymphocytes and 
monocytes were isolated from patients’ 
PBMCs using the Miltenyi Biotec’s 
MAgnetic Cell Separation (MACS) 
technology. Monocytes were isolated by 
positive cell selection with anti-CD14-
MicroBeads (Miltenyi Biotec), follow-
ing the manufacturer’s protocol. Lym-
phocytes were collected as unlabeled 
cells in the flowthrough (negative selec-
tion). Evaluation of sorting efficiency is 
reported in the Supplementary file.

Co-culture system
In order to evaluate DPSC immu-
nomodulatory properties, direct co-cul-
tures were performed between DPSCs 

and lymphocytes or monocytes that 
were unstimulated or activated with 
different stimuli: CD3/CD28 Dyna-
beads™ (Gibco, ThermoFisher) for T 
lymphocyte activation; ODN 2006-G5 
(InvivoGen) at 1 μM concentration for 
B lymphocyte activation; LPS (Sigma-
Aldrich) at 0.1 ng/mL for monocyte 
activation. Details are reported in the 
Supplementary file.

Collection of supernatants 
and evaluation of immune 
checkpoint expression on DPSCs
After 48 hours, supernatants were col-

lected for cytokine quantification, and 
DPSCs were analysed by flow cytom-
etry for the expression of PD-L1, PD-
L2, CD155, Galectin-9, CD80, CD86, 
and 4-1BBL. The protocol of flow cy-
tometry is detailed in the Supplementa-
ry file. The gating strategies are shown 
in Supplementary Figures S1, S2, S3.

Cytokine quantification in 
supernatants
Concentrations of 16 cytokines were 
determined using a custom human Pro-
cartaPlex Mix&Match 16-plex (Ther-
moFisher). IL-6 levels were quantified 

Fig. 1. Effects of lymphocyte stimulation. Concentrations of 17 cytokines were quantified in culture 
supernatants after 48 hours of treatment of lymphocytes with ODN 2006 and CD3/CD28 antibody-
coated beads. Means with SEM are shown. Data were analysed with a paired Student’s t-test (stimu-
lated versus unstimulated). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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with the human IL-6 DuoSet ELISA 
(R&D Systems). Details are reported 
in the Supplementary file. Lower de-
tection limits of the assays are as fol-
lows: BAFF=1.0 pg/ml; sFas-L=0.5 
pg/ml; IFNγ=11.4 pg/ml; IL-1β=2.9 
pg/ml; IL-6=2.3 pg/ml; sIL-6RA=0.2 
pg/ml; IL-9=2.5 pg/ml; IL-10=0.4 pg/
ml; IL-17A=0.9 pg/ml; IL-18=3.8 pg/
ml; IL-21=4.9 pg/ml; IL-23=3.3 pg/ml; 
IP-10=1.6 pg/ml; M-CSF=40.3 pg/ml; 
MIP-1β=2.4 pg/ml; Perforin=20.0 pg/
ml; TNF-α=2.2 pg/ml.

Statistical analysis 
Statistical analyses were performed us-

ing GraphPad Prism 10. Cytokine con-
centrations in supernatants were com-
pared using a paired t-test. Fold chang-
es induced by co-culture with DPSCs 
were analysed with a one-sample t-test 
≠ 1. p-values less than 0.05 were con-
sidered significant, and fold changes 
>|1.5| were regarded as biologically 
significant.

Data repository
The raw data have been deposited in   
Zenodo 
(https://zenodo.org/; doi: 10.5281/ze-
nodo.15089978; doi: 10.5281/zenodo. 
15090064).

Results
Patients
PBMCs were collected from RA pa-
tients with active disease who showed 
inadequate response to csDMARD ther-
apy. Therapy details are in Supplemen-
tary Table S1. No patients had infections 
or cancers at the time of sampling.

Activation of lymphocytes 
and monocytes in vitro
The mean purity of lymphocytes sorted 
from PBMCs was 97.2% ± 0.4 standard 
error of the mean (SEM); that of sorted 
monocytes was 95.7% ± 0.9 SEM.
To simulate tissue-level inflamma-
tion, lymphocytes and monocytes were 
treated with anti-CD3/CD28 antibody-
coated beads, ODN 2006-G5, and 
LPS. Binding CD3/CD28 activates T 
lymphocytes. ODN 2006, a synthetic 
oligonucleotide with unmethylated 
CpG motifs, binds Toll-like receptor 
9 (TLR9), activating B lymphocytes. 
LPS binds TLR4, activating innate im-
mune cells like monocytes/macrophag-
es and dendritic cells.
Cytokine concentrations in superna-
tants from unstimulated lymphocytes 
and monocytes were often low, near the 
detection limits of the assays. However, 
sFas-L, sIL-6RA, IL-17A, MIP-1β, and 
Perforin were detected in all unstimu-
lated lymphocyte supernatants, while 
sIL-6RA, IL-9, IL-17A, and MIP-
1β were detected in all unstimulated 
monocyte supernatants.
Treatment of lymphocytes with CD3/
CD28 beads resulted in a statistically 
significant up-regulation of all cy-
tokines (Fig. 1), and in increase in for-
ward- and side-scatters of the cells indi-
cating activation (Suppl. Fig. S4).
Treatment of lymphocytes with ODN 
2006 resulted in a statistically signifi-
cant up-regulation of IL-10, TNF-α, 
IL-6, and MIP-1β (Fig. 1). Lympho-
cyte activation following ODN 2006 
treatment was further confirmed by 
an increase in CD80 expression on 
CD19+ B lymphocytes, with 723 me-
dian fluorescence intensity (MFI) for 
treated cells compared to 228 MFI for 
untreated cells.
Treatment of monocytes with LPS re-
sulted in a statistically significant up-
regulation of all cytokines (Fig. 2).

Fig. 2. Effects of monocyte stimulation. Concentrations of 17 cytokines were quantified in culture 
supernatants after 48 hours of treatment of monocytes with LPS. Means with SEM are shown. 
Data were analysed with a paired Student’s t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Expression of immune checkpoints 
on DPSCs after co-culture
DPSCs expressed PD-L1 (mean MFI 
= 351±16 SEM), PD-L2 (mean MFI = 
3154±217 SEM), CD155 (mean MFI = 
1293 ± 40 SEM), and Galectin-9 (mean 
MFI = 710±190 SEM), but did not ex-
press CD80, CD86, and 4-1BBL.
Co-culture with unstimulated lympho-
cytes showed two patient groups: one 
with no modulation (n=8, group no. 1 

in Fig. 3), and another with increased 
PD-L1, PD-L2, and CD155 expression 
on DPSCs (n=4, group no. 2 in Fig. 3). 
Galectin-9 expression on DPSCs was 
not modulated by co-culture with un-
stimulated lymphocytes (Fig. 3).
Co-culture between DPSCs and ODN 
2006-stimulated lymphocytes pro-
duced results similar to those with un-
stimulated lymphocytes (Fig. 3).
Co-culture between DPSCs and CD3/

CD28-stimulated lymphocytes con-
sistently increased PD-L1 (mean MFI 
= 27956 ± 1024 SEM), PD-L2 (mean 
MFI = 24353±1559 SEM), and CD155 
(mean MFI = 4139±155 SEM) expres-
sion on DPSCs. Galectin-9 expres-
sion was only increased following 
co-culture with CD3/CD28-stimulated 
lymphocytes from patient group no. 1 
(mean MFI = 974±196 SEM) (Fig. 3).
Co-culture between DPSCs and un-
stimulated monocytes did not affect 
immune checkpoint expression on DP-
SCs. However, co-culture with LPS-
stimulated monocytes increased PD-L1 
(mean MFI = 1024±89 SEM), PD-L2 
(mean MFI = 5600±476 SEM), CD155 
(mean MFI = 2218±74 SEM), and Ga-
lectin-9 (mean MFI = 1359±324 SEM) 
expression on DPSCs (Fig. 3). Mono-
cytes from all patients showed similar 
results, so the cohort was not split.
CD80, CD86, and 4-1BBL expression 
was not induced by any co-culture con-
dition.

Modulation of cytokine concentrations 
in supernatants by DPSCs co-culture
To determine the effects of DPSCs on 
cytokine production, we quantified 17 
cytokines in supernatants from lym-
phocytes or monocytes co-cultured 
with DPSCs, comparing them to those 
from lymphocytes or monocytes cul-
tured alone (both unstimulated and 
stimulated). Among the cytokines stud-
ied, DPSCs produced only IL-6 (mean 
= 57.6 pg/ml ± 2.6 SEM) and sIL-6RA 
(mean = 22.5 pg/ml ± 2.4 SEM).
To interpret the co-culture data between 
DPSCs and lymphocytes, patients were 
grouped based on whether their unstim-
ulated lymphocytes induced PD-L1, 
PD-L2, and CD155 on DPSCs. Super-
natants from group no. 2 unstimulated 
lymphocytes showed higher concentra-
tions of 16/17 cytokines, while those 
from group no. 1 had higher IL-6 and 
lower BAFF, sFas-L, IL-21 concentra-
tions (Fig. 4, Suppl. Fig. S5 and S6). 
Supernatants from group no. 2 lym-
phocytes stimulated with ODN 2006 
showed higher concentrations of 9/17 
cytokines, while those from group no. 1 
had higher IL-6, IL-9, IP-10, and lower 
BAFF concentrations (Fig. 4, Suppl. 
Fig. S7 and S8).

Fig. 3. Effects of the co-culture on immune checkpoint expression by DPSCs. Expression of PD-L1, 
PD-L2, CD155, and Galectin-9 was determined by flow cytometry on DPSC after co-culture with lym-
phocytes or monocytes, both unstimulated (UNS) and stimulated. Fold changes = median fluorescence 
intensities of the markers on DPSCs after co-culture / DPSCs cultured alone. Means with SEM are 
shown. Data were analysed with one-sample t-test ≠ 1. 
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. # fold changes > | 1.5 | in all the samples. 
Group no.1 includes 8 patients, group no. 2 includes 4 patients. 
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CD3/CD28-stimulated lymphocytes 
from both patient groups yielded com-
parable results (Fig. 4). Co-culture with 
DPSCs led to a decrease in sFas-L, 
IFNγ, sIL-6RA, MIP-1β, TNF-α, and 
an increase in BAFF, IL-6, IL-9, IP-10, 
M-CSF levels (Suppl. Fig. S9).
DPSCs modulated several cytokines 
in monocytes. Supernatants from both 
unstimulated and LPS-stimulated 

monocytes showed consistent de-
creases in BAFF, sFas-L, IL-1β, sIL-
6RA, M-CSF, Perforin, along with 
an increase in IL-6 after co-culture 
with DPSCs. Additionally, superna-
tants from LPS-stimulated monocytes 
showed decreased IL-9, IL-17, IL-18, 
IL-23, TNF-α, while IP-10 levels were 
increased (Fig. 4, Suppl. Fig. S10 and 
S11).

Discussion
This study aimed to explore the immu-
nomodulatory mechanisms of DPSCs as 
a potential therapy for RA. Unlike previ-
ous studies, we focused on: (i) PBMCs 
from RA patients rather than healthy 
donors; (ii) isolated lymphocytes and 
monocytes instead of whole PBMCs; 
(iii) both resting and activated immune 
cells; and (iv) MSCs derived from dental 

Fig. 4. Effects of the co-culture on cytokine concentrations in supernatants. Fold changes = cytokine concentrations following co-culture / cytokine con-
centrations by lymphocytes or monocytes cultured alone, both unstimulated and stimulated. Box and whiskers (min to max) are shown. Data were analysed 
with one-sample t-test ≠ 1. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. # fold changes > | 1.5 | in all the samples where cytokines were detected. 
A: Data on lymphocytes from the two groups of patients. Group no. 1 includes 8 patients, group no. 2 includes 4 patients. 
B: Data on monocytes from all the patients. 
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pulp. T lymphocytes were activated via 
CD3/CD28, B lymphocytes via TLR9, 
and monocytes via TLR4. We analysed 
the expression of 7 immune checkpoints 
on DPSCs: PD-L1, PD-L2, Galectin-9 
with inhibitory effects; CD86, 4-1BBL 
with activatory effects; CD80, CD155 
with dual roles, and quantified cytokines 
linked to T lymphocyte, B lymphocyte, 
and monocyte functions in culture       
supernatants.
DPSCs had different effects on unstim-
ulated versus stimulated lymphocytes 
and monocytes, indicating that systemic 
MSC administration may yield different 
outcomes compared to intra-articular 
delivery, where MSCs directly interact 
with activated immune cells and the in-
flammatory microenvironment.
Following co-culture with CD3/CD28-
stimulated lymphocytes and LPS-stim-
ulated monocytes, DPSCs upregulated 
PD-L1, PD-L2, CD155, and Galectin-9. 
This likely results from inflammatory 
cytokines (e.g. IFNγ and TNFα) in-
duced in vitro, known to drive immune 
checkpoint expression. While our group 
previously reported PD-L1 upregulation 
in similar conditions (11), the increased 
expression of PD-L2, CD155, and Ga-
lectin-9 is novel. These markers have 
also been found on bone marrow-de-
rived MSCs (12-14), highlighting their 
potential role in DPSC-mediated immu-
nosuppression.
Cytokine profiling of supernatants 
showed that DPSCs strongly influenced 
the IL-6 pathway, markedly increasing 
IL-6 (up to 667,000 pg/ml) while reduc-
ing sIL-6RA. This suggests a shift to-
ward IL-6 classical signalling over trans-
signalling. We previously reported IL-6 
upregulation in DPSCs exposed to acti-
vated PBMCs (11,15), and recent studies 
highlight IL-6 as a key regulator of MSC 
immunosuppressive properties (16, 17).
DPSC co-culture altered cytokine levels 
in supernatants from CD3/CD28-acti-
vated lymphocytes and LPS-stimulated 
monocytes, with pronounced effects on 
monocyte-derived supernatants. This 
suggests a strong influence of DPSC 
on monocyte function, consistent with 
reports that MSCs can reprogram mac-
rophages toward an anti-inflammatory, 
pro-repair phenotype (18).
To interpret lymphocyte data, we divid-

ed patients into two groups because un-
stimulated lymphocytes from 4 patients 
triggered immune checkpoint expres-
sion on DPSCs and elevated cytokine 
levels after co-culture. We suspect this 
was due to DPSC-induced lymphocyte 
activation, likely driven by the use of 
allogenic DPSCs. Although MSCs were 
once considered immune-privileged, 
studies show immune responses can oc-
cur against donor antigens (19). The ex-
tent of this allo-immune response likely 
depends on MHC mismatch, underscor-
ing the need to consider MHC compat-
ibility in allogenic MSC therapies.
We assessed the effects of DPSCs on 
lymphocytes and monocytes from RA 
patients unresponsive to csDMARDs, 
based on the hypothesis that MSC ther-
apies could be applied as second-line 
treatments. Comparing the effects of 
DPSCs on samples from patients who 
are unresponsive versus responsive to 
csDMARDs may reveal differences be-
tween these two subsets of patients.
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