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Abstract

Background: CD38+ NK (CD3— CD16+ CD38+ CD56+) cells
were increased in rheumatoid arthritis (RA), which sup-
pressed Treg cell differentiation. This study explored how
CD38+ NK cells regulated CD4+ T-cell differentiation into
Treg cellsin RA. Methods: Proportions of CD38+ NK cells and
their counterpart CD38+ NK-like T (CD3+ CD16+ CD38+
CD56+) cells were measured in RA and rats with collagen-
induced arthritis (CIA). CD38+ NK cells and CD38+ NK-like T
cells were cocultured with CD4+ T cells, respectively. Re-
sults: A significantly increased proportion of CD38+ NK cells
and a decreased proportion of CD38+ NK-like T cells were
detected in RA and CIA blood and synovial fluids. When
CD4+T cells were cocultured with CD38+ NK cells, mamma-
lian target of rapamycin (mTOR) signaling was activated, and
Th1/Th2 and Th17/Treg ratios were increased. When CD38+
NK cells were pretreated with anti-CD38 antibody, Treg cell
proportion was increased,and Th1/Th2and Th17/Treg ratios

were decreased. CD38+ NK-like T cells showed the opposite
results. CD38+ NK cells and CD38+ NK-like-T cells activated
differential gene expressions and pathways in CD4+ T cells
and initiated Th1 and Th2 cell differentiation by differential
gene nodes. Conclusions: This study suggest that the high
CD38+ NK cell proportion and low CD38+ NK-like T cell pro-
portion in RA suppress Treg cell differentiation by stimulat-
ing mTOR signaling in CD4+ T cells, which consequentially

disturbs the immune tolerance. ©2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by chronic joint inflammation. Helper cells
(Th) differentiate into Th1, Th2, Th17, and Treg cells [1].
Tregs are important regulators of immune homeostasis,
and they can regulate the immune response by inhibiting
inflammation and promoting self-tolerance [1-3]. Many
studies have demonstrated that abnormal Th1/Th2,
Th17/Treg ratios, and Treg cells play important roles in
the occurrence and development of RA and other auto-
immune diseases [4-8]. When the number and function
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of Treg cells are damaged, the Th17/Treg balance is dis-
rupted, resulting in immune imbalance and damage to
immune tolerance [9]. The proportion of Treg cells in RA
was significantly decreased, which was significantly re-
lated to the degree of RA activity [10-14]. Many studies
have found that increasing the proportion of Treg cells or
repairing Treg cell function is an effective strategy for the
treatment of autoimmune diseases [8, 15-17]. We previ-
ously injected human Treg cells into collagen-induced ar-
thritis (CIA) rats and found that exogenous Treg cells sig-
nificantly alleviated CIA, indicating that cross-species
Treg cells can exert therapeutic effect on CIA by restoring
immune balance [18]. We also reported that injection of
Xuebijing, a traditional Chinese medicine, could signifi-
cantly treat RA and CIA by elevating Treg cells in RA pa-
tients and rat models [19]. The above studies support the
notion that maintenance of the proportion and function
of Treg cells plays an important role in preventing and
treating RA. However, the mechanism by which Th1/Th2
and Th17/Treg balance is maintained is unclear, and the
pathological mechanism responsible for the imbalance of
Th1/Th2 and Th17/Treg cells is also unknown. This has
been the subject of long-term efforts in basic immunol-
ogy and clinical immunology.

Cluster of differentiation 38 (CD38) is a multifunc-
tional ectoenzyme that catalyzes conversion of
B-nicotinamide adenine dinucleotide (B-NAD) to nico-
tinamide adenine dinucleotide phosphate (NADP). The
metabolites NAD and NADP have roles in calcium sig-
naling in different cell types [20, 21]. CD38 is mainly ex-
pressed in natural killer (NK) cells, B cells, T cells, mono-
cyte-macrophages and dendritic cells (DCs) and is highly
expressed in multiple myeloma (MM) cells [22-24].
CD38 is an emerging therapeutic target through which
metabolism is altered in relation to infection, aging and
tumorigenesis [20]. Through transcriptomic analyses, we
discovered that CD38 is specifically overexpressed in sy-
novial tissues in RA compared to ankylosing spondylitis
and osteoarthritis (OA) samples; likewise, the propor-
tions of CD38+ cells and CD38+ CD56+ cells are signifi-
cantly elevated in the peripheral blood of RA patients, and
the level of CD38+ cells is positively correlated with the
level of rheumatoid factor in the patients. Furthermore,
suppressing CD38 expression in cultured RA synovial fi-
broblast cells decreased IL-1a and IL-1f secretion [25].
Other studies have shown elevated CD38 expression in B
and T cells from patients with autoimmune diseases [26,
27]. CD38 knockout mice have significantly reduced oc-
currence and development of CIA [28-30]. These studies
suggest that CD38 may play an important role in RA

T-Cell Immune Imbalance in Rheumatoid
Arthritis

pathogenesis. Moreover, we recently found that CD38+
NK cells (CD38+ CD3— CD16+ CD56) were overabun-
dant in RA. CD38 decreased TNF-a level and increased
IFN-y level by suppressing Sirtuin 6 (Sirt6) expression in
CD38+ NK cells, which consequently inhibited mono-
nuclear cell (MNC) differentiation into Treg cells. This
study suggested that high numbers of CD38+ NK cells as
well as their inhibition on Treg cell differentiation in
MNCs were potential causes of the immune imbalance
and disrupted immune tolerance in RA and CIA [31].
However, the following questions remain unclear: (i)
How do CD38+ NK cells suppress MNC differentiation
to Treg cells? (ii) Does CD38 antibody have a therapeutic
effect in RA and CIA? (iii) Do CD38+ NK-like T cells
(CD3- CD16+ CD38+ CD56+ cells), another CD38+
CD56 cell subtype, play a role in RA?

This study simultaneously studied CD38+ CD3-
CD16+ CD56+ and CD38+ CD3+ CD16+ CD56+ cells,
which are also known as CD38+ NK cells and CD38+
NK-like T cells, respectively. Proportions of CD38+ NK
cells and their counterpart, CD38+ NK-like T (CD3+
CD16+ CD38+ CD56+) cells were measured in RA pa-
tients and rats with CIA. CD38+ NK cells and CD38+
NK-like T cells were cocultured with CD4+ T cells or
MNCs depleted of CD38+ CD16+ CD56+ cells from RA
synovial fluid and blood. Levels of Th1, Th2, Th17, Treg
cells, inflammatory cytokines, and TGF-3 were measured
in the culture. Activation of the mammalian target of ra-
pamycin (mTOR) signaling pathway has been demon-
strated to promote the differentiation of primary T cells,
and blocking mTOR activity can reverse this inhibitory
effect on Treg cells [32, 33]. This study examined mTOR
signaling activity in CD4+ T cells following the coculture.
Expression profiles of CD4+ T cells following the cocul-
ture were examined using Transcriptomic analysis. The
purpose of this study was to investigate the roles and reg-
ulatory mechanism of CD38+ NK cells and their counter-
part, CD38+ NK-like T cells, in RA.

Materials and Methods

Sample Collection

Peripheral blood and synovial fluid were collected from RA pa-
tients (n = 30), and synovial fluid was collected from OA patients
(n = 30) in the Rheumatology Department of the Affiliated Hospi-
tal of Qingdao University in Qingdao, China. All enrolled RA pa-
tients met the 1987 RA classification criteria of the American Col-
lege of Rheumatology (ACR) and the 2010 classification criteria of
the American Association of Rheumatology (AAR)/the European
League Against Rheumatism (EULAR). Peripheral blood samples
were collected from healthy volunteers (n = 30) at the Physical Ex-
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amination Center of the hospital. The sample collection and ex-
perimental design were approved by the Ethics Committee of the
Affiliated Hospital of Qingdao University (Approval No.20190105),
and all patients gave written informed consent. Clinical informa-
tion of the patients who donated blood samples and synovial fluid
samples is shown in online suppl. Table 1; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000516642 and online
suppl. Table 2, respectively. The peripheral blood and synovial flu-
id samples from patients with RA were not paired.

Generating a Rat Model of Bovine Type 2 CIA

Six-week-old Sprague Dawley (SD) rats (200 + 16 g) (n = 48,
male) were purchased from the Shandong Laboratory Animal Cen-
ter (China). The rats were randomly divided into 2 groups: normal
control (NC, n = 24) and CIA model (n = 24) groups. Rats in the
CIA model group were intradermally injected at the tail root with
an emulsified and equal mixture of bovine type 2 collagen (Chon-
drex, USA) (0.2 mg/per rats) and complete Freund’s adjuvant (Sig-
ma, USA). One week later, the same amount of the emulsified and
equally mixed bovine type 2 collagen and incomplete Freund’s ad-
juvant (Sigma) was injected. To measure disease activity, an inflam-
mation curve was drawn based on changes in the thickness of the
toe. These rats were sacrificed at 16 days following the first time of
collagen injection. Histochemical observation for the joint tissues
was performed by routine way. The rats in the control group were
injected with the same volume of physiological saline (PBS).

Detection of Lymphocyte Subtypes in Rat Blood

Rats were euthanized with lethal doses of ketamine and xyla-
zine, and peripheral blood was collected from the inferior vena
cava. The cells were collected by centrifugation and lysed using red
blood cell lysis buffer (BioLegend, USA). Antibodies and isotype
controls for flow cytometry were added (1.0 ug per 10° cells in 100
pL volume), and the mixture was incubated at 4°C for 30 min in
the dark. CD38+ CD3+ T (CD38+ T) cells were detected with an
APC anti-rat CD3 antibody and PE anti-rat CD38 antibody (Bio-
Legend), CD3+ CD4+ T cells with APC anti-rat CD3 and FITC
anti-rat CD4 antibodies (BioLegend), CD3+ CD8+ T cells with
APC anti-rat CD3 and PerCP anti-rat CD8a antibodies (BioLeg-
end), CD38+ CD3-CD45RA+ B (CD38+ B) cells with PE anti-rat
CD38, APC anti-rat CD3 and FITC anti-rat CD45RA antibodies
(BioLegend), and CD38+ CD3— CD161+ NK (CD38+ NK) cells
and CD38+ CD3+ CD161+ NK-like T cells (CD38+ NK-like T)
cells with PE anti-rat CD38, APC anti-rat CD3 and FITC anti-rat
CD161 antibodies (BioLegend). FITC IgGl1, PE IgG1, APC IgGl,
and PerCP/Cy5.5 IgG1 antibodies were used as isotype controls.
Data were acquired using NovoCyte flow cytometry system (No-
voCyte D2040R; American ACEA BIO).

Detection of Rat Treg Cells

APC anti-rat CD4 and FITC anti-rat CD25 antibodies (BioLe-
gend) or APC IgG2a and FITC IgG2a isotype controls (BioLegend)
were added to the blood samples with anticoagulation treatment (1
pg per 10 cells in 100 uL volume). The mixture was incubated at
room temperature for 15 min in the dark. Then, 1x red blood cell
lysis/fixation solution (BioLegend) was added, and the mixture was
incubated at room temperature for 15 min. After centrifugation,
cell staining buffer (BioLegend) was added to resuspend the pellet,
and the mixture was centrifuged at 300 g for 5 min. The cell pellet
was then fixed with fixation buffer (BioLegend) and incubated for
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20 min at room temperature. Following centrifugation, the fixed
cells were resuspended in permeabilization wash buffer (BioLeg-
end), and PE anti-rat FOXP3 antibody or PE IgG2a isotype control
(BioLegend) was added (1 pg per 10° cells in 100 pL volume). The
mixture was incubated at room temperature for at least 30 min and
resuspended in 1x flow cytometry staining buffer. CD4+ CD25+
FOXP3+ Treg cells were detected by flow cytometry.

Detection of Lymphocyte Subtypes in RA Synovial Fluid or

Blood

Peripheral blood of RA patients or healthy volunteers (n = 30,
from patients No. 1 to No. 30 in online suppl. Table 1) and RA or
OA synovial fluid samples (n = 30, from patients No. 1 to No. 30
in online suppl. Table 2) were collected and washed 3 times with
PBS. The cell pellet was resuspended in PBS. The sample to be
tested was incubated with the following antibodies and isotype
controls at 4°C for 30 min (1 pg per 10° cells in 100 uL volume).
CD45+ lymphocytes, CD3+ T cells, CD3+ CD4+ T cells, and
CD3+ CD8+ T cells were detected with a FITC anti-CD3/PE anti-
CD8/PerCP anti-CD45/APC anti-CD4 detection kit (ACEA Bio-
sciences, China). CD3- CD16+ CD56+ NK cells, CD3+ CD16+
CD56+ NK-like T cells, and CD3— CD19+ B cells were detected
using a FITC anti-CD3/PE anti-CD16+ CD56/PerCP anti-CD45/
APC anti-CD19 detection kit (ACEA biosciences). FITC IgG1, PE
IgG1, APC IgG1, and PerCP/Cy5.5 IgG1 antibodies were used as
isotype controls (BioLegend). Lymphocyte subtypes within MNCs
were measured using flow cytometry.

The proportions of CD38+ T cells (CD3+ CD38+), CD38+ B
cells (CD3- CD19+ CD38+), CD38+ NK cells (CD38+ CD3-
CD16+ CD56+), and CD38+ NK-like T cells (CD38+ CD3+
CD16+ CD56+) were detected using flow cytometry as described
above. PerCP anti-human CD38 (BioLegend), FITC anti-human
CD3/PE (CD16+ CD56) cocktail (BioLegend), FITC anti-human-
CD3 (BioLegend), and APC anti-human-CD19 antibodies (BioLe-
gend) were added to the samples.

Detection of RA Treg Cells

This study used a human Treg cell assay kit (Multiscience Bio-
tech). FITC anti-human CD4 and APC anti-human CD25 anti-
bodies or FITC IgG2a and APC IgG2a isotype controls were added
to blood samples with anticoagulation treatment, synovial fluids,
cultured MNCs, or CD4+T cells (1 pg per 10° cells in 100 uL vol-
ume). The mixture was incubated at room temperature for 15 min
in the dark. Next, 1x flow cytometry lysing solution was added, and
the mixtures were incubated at room temperature for 15 min.
Then, 1x fixation/permeabilization working solution was added,
and the mixtures were incubated at room temperature for 30 min.
Following centrifugation, the pellets were resuspended in 1x per-
meabilization buffer, and PE anti-human FOXP3 antibody or rat
PE IgG2a isotype control was added (1 pg per 10° cells in 100 pL
volume). The mixture was incubated at room temperature for 30
min and centrifuged. The pellet was resuspended in 1x flow cy-
tometry staining buffer. CD4+ CD25+ FOXP3+ Treg cells were
detected using flow cytometry.

Separation of MNCs from Synovial Fluid or Peripheral Blood

Heparin sodium-anticoagulated peripheral blood (n = 9, pa-
tients No. 22 to No. 30 in online suppl. Table 1) was added to an
equal volume of PBS. Synovial fluids (n = 9, patients No. 1 to No.
9 in online suppl. Table 2) were collected and pretreated with hy-
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aluronidase (10 U/mL) at 37°C for 30 min, and 3 volumes of PBS
were added. The blood or synovial samples were centrifuged and
resuspended with lymphocyte separation solution (Tianjin Hao-
yang, China). The mixture was centrifuged at 800 g for 20 min, and
the white circular layer was collected to obtain peripheral blood
MNC:s or synovial fluid SMNCs.

Flow Cytometric Preparation of CD38+ NK Cells, CD38+ NK-

Like T Cells, and CD38+ CD16+ CD56+ Cell-Depleted MNCs

The peripheral blood or synovial fluid of RA patients was col-
lected to isolate MNCs as described above. The pellet was resus-
pended in PBS. PerCP anti-human CD38, PE anti-human CD3
and FITC/(CD16+ CD56) antibodies (10 pg per 107 cells in 500 pL
volume) (1:1) were added, and the mixture was incubated for 30
min at 4°C. The cells were washed, collected by centrifugation, and
resuspended in PBS. The labeled cells were sorted using a BD
FACS ARIA II cell sorter with BD FACS Diva V6 software (BD
Biosciences, USA). CD38+ and CD16+ CD56+ and CD16+ CD56-
gates were established, and the CD38+ NK and CD38+ NK-like T
cells were differentiated by CD3+/— in the CD38+ and CD16+
CD56+ cell populations. The cell population in the negative gate
was composed of MNCs depleted of CD38+ CD16+ CD56+ cells.
The CD38+ NK cells contained a CD3- CD38+ CD16+ CD56+
population, and the CD38+ NK-like T cells contained a CD3+
CD38+ CD16+ CD56+ population. The sorted populations were
collected into RPMI-1640 medium (Gibco) containing 10% hu-
man heat-inactivated pooled AB serum (Gibco). The viability of
the sorted cells was determined by trypan blue exclusion (Thermo
Fisher Scientific) using a routine protocol. After sorting, the sam-
ples were tested for purity using the BD FACS ARIA II cell sorter
with BD FACS Diva V6 software (BD Biosciences, USA). The
MNC:s prior to co-culturing with NK/NKT cells contained other
non-CD38+ CD16+ CD56+ including T-helper cell populations.

Sorting of Naive CD4+ T Cells

A human naive CD4+ T Cell Isolation Kit II (Miltenyi Biotec,
Germany) was used to isolate naive CD4+ T cells. The RA synovial
MNCs were obtained as described above and were resuspended in
the magnetic-activated cell sorting buffer (PBS with 5% fetal calf
serum) provided in the kit. CD4 and CD45RA magnetic beads were
added to the cells, and the mixture was incubated at 4°C for 15 min.
The sample was loaded into the sorting column, and the negative
cells were collected. Magnetic-activated cell sorting buffer was add-
ed to the sorting column, and the cells were quickly forced into the
positive collection tube with the piston. The purity of the freshly
sorted naive CD4+ T cells was determined by flow cytometry.

Coculture of CD38+ NK Cells or CD38+ NK-Like-T Cells with

CD38+ CD16+ CD56+ Cell-Depleted MNCs or CD4+ T Cells

CD38+ NK or CD38+ NK-like T cells were treated with anti-
CD38 monoclonal antibody (CD38 mAb; Janssen Pharmaceutical
Companies of Johnson & Johnson) at a final concentration of 1 ug/
mL for 24 h. The anti-CD38 monoclonal antibody has the trade
name of daratumumab and is a humanized monoclonal antibody.
The anti-CD38 antibody was removed by centrifugation at 200 g
for 5 min, and the cells were plated in the upper chamber of a 0.4
um transwell apparatus (Corning Costar®, USA). Cells that were
treated with an equivalent amount of PBS were used as controls.
Homologous CD38+ CD16+ CD56+ cell-depleted MNCs or
CD4+ T cells were seeded into the lower chamber. After 48 h of
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coculture, the cells were harvested, and the lymphocyte subtypes
among the MNCs or CD4+ T cells were detected using flow cytom-
etry. The supernatant was also collected, and cytokines (IL-2, IL-4,
IL-6, IL-10, TNF-a, and IFN-y) were detected using flow cytom-
etry according to the following description.

Detection of RA Th17 Cells

A human Th17 cell assay kit (Multiscience Biotech) was used
to identify RA Th17 cells. MNCs were placed into a flow cytometry
tube, and serum-free medium, phorbol myristate acetate/ionomy-
cin mixture and brefeldin A/monensin mixture from the kit were
added. The mixture was incubated at 37°C for 4 h and centrifuged.
The pellet was resuspended in medium containing 10% fetal bo-
vine serum. FITC anti-human CD3 and PerCP-Cy5.5 anti-human
CD4 antibody were added, and FITC IgG1 and PerCP/Cy5.5 IgG1
isotype control antibodies were added as controls (1 pug per 10° cells
in 100 pL volume). The mixture was incubated at room tempera-
ture for 15 min. The FIX & PERM Medium A from the kit was
added, the mixtures were incubated for 15 min at room tempera-
ture, and 1x flow cytometry staining buffer was then added. Fol-
lowing centrifugation, FIX & PERM Medium B and PE anti-hu-
man IL-17A antibody from the kit were added, and PE IgGl1 iso-
type control antibody was added as a control (1 g per 10° cells in
100 pL volume). The mixtures were incubated for 15 min at room
temperature. Flow cytometry staining buffer was added, and the
mixture was centrifuged. The contents were resuspended in 1x
flow cytometry staining buffer, and CD3+ CD4+ IL-17A+ Thl7
cells were detected using flow cytometry.

Detection of Cytokines in Culture Medium

A human Th1/Th2 cytokine detection kit (Hangzhou Cell
Gene, China) was used for cytokine detection. The corresponding
standard in the kit was added to each standard tube, and the sam-
ples were added to each sample tube. Fluorescence detection re-
agents that were conjugated to microcapsules in the kit were added
to all tubes, and the mixture was incubated at room temperature
for 2.5 h. Following centrifugation, the samples were resuspended
in PBS, and the concentrations of IL-2, IL-4, IL-6, IL-10, TNF-a,
and IFN-y were measured by flow cytometry.

Treg-Cell Isolation and Sorting

MNCs were obtained from the peripheral blood of RA patients.
The MNCs were incubated with FITC anti-human-CD25 (BioLe-
gend), PerCP/Cy5.5 anti-human-CD4 (BioLegend), and FE anti-
human-CD127 (BioLegend) antibodies for 30 min at room tem-
perature. The cells were collected by centrifugation and collected
in PBS. The labeled cells were sorted using a BD FACS ARIA II cell
sorter with BD FACS Diva V6 software (BD Biosciences, USA).
The Treg cells were analyzed for purity.

Cell Count Kit-8 Assay for Treg Cells

CD38+ NK or CD38+ NK-like T cells were treated with anti-
CD38 monoclonal antibody (CD38 mAb; TheraMabs Bio-Tech-
nology, China) at a final concentration of 1 pg/mL or an equal
volume of PBS at 37°C for 24 h. CD38+ NK or CD38+ NK-like T
cells were then washed and cocultured with Treg cells in a transwell
apparatus at 37°C in the presence of 5% CO, for 24 h. Treg cells
were suspended and washed, and Cell Count Kit-8 solution (Dojin-
do, Japan) was added. After incubation for 3 h, OD values were
measured at 450 nm using a spectrophotometer (BioTek, USA).
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Detection of TGF-f3 Expression in Culture Medium

TGEF-p expression in the culture medium was detected by flow
cytometry using Human TGF—{1 capture bead A4 (BioLegend).
The TGF-B1 magnetic beads, anti-TGF-B1 antibody, assay buffer,
and standard or tested sample were incubated together for 3 h at
room temperature with shaking. Fluorescence detection reagents
in the kit were added and incubated with samples for 0.5 h at room
temperature with shaking. Following centrifugation, the samples
were resuspended in PBS, and TGF-f concentrations were mea-
sured using flow cytometry. The data were analyzed using LEG-
ENDplex v 8.0 software (BioLegend).

Detection of RA Th1 and Th2 Cells

A human Th1/Th2 cell assay kit (Multiscience Biotech, China)
was used to detect RA Th1 and Th2 cells. Serum-free medium and
the phorbol myristate acetate/ionomycin/brefeldin A/monensin
mixture in the kit was added to blood samples, MNCs, or CD4+ T
cells. The mixture was incubated at 37°C for 4 h and collected by
centrifugation. The pellet was resuspended in medium containing
10% fetal bovine serum. FITC anti-human CD3 and PerCP-Cy5.5
anti-human CD4 antibodies were added, and FITC IgGl1 isotype
control and PerCP-Cy5.5 antibody were added as controls (1.0 ug
per 10° cells in 100 uL volume). The mixture was incubated at
room temperature for 15 min. The FIX & PERM Medium A in the
kit was added, and the mixture was incubated for 15 min at room
temperature. Next, 1x flow cytometry staining buffer was added,
and the mixture was centrifuged. The FIX & PERM Medium B in
the kit, PE anti-human IFN-y, and APC anti-human IL-4 were
added, and PE IgG1 isotype control and APC antibody were added
as controls (1 pug per 10 cells in 100 puL volume). The mixtures were
incubated for 15 min at room temperature, centrifuged, and resus-
pended with flow cytometry staining buffer. CD3+ CD4+ IFN-y+
Thl cells and CD3+ CD4+ IL-4+ Th2 cells were detected using
flow cytometry. The Th1/Th2 ratio was calculated according to the
proportions of Th1l and Th2 cells among the CD4+ T cells.

Real-Time PCR Detection

CD38+ NK or CD38+ NK-like T cells were collected from the
upper chamber of a transwell apparatus. Total RNA was extracted
and reverse transcribed into cDNA (Vazyme, China). Real-time
quantitative PCR (Thermo Fisher Scientific, USA) was used to de-
tect the CD3y, CD28, and TGF-B mRNA expression levels. The
PCR primer sequences were as follows: CD3 forward 5'-GCA-
TTTTCGTCCTTGCTGTTGGG-3" and reverse 5-GGTCATC-
TTCTCGATCCTTGAGG-3"; CD28 forward 5-GAGAAGAG-
CAATGGAACCATTATC-3' and reverse 5'-TAGCAAGCCAG-
GACTCCACCAA-3"; and TGF-p forward 5-TACCTGAACC-
CGTGTTGCTCTC-3' and reverse 5'-GTTGCTGAGGTATCGC-
CAGGAA-3'.

Western Blot Analysis

Cocultured CD4+ T cells were collected, and RIPA lysis buffer
(Beyotime, China) and PMSF (phenylmethanesulfonyl fluoride)
were added. The cells were lysed on ice for 30 min. Following cen-
trifugation, the supernatant was collected, and the protein samples
were subjected to SDS-PAGE (Beyotime) and transferred to a
PVDF membrane (Boster, China). Protein expression changes in
the mTOR pathway were detected using an mTOR substrate anti-
body sampler kit (Cell Signaling Technology, USA). The mem-
branes were incubated with the phospho-mTOR (Ser2448), total
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mTOR, phospho-p70S6 kinase (Thr389 and Ser371), and phos-
pho-4E-BP1 (Thr37/46) antibodies in the kit. Followed washing 3
times in Tris-buffered saline, the membrane was incubated with
anti-rabbit IgG and horseradish peroxidase-linked antibodies
from the kit. A gel imaging system (GelDoc XR+; Bio-Rad, USA)
was used to expose and develop the blots. Glyceraldehyde-3-phos-
phate dehydrogenase was used as an internal reference to normal-
ize the expression levels of the target proteins. The expression nor-
malization was performed with Image]J software (NIH, Bethesda,
MD, USA).

The expression of CD38 was examined using a similar protocol,
and the antibody was obtained from Santa Cruz Biotechnology.
The anti-CD38 antibody is a mouse monoclonal IgG1 (kappa light
chain) that was raised against amino acids 1-170 of CD38 of hu-
man origin.

Transcriptomic Analysis

CD4+ T Cells were cocultured with CD38+ NK cells or CD38+
NK-like T cells as mentioned above. Non-cocultured CD4+T cells
were used as controls. Total RNA was extracted from CD4+ T cells
and digested DNA with DNase. Eukaryotic mRNA was enriched
with magnetic beads with Oligo(dT). The mRNA was broken into
short segments, reverse-transcripted into one-strand cDNA using
a6-base random primer, and prepared into two-strand cDNA. The
purified double-stranded cDNA is added with a tail with sequenc-
ing connector. PCR amplification is carried out to amplify the
sample. The library was qualified by Agilent 2100 Bioanalyzer. Af-
ter the quality inspection, the transcriptome sequencing and se-
quencing analysis were carried out with Illumina sequencer. Clean
readings were mapped to the reference genome (Sscrofa 10.2).
Gene expression level was quantified by the Fragments Per kb Per
Million Reads method. The DESeq software (DESeq version
1.39.0) was used to standardize the counts number of each sample
gene. Basemean value was used to estimate the gene expression
level, and the fold change (FC) was calculated. Negative binomial
distribution test (NB) was used to test the difference significance
of reads number. The differential protein coding genes were
screened according to the FC and difference significance test re-
sults. Differentially expressed genes (DEGs) were selected from
those protein coding genes with features of the variable impor-
tance in the projection values FC >2 or <0.5 and p < 0.05. Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used to ana-
lyze the enrichment of ontology (GO) biological processes and
pathways. DEG with FC >1.5 was used for the pathway analysis.
The significance of DEG enrichment in each pathway entry was
calculated by hypergeometric distribution test (p value <0.05).
Bubble chart shows the top 20 of KEGG enrichment analysis, in
which the number of DEG >2.

Statistical Analysis

Normal and variance homogeneity tests were performed using
SPSS 17.0 software (IBM, USA). One-way ANOVA was used to
perform multigroup significance tests. The least significant differ-
ence method was used for pairwise comparisons. Pearson correla-
tion analysis was performed, and |r| = 0.8 indicated that 2 variables
were highly correlated; 0.8 > |r| = 0.5 indicated that 2 variables were
moderately correlated; 0.5 > |r| = 0.3 indicated low correlation of
2 variables; and 0.3 > |r| indicated that there was no correlation
between 2 variables. The test standard was a = 0.05, and p < 0.05
indicated statistical significance.
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Fig. 1. Changes in CD38+ NK and CD38+ NK-like T cells in peripheral blood lymphocytes from CIA rats. a The
proportions of lymphocyte subtypes in peripheral blood from the normal control (n = 24) and CIA rats (n = 24).
b The proportions of CD38+ cell subtypes in peripheral blood from the normal control and CIA rats. ¢ Changes
in the ratios of lymphocyte subtypes in peripheral blood from the normal control and CIA rats. d Correlation
analysis of the CD38+ NK/CD38+ NK-like T cell ratio in peripheral blood from the CIA rats and the disease ac-
tivity. *Represents a p value <0.05, **<0.01, and ***<0.001. CIA, collagen-induced arthritis.

Results

Phenotypic Changes in CD38+ NK and CD38+

NK-Like T Cells in CIA Peripheral Blood

We collected peripheral blood from 24 CIA rats and 24
normal rats. The inflammation curve is shown online
suppl. Figure 1. The proportions (percentage) of CD4+ T
cells (32.29 + 2.13), CD3-CD19+ B cells (19.97 + 0.98)
and CD3-CD161+ NK cells (11.15 + 1.23) in total lym-
phocytes (CD45+ lymphocytes) in the CIA group were
significantly higher than those in the normal control
group (26.72 = 1.699, 15.99 + 1.63, and 7.04 = 1.10. p =
0.0467, 0.0415, and 0.0164, respectively), whereas the
proportionsof CD8+ T cells (14.42 £ 1.14),CD3+ CD161+
NK-like T cells (1.69 + 0.14), and CD4+ CD25+ FOXP3+
Treg cells (2.213 £ 0.59) were significantly lower than
those in the normal controls (19.07 + 1.84, 2.28 + 0.25,

T-Cell Immune Imbalance in Rheumatoid
Arthritis

and 5.17 £ 0.49. p = 0.037, 0.0436, and 0.0004, respective-
ly). There was no significant difference in the proportion
of CD3+ T cells (34.60 + 2.54 and 36.39 £ 2.50) (p = 0.618).
The results are shown in Figure la.

Compared with the normal control group (3.54 £ 0.52,
0.91 £0.09, 0.82 + 0.08, and 6.46 + 0.45), the proportions
of CD38+ CD3- CD19+ B (CD38+ B) cells (5.48 + 0.44)
and CD38+ CD3- CD161+ NK (CD38+ NK) cells (2.24
+ 0.22) in the peripheral blood of CIA rats were signifi-
cantly increased (p = 0.0062 and <0.0001, respectively),
the proportion of CD38+ CD3+ CD161+ NK-like T
(CD38+ NK-like T) cells (0.47 + 0.03) was significantly
decreased (p < 0.0001), and there was no significant
change in the proportion of CD38+ CD3+ (CD38+ T)
cells (7.19 £ 0.66, p = 0.3639) (Fig. 1b). The CD38+ NK/
CD38+ NK-like T-cell ratio values in the CIA rats ranged
from 0.83 to 16.28, with an average of 5.16, which was
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Fig. 2. Changes in CD38+ NK and CD38+ NK-like T cells in peripheral blood lymphocytes of RA patients. a The
proportions of lymphocyte subtypes in peripheral blood from healthy individuals (n = 30) and RA patients (n =
30). b The proportions of CD38+ cell subtypes in peripheral blood from healthy individuals and RA patients. ¢
Changes in the CD38+ NK/CD38+ NK-like T-cell ratio in peripheral blood from healthy individuals and RA
patients. d Correlation analysis of the CD38+ NK/CD38+ NK-like T-cell ratio in peripheral blood from RA pa-
tients with DAS28. *Represents a p value <0.05, **<0.01, and ***<0.001. RA, rheumatoid arthritis.
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significantly higher than that in the normal control group
(range: 0.08-5.62, mean: 1.66, p = 0.0012). Meanwhile,
the NK/NK-like T-cell ratio in the CIA rats ranged from
1.13 to 26.69, with an average of 8.34, which was signifi-
cantly higher than that in the normal control group
(range: 0.18-14.39, mean: 3.86, p = 0.007) (Fig. 1¢). In ad-
dition, the ratio of CD38+ NK/CD38+ NK-like T cells in
the CIA rats was positively correlated with the CIA in-
flammation index (r = 0.76, p < 0.0001), and the NK/NK-
like T cell ratio was positively correlated with the disease
activity score (r = 0.69, p = 0.0002) (Fig. 1d).

Phenotypic Changes in CD38+ NK and CD38+ NK-Like

T Cells in RA Peripheral Blood and Synovial Fluid

We collected peripheral blood from 30 RA patients
and 30 healthy volunteers. The proportions of CD4+ T
(39.29 £ 4.55), CD3— CD19+ B (9.30 * 6.85), and CD3-
CD16+ CD56+ NK cells (13.08 + 5.04) in total lympho-
cytes (CD45+ lymphocytes) in the RA group were sig-
nificantly higher than those in the control group (35.83 +
6.19,9.03 +6.84,and 9.71 + 3.40. p = 0.0167, <0.0001, and
0.0037, respectively), whereas the proportions of CD4+
CD25+ FOXP3+ Treg cells (7.15 + 1.59) in the RA group
were significantly lower than those in the healthy controls
(8.722 £ 2.27, p = 0.0029). There were no significant dif-
ferences in the proportions of CD3+ T (76.99 + 10.21 and
74.03 £ 12.86), CD8+ T (32.65 + 5.66 and 34.88 + 14.06)
and CD3+ CD16+ CD56+ (NK-like T) cells (4.14 + 3.61
and 5.50 + 2.53) between the 2 groups (p > 0.05). The re-
sults are shown in Figure 2a.

Compared with healthy volunteers (1.25 + 1.06, 1.378
+ 0.74, 1.92 = 0.56, and 1.32 £ 0.988), CD38+ CD3-
CD19+ B (CD38+ B) cells (35.29 + 2.83) and CD38+
CD3-CD16+ CD56+ NK (CD38+ NK) cells (2.27 £1.17)
were significantly elevated in the peripheral blood of RA
patients (p =0.0001 and 0.0008, respectively), the propor-
tion of CD38+ CD3+ CD16+ CD56+ NK-like T (CD38+
NK-like T) cells (0.60 + 0.69) was significantly reduced
(p < 0.0001), and there was no significant change in the
proportion of CD38+ CD3+ cells (1.63 + 1.57) (p =
0.3689) (Fig. 2b). The ratio of CD38+ NK cells/CD38+
NK-like T cells in RA patients ranged from 0.62 to 23, was
significantly higher than that in the healthy control group
(range: 0.31-11.26, mean: 1.153, p = 0.0004). There was
no significant difference in the NK/NK-like T cell ratio
between the RA patients and healthy subjects (p = 0.9227)
(Fig. 2c). The CD38+ NK/CD38+ NK-like T cell ratio was
positively correlated with the RA DAS28 (r = 0.716, p <
0.0001), whereas the NK/NK-like T cell ratio was slightly
correlated with DAS28 (r = 0.465, p = 0.0096) (Fig. 2d).

T-Cell Immune Imbalance in Rheumatoid
Arthritis

We collected synovial fluid samples from 30 RA pa-
tients and 30 OA patients. The proportions of CD4+ T
(33.15 + 7.99), CD3— CD19+ B (17.77 + 4.37), and CD3—
CD16+ CD56+ NK cells (16.76 + 5.10) among total lym-
phocytes (CD45+ lymphocytes) in the RA group were
significantly higher than those in the OA group (26.29 +
6.83, 14.99 * 3.96, and 12.46 + 5.22. p = 0.0007, 0.0124,
and 0.0021, respectively), whereas the proportions of
CD3+ CD16+ CD56+ (NK-like T) (5.83 * 2.14), Treg
(7.58 £ 3.37), and CD8+ T cells (21.99 * 5.37) were sig-
nificantly lower than those in the control group (8.51 +
3.95, 11.31 £ 3.95, and 25.71 £ 5.34. p = 0.0019, 0.0002,
and 0.0094, respectively). There was no significant differ-
ence in the proportion of CD3+ T cells (42.79 + 11.5 and
40.42 £ 9.71) between the 2 groups (p > 0.05). The results
are shown in Figure 3a.

Compared with the OA control group (3.84 + 1.77,
2.98 +1.29,2.33 £ 1.52), the proportions of CD38+ CD3—
CD19+ (CD38+ B) (5.22 + 2.16) and CD38+ CD3—
CD16+ CD56+ NK (CD38+ NK) cells (4.92 + 2.33) in
synovial fluid from RA patients were significantly in-
creased (p = 0.0088 and 0.0002, respectively), the propor-
tion of CD38+ CD3+ CD16+ CD56+ NK-like T cells
(1.55 + 0.85) was significantly reduced (p = 0.0189), and
there was no significant change in the proportion of
CD38+ CD3+ cells (10.3 + 4.55 and 10.6 + 4.22) (p =
0.7905) (Fig. 3b). The ratio of CD38+ NK/CD38+ NK-
like T cells in RA patients ranged from 0.942 to 14.45,
with an average of 3.07, which was significantly higher
than that in the OA group (range: 0.234-4.407, mean:
1.58, p < 0.0001). The NK/NK-like T-cell ratios in RA pa-
tients ranged from 1.463 to 9.713, with an average of 2.82,
which was significantly higher than that in OA group
(range: 0.503-5.326, mean: 1.54, p = 0.0004) (Fig. 3c). The
CD38+ NK/CD38+ NK-like T-cell ratio in RA patients
was positively correlated with DAS28 (r = 0.747, p <
0.0001), whereas the NK/NK-like T-cell ratio was not as-
sociated with DAS28 (r = —0.20, p = 0.2875) (Fig. 3d).

Effects of CD38+ NK and CD38+ NK-Like T Cells on

MNCs

We prepared CD38+ NK cells, CD38+ NK-like T cells,
and MNCs depleted of CD38+ cells from synovial fluids
of 9 patients with RA. The purity of the CD38+ NK cells
was 99.28%, whereas that of the CD38+ NK-like T cells
was 98.9%. The results are shown in online suppl. Figure
2a, b. The CD38+ NK and CD38+ NK-like T cells were
pretreated with anti-CD38 monoclonal antibody or PBS
as a control and then cocultured with the MNCs. The ex-
perimental design is shown in Figure 4a. Compared with
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Fig. 3. Changes in CD38+ NK and CD38+ NK-like T cells in synovial fluid lymphocytes of RA patients. a The
proportions of various lymphocyte subtypes in synovial fluid from OA (n = 30) and RA patients (n = 30). b The
proportions of CD38+ cell subtypes in synovial fluid of OA and RA patients. ¢ Changes in the CD38+ NK/CD38+
NK-like T-cell ratio in synovial fluid of patients with OA or RA. d Correlation analysis of the CD38+ NK/CD38+
NK-like T-cell ratio in synovial fluid of RA patients with DAS28. *Represents a p value <0.05, **<0.01, and
#¥%<0.001. RA, rheumatoid arthritis; OA, osteoarthritis.

non-cocultured synovial MNCs, the proportion of CD4+
CD25+ FOXP3+ Treg cells among total lymphocytes
(CD45+ lymphocytes) in the MNCs was significantly de-
creased (p = 0.033), and the proportion of CD4+ IL-17+
Th17 (Th17) cells among the lymphocytes was signifi-
cantly increased (p = 0.0055) in MNCs after coculture
with the CD38+ NK cells. Meanwhile, the proportion of
Treg cells was significantly increased (p = 0.0021), and the
proportion of Th17 cells was significantly decreased (p =
0.0152) in the MNC:s after coculture with CD38+ NK-like
T cells. Compared with the MNCs cocultured with CD38+
NK cells, the proportions of CD3+ T cells and Treg cells
were significantly higher (p = 0.0252 and 0.0021, respec-
tively), and the proportion of Th17 cells was significantly
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reduced (p = 0.0025) in MNCs cocultured with CD38+
NK-like T cells. Compared with MNCs cocultured with
PBS-pretreated CD38+ NK cells, the proportions of
CD4+ T cells and Th17 cells were significantly reduced
(p = 0.0402 and 0.0137, respectively), and the proportion
of Treg cells was significantly elevated (p = 0.0479) in
MNCs after coculture with the antibody-pretreated
CD38+ NK cells. Conversely, compared with MNCs co-
cultured with PBS-pretreated CD38+ NK-like T cells, the
proportion of Treg cells was significantly reduced (p =
0.0139), and the proportion of Th17 cells was significant-
lyincreased (p = 0.0224) in MNCs after coculture with the
antibody-pretreated CD38+ NK-like T cells. The above
results are shown in Figure 4b.
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Fig. 4. Effect of CD38+ NK and CD38+ NK- c
like T cells on lymphocyte subtypes and cy-
tokine secretion in MNCs from synovial
fluids. CD38+ NK cells, CD38+ NK-like T
cells,and MNCs were collected from RA sy-
novial fluids. a Illustration of coculture of
CD38+ NK cells or CD38+ NK-like T cells
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CD38+ cells. b Effects of CD38+ NK cells
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on cytokine secretion in the coculture me-
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and ***<0.001. RA, rheumatoid arthritis;
MNCs, mononuclear cells.
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Compared with non-cocultured synovial MNCs, the
IFN-y level in the medium was significantly increased
(p = 0.0114) and the IL-10 level was significantly de-
creased (p = 0.0377) when MNCs were cocultured with
CD38+ NK cells. In contrast, the IL-6 level was signifi-
cantly decreased (p = 0.0434) when MNCs were cocul-
tured with CD38+ NK-like T cells. Compared with MNCs
cocultured with CD38+ NK cells, the IFN-y level was sig-
nificantly decreased (p = 0.0193) when MNCs were cocul-

T-Cell Immune Imbalance in Rheumatoid
Arthritis

tured with CD38+ NK-like T cells. Compared with MNCs
cocultured with PBS-pretreated with CD38+ NK cells, the
levels of IL-2 and IL-10 in the culture medium were sig-
nificantly increased (p = 0.0492 and 0.0275, respectively)
when MNCs were cocultured with CD38+ NK cells pre-
treated with the anti-CD38 antibody, and the levels of
IL-6 and IFN-y were significantly reduced (p = 0.0200
and 0.0119, respectively). Compared with MNCs cocul-
tured with PBS-pretreated CD38+ NK-like T cells, the cy-

J Innate Immun 2022;14:148-165
DOI: 10.1159/000516642

157



804

6

i=3
1

4

(=3
1

204

(=]

i in =

1 MNC control

== CD38+ NK and PBS

Em CD38+ NK and CD38 mAb

mm CD38+ NK-like T and PBS

B CD38+ NK-like T and CD38 mAb

lill i aieh ol e

Lymphocyte subtypes proportion (%) &

o

Fig. 5. Effect of CD38+ NK and CD38+ NK-
like T cells on lymphocyte subtypes and cy-
tokine secretion in MNCs from peripheral
blood. CD38+ NK cells, CD38+ NK-like T
cells, and MNCs were collected from RA
peripheral blood. a Effects of CD38+ NK
cells and CD38+ NK-like T cells on lym-
phocyte subtypes in peripheral blood
MNCs. b Effects of CD38+ NK cells and
CD38+ NK-like T cells on cytokine secre-

200+

1504

1004

LU

T CD4+ T

CD8+T B NK

1 MNC control

[=3 CD38+ NK and PBS

EE CD38+ NK and CD38 mAb

= CD38+ NK-like T and PBS

E= CD38+ NK-like T and CD38 mAb

tion in the coculture medium. *Represents
ap value <0.05, **<0.01, and ***<0.001. RA,
rheumatoid arthritis; MNCs, mononuclear
cells.

Cytokines concentration (pg/ml)

T T T T T T T T T T T T T T T T T T T T TTT

IL-6 IL-10 TNF-a IFN-y

tokine levels in the culture medium were not changed
when MNCs were cocultured with anti-CD38 antibody-
pretreated CD38+ NK-like T cells. The above results are
shown in Figure 4c.

We prepared CD38+ NK cells, CD38+ NK-like T cells,
and MNCs depleted of CD38+ cells from peripheral
blood collected from 9 patients with RA. These 2 CD38+
cell subsets were separately cocultured with the MNCs.
Compared with non-cocultured peripheral MNCs, the
proportion of Treg cells among lymphocytes was signifi-
cantly decreased (p = 0.0007), and the proportion of Th17
cells was significantly increased (p = 0.0162) in the blood
MNC:s after coculture with CD38+ NK cells. The propor-
tion of Treg cells was significantly increased (p = 0.0269)
and the proportion of Th17 cells was significantly de-
creased (p =0.0006) in MNC:s after coculture with CD38+
NK-like T cells. Compared with MNCs cocultured with
CD38+ NK cells, the proportion of Treg cells was signifi-
cantly increased (p = 0.0327) in MNCs after coculture
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with CD38+ NK-like T cells, and the proportion of Th17
cells was significantly decreased (p = 0.0004). Compared
with MNCs cocultured with PBS-pretreated CD38+ NK
cells, the proportion of Treg cells was significantly in-
creased (p = 0.0454) after coculture with anti-CD38 anti-
body-pretreated CD38+ NK cells, and the proportion of
Th17 cells was significantly decreased (p = 0.0381). Com-
pared with MNCs cocultured with PBS-pretreated CD38+
NK-like T cells, the proportion of Treg cells was signifi-
cantly decreased (p = 0.008) and the proportion of Th17
cells was significantly increased (p = 0.0342) in MNCs
after coculture with anti-CD38 antibody-treated CD38+
NK-like T cells. The results are shown in Figure 5a.
Compared with non-cocultured blood MNCs, the lev-
el of IFN-y in the culture medium was significantly in-
creased (p < 0.0001) and the IL-10 level was significantly
decreased (p = 0.0164) when MNCs were cocultured with
CD38+ NK cells. The IL-6 level was significantly de-
creased (p = 0.0434) when MNCs were cocultured with

Wang/Fang/Yan/Chang



CD38+ NK-like T cells. Compared with MNCs cocul-
tured with CD38+ NK cells, IL-6, and IFN-y levels were
significantly decreased (p = 0.0155 and p = 0.0006, respec-
tively) when MNCs were cocultured with CD38+ NK-like
T cells, whereas the IL-10 level was significantly increased
(p = 0.0416). Compared with MNCs cocultured with
PBS-pretreated CD38+ NK cells, the levels of IL-2 and IL-
10 were significantly increased (p = 0.0499 and p = 0.0013,
respectively) and the IL-6 and IFN-y levels were signifi-
cantly decreased (p = 0.0051 and p = 0.0454, respectively)
when MNCs were cocultured with anti-CD38 antibody-
pretreated CD38+ NK cells. Compared to MNCs cocul-
tured with PBS-pretreated CD38+ NK-like T cells, the
IL-6 level was significantly increased (p = 0.0341) when
MNCs were cocultured with anti-CD38 antibody-pre-
treated CD38+ NK-like T cells, but the levels of other cy-
tokines were not significantly changed. The above results
are shown in Figure 5b.

Effect of CD38+ NK and CD38+ NK-Like T Cells on

CD4+ T Cells

We collected synovial fluid from 9 RA patients and
sorted homogenous CD38+ NK cells, CD38+ NK-like T
cells and CD4+ T cells. The CD38+ NK and CD38+ NK-
like T cells were treated with PBS or anti-CD38 antibody
and were then cocultured with CD4+ T cells. The experi-
mental design is shown in Figure 6a. Compared with the
non-cocultured CD4+ T cells, the ratios of Th1/Th2 and
Th17/Treg cells were increased significantly (p = 0.0086
and 0.0186, respectively) in the CD4+ T cells cocultured
with CD38+ NK cells, whereas the Th1/Th2 and Th17/
Treg cell ratios were significantly decreased (p = 0.0061
and 0.0074, respectively) after coculture with CD38+ NK-
like T cells. Compared with CD4+T cells cocultured with
PBS-pretreated CD38+ NK cells, the Th1/Th2,and Th17/
Treg cell ratios were significantly decreased (p = 0.0325
and 0.0259, respectively) after coculture with anti-CD38
antibody-treated CD38+ NK cells. Compared with CD4+
cells cocultured with PBS-pretreated CD38+ NK-like T
cells, the Th1/Th2 and Th17/Treg cell ratios were signifi-
cantly increased (p = 0.0006 and 0.0002, respectively) af-
ter coculture with anti-CD38 antibody-pretreated CD38+
NK-like T cells. The results are shown in Figure 6b, c.

To determine whether CD38+ NK or CD38+ NK-like
T cells have a direct effect on Treg cell proliferation, we
cocultured CD38+ NK cells or CD38+ NK-like T cells and
Treg cells in place of CD4+ T cells in a transwell appara-
tus. The experimental design is shown in online suppl.
Figure 3a. We examined the proliferation of Treg cells
using a Cell Count Kit-8 kit. Following coculture with

T-Cell Immune Imbalance in Rheumatoid
Arthritis

CD38+ NK cells, Treg cells showed no significant change
in cell proliferation compared with the Treg cells without
coculture or Treg cells following coculture with anti-
CD38 antibody-pretreated CD38+ NK cells. The effect of
CD38+ NK-like T cells on Treg cell proliferation was sim-
ilar to that of CD38+ NK cells. The results are shown in
online suppl. Figure 3b.

To investigate the molecular mechanisms by which
CD38+ NK and CD38+ NK-like T cells act on CD4+ T
cell differentiation, we collected the cocultured CD4+ T
cells and then examined changes in the mTOR signaling
pathway using Western blot analysis. Compared with
CD4+ T cells cocultured with PBS-pretreated CD38+ NK
cells, CD4+ T cells showed a significant decrease in phos-
pho-P70S6, phospho-mTOR and total mTOR protein ex-
pression levels (p = 0.0473, 0.0127 and 0.0094, respec-
tively) after coculture with anti-CD38 antibody-pretreat-
ed CD38+ NK cells. Compared with CD4+ T cells
cocultured with CD38+ NK cells, CD4+ T cells also
showed a significant decrease in phospho-P70S6, phos-
pho-mTOR, and total mTOR protein expression levels
(p = 0.0004, 0.0037 and 0.0012, respectively) after cocul-
ture with CD38+ NK-like T cells. Compared with CD4+
T cells cocultured with PBS-pretreated CD38+ NK-like T
cells, CD4+ T cells showed significant increases in phos-
pho-P70S6, phospho-mTOR, and total mTOR protein
expression levels (p = 0.003, 0.0019 and 0.0059, respec-
tively) after coculture with anti-CD38 antibody-pretreat-
ed CD38+ NK-like T cells. Compared with non-cocul-
tured CD4+T cells, CD4+ T cells showed significant in-
creases in the phospho-P70S6, phospho-mTOR, and total
mTOR protein expression levels (p = 0.0075, 0.0425 and
0.0216, respectively) after coculture with CD38+ NK
cells, while CD4+ T cells also showed significant increas-
es in phospho-P70S6, phospho-mTOR, and total mTOR
protein levels (p = 0.0029, 0.0358, and 0.0116, respective-
ly) after coculture with anti-CD38 antibody-pretreated
CD38+ NK-like T cells. The above results are shown in
Figure 6d, e.

We also collected CD38+ NK and CD38+ NK-like T
cells from the cocultures described above and used real-
time PCR to detect the CD3, CD28, and TGF-f mRNA
levels. Compared with the CD38+ NK cells, the CD38+
NK-like T cells showed a significant increase in CD3
mRNA expression (p = 0.0002), while the CD38+ NK-like
T cells with CD38 antibody pretreatment showed de-
creased CD3 mRNA expression (p = 0.0079). Regardless
of the presence or absence of the anti-CD38 antibody, the
CD28 level in CD38+ NK and CD38+ NK-like T cells re-
mained unchanged. Compared with PBS-pretreated
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Fig. 6. Effect of CD38+ NK and CD38+ NK-like T cells on CD4+ T
cells. CD38+ NK cells, CD38+ NK-like T cells and MNCs were col-
lected from RA synovial fluids. a Illustration of the coculture of
CD38+ NK cells or CD38+ NK-like T cells with CD4+ T cells. b Ef-
fects of CD38+ NK and CD38+ NK-like T cells on the Th1/Th2 cell
ratio in CD4+ T cells. ¢ Effect of CD38+ NK and CD38+ NK-like T
cells on the Th17/Treg cell ratio in CD4+ T cells. d Effect of CD38+
NK and CD38+ NK-like T cells on mTOR signaling in CD4+ T cells
assessed via Western blot analysis. e Expression levels of phospho-
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mTOR, mTOR, and phospho-P70 S6 determined by densitometry
(after normalization) in comparison to the respective GAPDH ex-
pression. f Expression levels of CD3, CD28, and TGF-p mRNA in
CD38+ NK and CD38+ NK-like T cells determined using real-time
PCR. g Statistical analysis of TGF- expression levels in culture me-
dium using flow cytometry. mAb indicates anti-CD38 antibody.
*Represents a p value <0.05, **<0.01, and ***<0.001. RA, rheumatoid
arthritis; MNCs, mononuclear cells; mTOR, mammalian target of
rapamycin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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CD38+ NK cells, CD38+ NK cells with anti-CD38 anti-
body pretreatment showed significantly higher levels of
TGE-B (p = 0.0056), but the antibody pretreatment did
not affect TGF-p expression in CD38+ NK-like T cells.
The above results are shown in Figure 6e. Additionally,
flow cytometry analysis of cytokines detected an in-
creased TGF-f level in the cultured medium of CD38+
NK-like T cells compared with CD38+ NK cells (p =
0.0321). CD38+ NK cells following the anti-CD38 anti-
body pretreatment produced more TGF-$ compared
with the PBS-treated control (p = 0.0011) in the cultured
medium. However, the antibody treatment did not affect
TGE-f level in the cultured medium of CD38+ NK-like T
cells. The above results are shown in online suppl. Figures
4 and Figure 6f.

Transcriptomic Analysis for CD4+ T Cells

To investigate the molecular mechanisms by which
CD38+ NK and CD38+ NK-like T cells act on CD4+ T
cells, we collected the cocultured CD4+ T cells and then
examined expression profiles of the T cells using tran-
scriptomic analysis. Compared with non-cocultured
CD4+T cells, 226 DEGs showed significantly elevated
levels in CD4+ T cells following coculture with CD38+
NK cells, meanwhile the 289 DEGs showed significantly
decreased levels in the T cells. Compared with non-cocul-
tured CD4+T cells, 324 DEGs showed elevated levels in
CD4+ T cells following coculture with CD38+ NK-like T
cells, meanwhile 316 DEGs showed significantly de-
creased levels in the T cells. The analytic result was shown
in online suppl. Figure 5 and the detailed information was
shown in online suppl. Table 3.

Pathway analysis was conducted using KEGG pathway
database. TOP 20 pathways significantly related to DEGs
were summarized in online suppl. Figure 6. The function-
al analysis (TOP 20) indicated that DEGs between CD4+
T cells cocultured with CD38+ NK and non-cocultured
CD4+ T cells were strictly related to Human immunode-
ficiency virus 1 infection, Epstein-Barr virus infection,
hepatitis B, toxoplasmosis, leishmaniasis, pertussis, shig-
ellosis, amyotrophic lateral sclerosis, Fc epsilon RI signal-
ing pathway, Th1 and Th2 cell differentiation, VEGF sig-
naling pathway, lysosome, non-homologous end-joining,
ribosome biogenesis in eukaryotes, biosynthesis of unsat-
urated fatty acids, glycosylphosphatidylinositol-anchor
biosynthesis, glycosaminoglycan degradation, amino sug-
ar and nucleotide sugar metabolism, other types of O-gly-
can biosynthesis, and steroid biosynthesis. The functional
analysis (TOP 20) indicated that the DEGs between CD4+
T cells cocultured with CD38+ NK-like T cells and non-
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cocultured CD4+ T cells were strictly related to measles,
Th1 and Th2 cell differentiation, apoptosis — multiple spe-
cies, base excision repair, RNA polymerase, antifolate re-
sistance, aminoacyl-tRNA biosynthesis, glyoxylate and
dicarboxylate metabolism, sphingolipid metabolism, ino-
sitol phosphate metabolism, amino sugar and nucleotide
sugar metabolism, N-glycan biosynthesis, cysteine and
methionine metabolism, glycine, serine and threonine
metabolism, alanine, aspartate and glutamate metabo-
lism, purine metabolism, steroid biosynthesis, fructose
and mannose metabolism, pentose phosphate pathway,
and citrate cycle (TCA cycle). The analytic result was
shown in online suppl. Figure 6 and the detailed informa-
tion was shown in online suppl. Table 4.

Discussion

This study examined changes in CD38+ cell subtypes
in peripheral blood and synovial fluid. The proportions
of CD38+ B cells and CD38+ NK lymphocytes in the pe-
ripheral blood and synovial fluid of RA patients were sig-
nificantly increased, and the proportion of CD38+ NK-
like T cells was significantly decreased. Furthermore, the
CD38+ NK/CD38+ NK-like T-cell ratio was also in-
creased in RA and positively correlated with DAS28, an
index of RA clinical performance. Similar results were ob-
tained in CIA rats, and the CD38+ NK/CD38+ NK-like
T-cell ratio was positively correlated with the disease ac-
tivity. Thus, a high proportion of CD38+ NK cells and low
proportion of CD38+ NK-like T cells may be a common
phenomenon in RA.

To explore the function of CD38+ NK and CD38+
NK-like T cells in RA, we cocultured CD38+ NK cells or
CD38+ NK-like T cells with CD38+ CD16+ CD56+ cell-
depleted MNCs from RA synovial fluid or peripheral
blood. After coculture with CD38+ NK cells, the propor-
tion of Treg cells in MNCs was significantly decreased,
and the proportion of Th17 cells was significantly in-
creased. After coculture with CD38+ NK-like T cells, the
proportion of Treg cells in MNCs was significantly in-
creased, and the proportion of Th17 cells was significant-
ly decreased. The opposite results were observed in the
MNCs when CD38+ NK or CD38+ NK-like T cells were
pretreated with anti-CD38 antibody. Meanwhile, the IL-
10level in the culture medium was significantly increased,
and IFN-y and IL-6 levels were significantly decreased
after coculture of MNCs with anti-CD38 antibody-pre-
treated CD38+ NK cells. IL-10 levels were also signifi-
cantly increased after coculture with CD38+ NK-like T
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cells, and IFN-y levels were significantly reduced. Addi-
tionally, our study indicates that CD38+ NK cells have no
direct effect on Treg-cell proliferation. We previously
found that CD38+ NK cells did not alter Treg-cell apo-
ptosis [31]. Our results suggest that a high proportion of
CD38+ NK cells and a low proportion of CD38+ NK-like
T cells might contribute to decreased Treg cells and IL-10
secretion and elevated proportions of Th17 cells, IL-6,
and IFN-y levels in RA, all of which aggravate the disease
activity. NK cells have been reported to prevent CD28-
mediated Foxp3 transcription in CD4+CD25- T lym-
phocytes and aggravate the inflammatory response in RA
by secreting IFN-y [34, 35]. Studies have shown that IL-
10 is downregulated in RA synovial fluid and peripheral
blood [36-38], and CD38 promotes IFN-y secretion in
NK cells [39, 40]. Previous findings support our results.

It has been reported that the function of Treg cells in
RA is partially impaired or that Treg cell numbers are de-
creased [16]. Animal studies in CIA rats have shown that
Treg cell treatment effectively alleviates the inflammatory
response [41]. IL-10 is an immunoregulatory cytokine
that plays a central role in pathogenesis of autoimmune
diseases and IL-10 reduces the inflammatory response in
RA [42]. The current study detected a decreased number
of Treg cells in CIA rats. Furthermore, coculture of
CD38+ NK cells reduced Treg cells and IL-10 production,
elevated Th17 cells and IFN-y production in MNC, and
increased Th17/Tregin CD4+ T cells. On the other hand,
coculture of CD38+ NK-like T cells increased Treg cells
and IL-10 production; decreased Th17 cells, IL-6 and
IFN-y production in MNC; and reduced Th17/Treg in
CD4+ T cells. We thus propose that CD38+ NK cells can
exert proinflammatory effects by inhibiting either MNCs
or CD4+ T-cell differentiation into Treg cells, whereas
CD38+ NK-like T cells promote the differentiation of
MNCs or CD4+ T cells into Treg cells.

Disruption in the Th1/Th2 celland Th17/Treg cell bal-
ance plays an important role in RA pathogenesis. The
present study found that CD38+ NK cells increased the
Th1/Th2 and Th17/Treg cell ratios in CD4+ T cells, and
the ratios significantly decreased after the CD38+ NK
cells were pretreated with anti-CD38 antibody. CD38+
NK-like T cells had an effect opposite that of CD4+ T
cells. These results suggest that the increased CD38+ NK
cell proportion and decreased CD38+ NK-like T cell pro-
portion may be important reasons for the high Th1/Th2
and Th17/Treg cell ratios in RA. NK cells have been re-
ported to participate in pneumonia caused by chlamydia
by regulating the Th1/Treg and Th17/Treg cell balance
[43]. One study reported that CD38 participates in the
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pathogenesis of CIA by promoting Th1 inflammatory re-
sponses [28].

mTOR signaling inhibits the expansion of CD4+
CD25+ FOXP3+ T cells [44, 45]. mTOR pathway block-
ing agents are being developed for RA treatment and pre-
vention [45]. The present study found that CD38+ NK
cells activated mTOR signaling in CD4+ T cells following
coculture and elevated Th1/Th2 and Th17/Treg ratios.
Pretreatment of CD38+ NK cells with an anti-CD38 an-
tibody inactivated the mTOR signaling and reduced the
Th1/Th2 and Th17/Treg ratios. CD38+ NK-like T cells
and treatment of CD38+ NK-like T cells with anti-CD38
antibody had the opposite effects on mTOR activities as
well as the Th1/Th2 and Th17/Treg ratios in CD4+ T
cells. These observations suggest that the high CD38+ NK
proportion and low CD38+ NK-like T proportion in RA
may inhibit the differentiation of CD4+ T cells into Treg
cells and disturb the immune balance by downregulating
mTOR activity.

Naive CD4+ T cells can be induced to differentiate into
Treg cells with TGF-p and into Th17 cells with a combina-
tion of TGF-P and IL-6 or with IL-21 [46-48]. Anti-CD3
antibodies, CD28, IL-2, and TGF- are usually used to in-
duce CD4+ T cell differentiation into Treg cells in vitro
(49, 50]. We found that anti-CD38 antibody treatment
significantly increased TGF-P expression in CD38+ NK
cells but not CD3 or CD28 expression. Furthermore, our
study found that anti-CD38 antibody pretreatment sig-
nificantly increased IL-2 secretion and decreased IL-6 and
IFN-y secretion by MNCs cocultured with CD38+ NK
cells. IFN-y has been reported to activate the mTOR sig-
naling pathway [46]. Therefore, this study suggests that
CD38+ NK cells downregulate TGF-p and IL-2 expres-
sion and upregulate IFN-y secretion to retard CD4+ T cell
differentiation into Treg cells and stimulate Th17 cell de-
velopment. Additionally, the present study found that
CD38+ NK-like T cells produced more TGF-f and pro-
duced lower IL-6 and IFN-y levels compared with CD38+
NK cells, which can stimulate more CD4+ T cells to de-
velop into Treg cells rather than Th17 cells. Decreased se-
rum TGF-p levels have been detected in RA [51, 52].

NK cells play important roles in autoimmune diseases
[53, 54]. High percentages of synovial fluid NK cells with
strong activity are present in patients with advanced stage
active RA [55]. CD38+ NK cells are increased in HIV-
1-infected partners. Moreover, CD38+ NK cells of HIV-
1-infected partners are associated with increased expres-
sion of inhibitory molecules, such as NKG2A, PD-1, and
Tim-3 [56]. CD38+ NK cells were recently detected in
MM patients. CD38 protein degradation was associated

Wang/Fang/Yan/Chang



with NK cell activation, leaving an activated CD38-nega-
tive NK cell population. Thus, CD38+ NK cells may be an
unexplored therapeutic target for priming the immune
system against disease [57].

NK-like T cells are usually defined as CD3+ CD56+
cells and have also been referred to as CD56(+) T, NKT-
like cells, and even NKT in published references. Studies
on NK-like T cells in RA are scarce, and related knowl-
edge is limited, controversial, and heterogeneous [58].
Accumulation of CD56 (+) T cells was detected in RA and
may be involved in maladaptive immune responses, and
these T cells have been suggested as potential targets for
therapy [59]. CD3+CD56+ NKT-like cells were also de-
tected in systemic lupus and bronchiolitis obliterans syn-
drome [60, 61]. NKT cells can influence the differentia-
tion of CD4+ T cells via cytokines in vitro. These findings
suggest that NK-like T cells play an important role in RA
by polarizing Th1, Th2, Th17, and Treg cells [8], consis-
tent with our results about the induction of CD4+ T-cell
differentiation by CD38+ NK-like T cells.

Transcriptomic analysis revealed that the pathways in
CD4+ T cells following coculture with CD38+ NK cells
were differential from that in the T cells following cocul-
ture with CD38+ NK-like T cells, indicating that both
CD38-expressing cell types promoted differential func-
tion profiles in the CD4+ T cells. This analytic result dem-
onstrated that CD38+ NK cells and CD38+ NK-like T
cells were 2 differential cell subtypes with distinct func-
tions. Most of all, both CD38+ NK cells and CD38+ NK-
like T cells activated Thl and Th2 cell differentiation
pathway in CD4+ T cells. However, CD38+ NK cells
changed the gene expressions of RBPJ, HLA-DRA, IFN-
GR1, PRKCQ, CHUK, IFNG, NFATC3 Th1, and Th2 cell
differentiation, and CD38+ NK-like T cells s changed the
gene expressions of MAPK9, HLA-DQB1, HLA-DMA,
MAPK14, DLL1, GATA3, PPP3CB, and NFATC3 in the
process (see online suppl. Tables 3 and 4). The differential
expression profiles in Thl and Th2 cell differentiation
can explain why CD38+ NK cells and CD38+ NK-like T
cells had contrary results on CD4+ T-cell differentiation.

Another study of ours detected increased INF-y and
decreased TNF-a production in cultured CD38+ NK
cells. In that study, we cocultured MNCs with CD38+ NK
cells in the presence of TNF-a and an anti-IFN-y anti-
body, whereupon the IL-10+ Treg cell proportion signif-
icantly increased. When MNCs were cocultured with
CD38+ NK cells in the presence of IFN-y and an anti-
TNEF-a antibody, the IL-10+ Treg cell proportion sharply
decreased [31]. Combined with the current results, these
findings suggest that CD38+ NK cells produce low levels
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of TGF-p and TNF-a and high levels of IFN-y through
downregulation of Sirt6 expression, which suppresses
Treg cell differentiation via mTOR signaling in CD4+ T
cells (online suppl. Fig. 7).

The CD38-blocking antibody daratumumab has been
used to treat MM [62, 63]. A recent study demonstrated
that administration of anti-CD38 antibody prevented ar-
thritis development in Cynomolgus monkeys [64]. Anti-
CD38 antibody consumes plasmablasts in MNCs of RA
patients in a dose-dependent manner in vitro [26]. Our
study also detected an increased proportion CD38+ B cells
in RA and CIA. We further found that CD38+ NK cells
pretreated with anti-CD38 antibody led to elevated Treg
cell proportions and IL-10 secretion and restored the Th1/
Th2 and Th17/Treg balance in MNC and CD4+ T cells.
Although CD38+ NK-like T cells had the opposite effect
on immune balance following CD38 antibody treatment,
the antibody treatment in vivo could restore Th1/Th2 and
Th17/Tregbalance in RA because the proportion of CD38+
NK-like T cells was relatively low in the patients. We sug-
gest that anti-CD38 antibody has potential for treating RA
by inactivating both CD38+ NK cells and CD38+ B cells.

Morandi et al. [65] found that peripheral blood
CD56(dim)CD16(+) and CD56(bright)CD16(-) NK
cells expressed similar levels of CD38. CD56(bright)
CD16(—) NK cells produce adenosine (ADO) and inhibit
autologous CD4(+) T cell proliferation. Such inhibition
was reverted through pretreatment of CD56(bright)
CD16(-) NK cells with a CD38 inhibitor. Postigo et al.
[28] demonstrated that CD38 KO mice developed an at-
tenuated CIA that is accompanied by alack of IL-1f3, IL-6,
and IFN-y production in the joints and by a reduction in
the percentages of invariant NKT (iNKT) cells in the
spleen. Immunized CD38 KO mice produced low per-
centages of Th1 cells in the draining lymph nodes. In our
study, we not only detected a low percentage of CD38+
NK-like T cells in CIA rats and RA patients but also found
that a high CD38+ NK cell proportion and low CD38+
NK-like T cell proportion in RA inhibited development
of CD4+ T cells into Treg cells and elevated Th1/Th2 cells
and Th17/Treg ratios by activating mTOR activity.

Conclusion

Our study found that CD38+ NK cells were signifi-
cantly elevated and that CD38+ NK-like T cells were sig-
nificantly decreased in RA and CIA. Coculture with
CD38+ NK cells activated mTOR signaling in CD4+ T
cells and increased the Th1/Th2 and Th17/Treg cell ratios
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in the CD4+ T cells. CD38+ NK-like T cells and anti-
CD38 antibody-pretreated CD38+ NK cells showed the
opposite effect on MNCs and CD4+ T cells. The anti-
CD38 antibody also stimulated TGF-PB expression in
CD38+ NK cells. The above results suggest that a high
level of CD38+ NK cells and a low level of CD38+ N-like
T cells in RA activate the mTOR pathway in CD4+ T cells
among MNCs. This subsequently inhibits the differentia-
tion of CD4+ T cells into Treg cells, enhances Th1/Th2
and Th17/Treg ratios, and ultimately exacerbates RA
pathogenesis, including immune imbalance and toler-
ance disorder. Thus, inhibiting the number of CD38+ NK
cells or their function using anti-CD38 antibody may be
a therapeutic approach for RA.
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