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A B S T R A C T

Background: The therapeutic effect of adoptive infusion of specific thymus-derived invariant natural killer T
(iNKT) cells in a mouse model of rheumatoid arthritis (RA) was observed, and the mechanism of cellular im-
munotherapy was preliminarily explored.
Methods: Thymus-derived iNKT cells were infused to RA model mice, with α-GalCer as a positive control. Then,
ankle swelling was examined, as well as inflammatory cell infiltration to the joint tissue (hematoxylin-eosin [H&
E] staining). Flow cytometry (FCM) was used to assess iNKT cell and helper T lymphocyte (Th) subsets. Serum
cytokine levels were determined with cytometric bead array (CBA), with protein expression levels of related
transcription factors assessed by Western blot.
Results: The joint swelling in RA model animals were significantly improved in the cell therapy and α-GalCer
positive control groups (P < 0.05). In addition, iNKT frequencies in peripheral blood, the thymus and spleen
were increased significantly (P < 0.05). Meanwhile, iNKT1 subset frequencies in the thymus and spleen were
decreased, as well as splenic Th1 and Th17 cell subset rates, and serum TNF-α, IFN-γ and IL-6 levels. The rates of
iNKT2 and Th2 subsets as well as IL-4 and IL-10 levels were increased (P < 0.05). Thymus GATA-3 and splenic
PLZF protein levels were increased (P < 0.05).
Conclusions: Adoptive infusion of thymus-derived iNKT cells exerts therapeutic effects in RA mice by increasing
iNKT frequency, altering the proportions of iNKT cell subsets, correcting Th cell subset imbalance and reducing
the amounts of inflammatory cytokines.

1. Introduction

RA is a complex chronic inflammatory autoimmune disease, with an
incidence close to 0.5–1% [1,2]. Currently, there are no specific ther-
apeutic drugs and methods for RA. The traditional treatment of RA
mostly uses disease-modifying antirheumatic drugs (DMARDs), but it
has a long cycle, significant side effects and poor patient compliance;
while application of biological agents is clinically recognized for its
effectiveness and importance, the associated high prices make it diffi-
cult for most patients to accept [3,4].

RA pathogenesis is mostly explained by loss of self-immune toler-
ance, which alters immune patterns and results in hyper-inflammatory
responses. In RA, the original proliferative balance of autoreactive T
cells is broken, with auxo-action for Th1 and Th17 subset

hyperpolarization, releasing a large number of inflammatory cytokines.
Meanwhile, the differentiation of Th2 and Treg subsets is inhibited
[5,6].

In recent years, it has been found that iNKT cells play an important
role as special immune regulatory cells in tumors, infections and au-
toimmune diseases [7,8], which are closely related to the occurrence
and development of RA [9,10]. Tudhope et al. demonstrated that the
majority of RA patients have iNKT cell number reduction and functional
abnormalities [11]. Our previous clinical and experimental studies
confirmed that the rate and in vitro proliferation of iNKT cells are
significantly decreased in active RA patients compared with healthy
individuals. Th1 polarization is higher in RA patients than in healthy
individuals, and the rate of iNKT cells is negatively correlated with the
serum IFN-γ/IL-4 ratio. The rates of iNKT cells in a mouse model of RA
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are decreased, with cell dysfunction observed [12,13]. Selective adop-
tive infusion of iNKT cells or transgene overexpression of Vα14-Jα18
causes iNKT cells to upregulate IL-4, which can maintain immune tol-
erance and prevent the occurrence of autoimmune relevant type I
diabetes [14]. Therefore, increasing iNKT cell rates in vivo may con-
stitute a new strategy for RA treatment. iNKT cells are heterogeneous
immuno-regulatory cells with three distinct subsets, including iNKT1
(mainly secreting IFN-γ), iNKT2 (mainly secreting IL-4), and iNKT17
(mainly secreting IL-17) [15–17]. They regulate immune responses of
different types by secreting various cytokines [5,18–20], and their roles
in multiple diseases may be attributed to the functions of the different
subsets [20–22]. Treating different diseases with distinct iNKT cell
subsets would yield better results. α-GalCer is a galactosylceramide
found in marine sponge extracts, which stimulates CD1d-restricted
iNKT cell activation, producing a large number of cytokines involved in
immune regulation [23]. Our preliminary study obtained iNKT cells
(mainly iNKT2 cell subset) from the mouse thymus. This study used α-
GalCer as a positive control, and thymus-derived iNKT cells were
adoptively infused into RA model mice, to assess their therapeutic effect
and preliminarily explore the associated immunotherapeutic me-
chanism.

2. Materials and methods

2.1. Experimental animals

Sixty 6–8week old healthy male DBA/1 mice (20.0 ± 1.5 g),
reared in an SPF environment, were provided by Beijing Vital River
Laboratory Animal Technology Co., Ltd. (License No. SCXK (Beijing)
2016-0006). The mice were provided drinking water and rodent chow
ad libitum, and grouped after a week of adaptation. The mice were
maintained under specific pathogen-free conditions in the animal fa-
cility at Animal Lab of Medical Experiment Center, Hebei University,
and all experiments were approved by the Animal Welfare and Ethical
Committee of Hebei University (approval number IACUC-2017009).

2.2. Reagents and instruments

The polypeptide fragments hGPI325-339 (IWYINCFGCETHAML)
and hGPI469-483 (EGNRPTNSIVFTKLT) were purchased from Beijing
SBS Genetech Co., Ltd. Pertussis toxin and Complete Freund's Adjuvant
(CFA) were from Sigma. Eosin, hematoxylin and Tap Water/Bluing
were obtained from Hibio Technology Co., Ltd. PE-T-selected-CD1d
tetramer was from MBL International Woburn MA. FITC-anti-mouse
TCR-β (553170), Percp-CyTM5.5 mouse anti-T-bet (561316), Alexa
Fluor 647 mouse anti-PLZF (563490) and the Th1/Th2/Th17 pheno-
typing kit were from Becton Dickinson. Foxp3/Transcription Factor
Staining Buffer was purchased from eBioscience; α-GalCer was from
ENZO Life Sciences. An Olympus BX50 light microscope (Olympus) and
an Accuri C6 flow cytometer (BD) were used as well.

2.3. Grouping and establishment of the mouse RA model

A total of 15 mice were randomly selected as the healthy control
group, and 45 animals were subjected to artificial modeling by ad-
ministration of mixed polypeptide fragments hGPI325-339 and
hGPI469-483 as follows. The polypeptide fragments were mixed and
dissolved in pre-cooled triple distilled water (50 μg of mixed peptide in
75 μl water), blended with the same volume of CFA to complete
emulsification, then injected into the mouse tail root subcutaneously
(150 μl per mouse); the same day and 48 h later, intraperitoneal in-
jection of Pertussis toxin (200 ng each) was performed to boost immune
reactions. Then, the 45 mice were randomly divided into 3 groups,
including the RA model (15 mice; no treatment), α-GalCer (15 mice;
subcutaneous injection of α-GalCer at 2 μg each into the tail root the
day of model establishment) and cell therapy (15 mice; thymus-derived

iNKT cells [mainly iNKT2 cells] at 5×106 by tail vein 6 days after
model establishment) groups. The treatment effects were observed, and
mice were sacrificed at 8, 14 and 21 days after model establishment, by
cervical dislocation for sample collection.

2.4. General condition assessment in mice

After model establishment, ankle swelling was quantified and sys-
tematically scored daily, as follows: 1, toes with mild swelling; 2,
dorsum pedis and foot pad with clearly red swelling; 3, ankle with red
swelling.

2.5. Mouse joint tissue H&E staining

Blood samples were collected from the mouse eyeball at 8, 14, and
21 days after modeling, respectively. The mice were sacrificed by cer-
vical dislocation and immersed in 75% alcohol; then, the mouse paws
were excised and soaked in 10% formalin for fixation. After dehydra-
tion, the samples were paraffin embedded, sectioned (5 μm), xylene (I/
II) dewaxed, hydrated with a gradient of ethanol and washed with
distilled water. Hematoxylin staining was then performed for 15min,
followed by 1% ethanol eosin staining for 3min. The sections were fi-
nally sealed and observed under a microscope.

2.6. Detection of iNKT cell rate in mouse peripheral blood

For the pre-treatment of CD1d tetramers, 1 mg/ml α-GalCer was
diluted to 200 μg/ml with 0.5% Tween-20 and 0.9% NaCl, and 5 μl of
the resulting solution was added to 100 μl of the CD1d tetramer solu-
tion. The mixture was incubated for 12 h at room temperature and
placed at 4 °C until use. Whole blood (about 120 μl per mouse) was
added to a flow-cytometry tube, followed by blocking with BSA. Then,
2 μl of each of FITC-labeled anti-CD4 and PE labeled α-GalCer-loaded
CD1d tetramer were added in the dark for 20min. Next, 1 ml of ery-
throcyte lytic fluid was added for 8min away from light; after cen-
trifugation at 1000 rpm for 5min, the supernatant was discarded and
the pellet was washed with PBS twice. Finally, the cells were re-
suspended in 500 μl PBS and assessed by flow cytometry (Accuri C6);
the CFlow software (BD) was used for data analysis.

Fig. 1. Clinical score changes in different groups. *P < 0.05 vs RA.
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2.7. Measurements of thymus and spleen iNKT cell rates and absolute
amounts in mice

Thymocytes and spleen lymphocytes were prepared at 8, 14 and
21 days after modeling, respectively, washed twice with PBS and placed
in flow cytometry tubes (1×106 cells/tube). Then, FITC labeled anti-
TCR β (2 μl) and PE-labeled α-GalCer-loaded CD1d tetramers (2 μl)
were incubated in 500 μl PBS reaction systems for 30min in the dark,
washed twice with PBS, and resuspended in 500 μl PBS for FACS de-
tection. The absolute amounts of iNKT cells in the thymus and spleen
were obtained by multiplying the total number of thymus and spleen
lymphocytes by the rates of iNKT cells in lymphocytes.

2.8. Detection of iNKT cell subsets in the mouse thymus and spleen

As described in 1.7, after incubation with anti-TCR β and PE labeled
α-GalCer-loaded CD1d tetramer for extracellular markers, the cells
were permeabilized and fixed according to the specific procedure of
Foxp3/Transcription Factor Staining Buffer. Then, 5 μl each of PerCP-
Cy™ 5.5 mouse anti-T-bet and Alexa Fluor® 647 mouse anti-PLZF were
added at room temperature in the dark for at least 30 min. After two
washes with PBS, the cells were resuspended in 500 μl PBS and assessed
by FACS.

2.9. Detection of Th1/Th2/Th17 subsets in the mouse spleen

Mouse spleen lymphocyte suspensions were prepared under aseptic

conditions. The Th1/Th2/Th17 subset analysis kit was used to detect
the proportions of Th1, Th2 and Th17 subsets. Cell densities were ad-
justed to 2×106/ml (culture volume was 1.5 ml), followed by addition
of PMA (50 ng/ml), IO (1 μg/ml) and Monensin-containing GolgiStop
(4 μl/ml). The cells were then cultured for 5 h and centrifuged at
1000 rpm for 5min at room temperature. After washing, 106 cells and
1ml of pre-cooled Cytofix solution were added to each sample, mixed
and incubated in the dark at room temperature for 20min. Next, the
samples were centrifuged at room temperature and 1000 rpm for 5min,
and the cells were washed twice with PBS. After addition of 1ml of the
Perm/Wash solution at room temperature for 15min in the dark, the
cells were washed and incubated with 20 μl cocktail containing CD4-
PERCP-CY5.5, IL-17A-PE, IFN-γ-FITC, and IL-4-APC diluted with 50 μl
Perm/Wash, at room temperature in the dark for 30min. After two
washes with Perm/Wash, cells were resuspended in 500 μl PBS, and the
Th1/Th2/Th17 subsets were detected by flow cytometry, with the
CFlow software (BD) for analysis.

2.10. Cytokine contents in serum detected by CBA

Serum levels of IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ and TNF-α were
detected with the CBA cytokine kit, in strict accordance with the
manufacturer's instructions. Briefly, 50 μl of each sample was assessed,
and serum cytokine contents were detected on an Accuri C6 flow cyt-
ometer, using the FCAP software (BD).

Fig. 2. Swelling of the ankle joint in mice.

Fig. 3. Histopathological changes of the ankle joint in mice at 14 days. “○”, lymphocyte; A, 100×; B, 400×.
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Fig. 4. Rates of iNKT cells in mouse peripheral blood. A, flow cytograms of iNKT cells in mouse peripheral blood. B, quantitation of A. aP < 0.05 vs Control.
bP < 0.05 vs RA.
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Fig. 5. Rates of iNKT cells in the mouse thymus. A, flow cytograms of iNKT in the mouse thymus. B, quantitation of A. aP < 0.05 vs Control. bP < 0.05 vs RA.
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2.11. Quantitation of PLZF, T-Bet and GATA-3 protein levels

Thymus and spleen tissue samples (0.1 g) were used for protein
extraction. Equal amounts of total protein were separated by electro-
phoresis and transferred onto membranes. After blocking, anti-GAPDH,
anti-T-bet/Tbx21, anti-GATA3 and anti-PLZF primary antibodies (1/
1000) were added for overnight incubation at 4 °C, followed by goat
anti-rabbit IgG (1/1000) addition for 1 h at room temperature. The
luminescent liquid was put in full contact with PVDF membranes for
2min. Protein expression levels of PLZF in the thymus and T-bet and
GATA3 in the spleen were detected by chemiluminescence. The Image J
software was used to record ID values (gray scale values); GAPDH was
used as an internal reference.

3. Results

3.1. Effect of iNKT cell treatment on joint swelling in RA mice

Swelling of the ankle joint in mice differed by group. In the RA
model group, the toes began to show red swelling at 6 days after
modeling, with gradual aggravation. At 14 days, red swelling in the
ankle joint peaked, followed by gradual relief. Compared with the RA
model group, the α-GalCer and cell therapy groups showed relieved
swelling of the ankle joint, and ankle symptom scores were significantly
decreased from 8 to 21 days (P < 0.05). Ankle symptom scores in the
cell therapy group showed no significant difference in comparison with
those of the α-GalCer group (P > 0.05) (Figs. 1, 2).

3.2. Effect of iNKT cell therapy on inflammatory cell infiltration in the
ankle joint of RA mice

The ankle synovial tissue of RA model mice showed different de-
grees of inflammatory cell infiltration at various stages, with highest
severity at peak inflammation (day 14). In the α-GalCer and cell
therapy groups, reduced amounts of inflammatory cells were infiltrated
in the synovial tissue in comparison with the RA model group (Fig. 3).

3.3. Effect of iNKT cell therapy on iNKT cell rates in peripheral blood from
RA mice

Compared with the healthy control group, the model group showed
significantly decreased iNKT cell rates in peripheral blood at 8, 14 and
21 days (P < 0.05), respectively, with the minimum at 14 days fol-
lowed by a rebound at 21 days. The rates of iNKT cells in peripheral

blood samples from the α-GalCer and cell therapy groups were sig-
nificantly higher than those of the RA model group (P < 0.05).
However, the rates of iNKT cells were comparable between the α-
GalCer and cell therapy groups (P > 0.05) (Fig. 4).

3.4. Effects of iNKT cell therapy on the rate and absolute amounts of iNKT
cells in the thymus of RA mice

The rate and absolute amounts of iNKT cells in the thymus of the RA
model group were significantly decreased at the early (day 8), peak
(day 14) and recovery (day 21) stages (P < 0.05) in comparison with
control values. At peak inflammation, these values were minimal and
rebounded in the remission phase. Compared with the RA model group,
the α-GalCer and cell therapy groups showed significantly increased
rates and absolute amounts of iNKT cells in the mouse thymus at all
stages (P < 0.05). However, there were no significant differences be-
tween the α-GalCer and cell therapy groups (P > 0.05) (Figs. 5, 6).

3.5. Effects of iNKT cell therapy on iNKT subsets in the thymus of RA mice

Compared with healthy control animals, model mice showed sig-
nificantly increased rates of the iNKT1 subset in the thymus at 8, 14,
and 21 days after modeling (P < 0.05), respectively, peaking at
14 days. Meanwhile, the iNKT1 subset in the mouse thymus in the α-
GalCer and cell therapy groups were significantly lower than those of
the RA model group at all time points (P < 0.05), and lower in the cell
therapy group compared with the α-GalCer group at the initial stages of
inflammation and peak inflammation (P < 0.05). The frequencies of
iNKT2 cells in the α-GalCer and cell therapy groups were significantly
increased at the initial stage of inflammation and inflammatory re-
mission in comparison with those of the RA model group (P < 0.05);
the cell treatment group showed significantly higher values compared
with the α-GalCer group (P < 0.05). Compared with control values,
iNKT1/iNKT2 ratios in the RA model group were increased significantly
at all stages (P < 0.05), reaching the maximum at peak inflammation
before dropping. Compared with the RA model group, the α-GalCer and
cell therapy groups showed significantly reduced iNKT1/iNKT2 ratios
at all time points (P < 0.05). In the early stage of inflammation and
peak inflammation, iNKT1/iNKT2 ratios in the cell therapy group were
significantly lower than those of the α-GalCer group (P < 0.05)
(Fig. 7).

3.6. Effects of iNKT cell therapy on the iNKT rate and absolute amounts in
the spleen of RA mice

Compared with the healthy control group, the RA model group
showed markedly decreased rates and absolute amounts of iNKT cells in
the spleen at 8, 14, and 21 days, respectively, after modeling
(P < 0.05), reaching the minimum at 14 days before increasing
thereafter. The rates and absolute amounts of iNKT cells in the α-GalCer
group were significantly increased compared with those of the RA
model group at the initial stage of inflammation (P < 0.05); however,
the cell therapy group showed no significant differences (P > 0.05).
The rates and absolute amounts of splenic iNKT cells in the α-GalCer
and cell therapy groups were significantly increased at peak in-
flammation (P < 0.05), with the cell therapy group showing sig-
nificantly higher values compared with the α-GalCer group (P < 0.05).
There were no significant differences between the two groups in the
recovery phase (P > 0.05) (Figs. 8, 9).

3.7. Effects of iNKT cell therapy on iNKT subsets in the spleen of RA mice

In the RA model group, the rates of the iNKT1 subset in the spleen
increased significantly (P < 0.05) at 8 and 14 days of modeling, re-
spectively, in comparison with values of the healthy control group,
peaking at 14 days, before decreasing; iNKT2 rates were significantly

Fig. 6. Absolute amounts of iNKT cells in the mouse thymus. aP < 0.05 vs
control. bP < 0.05 vs RA.
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increased at 21 days after modeling (P < 0.05); iNKT1/iNKT2 ratios
were significantly higher at the initial and peak stages (P < 0.05),
peaked, and then decreased. Compared with the RA model group, the α-
GalCer and cell treatment groups showed significantly decreased rates
of iNKT1 cells in the spleen at peak inflammation (P < 0.05); in ad-
dition, iNKT2 rates in the spleen of the α-GalCer and cell therapy
groups at the early stage of inflammation and inflammatory remission
were significantly increased (P < 0.05), with the cell therapy group
showing significantly higher values compared with the α-GalCer group
(P < 0.05); iNKT1/iNKT2 ratios in the α-GalCer and cell therapy
groups were significantly lower at the initial stage of inflammation and
peak inflammation, respectively (P < 0.05). The cell therapy group
showed significantly lower iNKT1/iNKT2 ratios compared with the α-
GalCer group (P < 0.05) (Fig. 10).

3.8. Effects of iNKT cell therapy on helper T cell (Th) subsets in the spleen
of RA mice

Compared with the healthy control group, the RA model group
showed significantly increased Th1 and Th17 subset rates at the early
stage of inflammation, while the Th2 subset had no change. At peak
inflammation and during remission, the proportions of Th1 and Th17
subsets were decreased, while the Th2 subset was increased sig-
nificantly (P < 0.05). The proportion of the Th2 subset was sig-
nificantly increased at the initial stage of inflammation in the cell
treatment and α-GalCer groups in comparison with the RA model
group; the change in cell therapy group was more obvious (P < 0.05)
(Fig. 11).

Fig. 7. Rates of iNKT1 and iNKT2 in the mouse thymus. A, flow cytograms of mouse thymus iNKT subsets. B, changes in thymic iNKT1 subsets. C, changes in thymic
iNKT2 cell subsets. D, changes of the iNKT1/iNKT2 ratio in the mouse thymus. aP < 0.05 vs Control. bP < 0.05 vs RA. cP < 0.05 vs α-GalCer.
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Fig. 8. Rates of iNKT cells in the mouse spleen. A, Flow cytograms of iNKT cells in the mouse spleen; B, quantitation of A. aP < 0.05 vs Control. bP < 0.05 vs RA.
cP < 0.05 vs α-GalCer.
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3.9. Effects of iNKT cell therapy on serum cytokine levels

The serum levels of inflammatory cytokines (TNF-α, IFN-γ and IL-6)
in the RA model group were significantly increased in comparison with
control values (P < 0.05), while anti-inflammatory cytokines (IL-4 and
IL-10) showed markedly decreased amounts (P < 0.05). Compared
with the RA model group, the α-GalCer and iNKT cell therapy groups
showed significantly decreased serum levels of inflammatory cytokines
(TNF-α, IFN-γ and IL-6) at the early stage of inflammation as well as
peak inflammation (P < 0.05), while anti-inflammatory cytokines (IL-
4 and IL-10) showed significantly increased levels (P < 0.05) (Tables
1, 2).

3.10. Effects of iNKT cell therapy on the expression of key proteins in the
thymus and spleen

We assessed the protein expression levels in the healthy control and
RA model groups, and found that at the initial stage of inflammation,
the PLZF protein in the thymus of RA model mice was significantly
downregulated (P < 0.05), while the T-bet protein in the spleen was
significantly upregulated (P < 0.05); the GATA3 protein showed no
significant difference. At peak inflammation, there was no significant
difference in PLZF protein expression in the thymus of RA model mice
(P > 0.05), while spleen T-bet amounts remained elevated
(P < 0.05), and GATA3 protein levels were significantly increased
(P < 0.05). Compared with the RA model group, the α-GalCer and
iNKT cell therapy groups had significantly increased thymic PLZF
protein expression levels at the initial and peak stages of inflammation
(P < 0.05). Splenic T-bet protein amounts showed no significant dif-
ference (P > 0.05), but GATA3 protein levels were significantly in-
creased in the initial inflammatory stage (P < 0.05); meanwhile,
GATA3 protein amounts were significantly decreased at peak in-
flammation (P < 0.05) in the α-GalCer group, with no significant
difference in the iNKT cell infusion group (P > 0.05) (Figs. 12, 13).

4. Discussion

iNKT cells are critical for immune regulation [24], controlling the
functions and differentiation of other immune cells by releasing cyto-
kines and via direct contact [25]. Studies have shown that iNKT cells
can secrete IFN-γ to promote Th0 cell differentiation into Th1 cells, and
secrete IL-4 to promote Th0 cell differentiation into Th2 cells [26],
playing a key role in correcting the Th1/Th2 balance and inhibiting
excessive inflammation [27,28].

Activation of iNKT cells as a new RA bio-therapeutic tool has at-
tracted considerable attention. Masanobu Horikoshi et al. [29] sig-
nificantly inhibited GPI peptide-induced arthritis by suppressing
CD4+T by intradermal injection of α-GalCer. Chiba et al. [30] showed
that repeated injections of the synthetic α-GalCer analogue OCH (an
iNKT2 selective activator) inhibit the clinical and pathological pro-
cesses of CIA, while injection of α-GalCer showed slight inhibition. A
preliminary study of single subcutaneous injection of α-GalCer into the
tail root found that the rate of the thymic iNKT1 subset in mice reached
the minimum (about 0.31%) while that of the iNKT2 subset peaked
(about 50%) at 8 days. Purified thymic iNKT cells by MACS could
achieve a purity of about 70%, and these cells mainly secrete IL-4.
Adoptive infusion of thymus-derived iNKT cells into RA model mice
resulted in significantly improved ankle swelling, reduced in-
flammatory cell infiltration to the joint tissue, increased serum IL-4 and
IL-10 levels and reduced serum IFN-γ and TNF-α amounts. It was shown
that adoptive treatment with thymus-derived iNKT cells possessing
specific phenotypes and functions has the same efficacy as α-GalCer
administration, which inhibits excessive inflammatory reactions in RA
mice and effectively relieves RA progression. We found that the rates
and absolute amounts of iNKT cells in peripheral blood, the thymus and
spleen were significantly lower in the RA model group compared with
the healthy control group at all time points, consistent with previous
reports [31,32]; meanwhile, the cell therapy and α-GalCer (positive
control) groups showed significantly increased values in comparison
with the RA model group. At the inflammatory peak stage, the rate of
splenic iNKT cells was more pronouncedly increased in the cell therapy
group than in the α-GalCer group. Few reports have assessed changes in
iNKT subsets during the pathogenesis of RA. Further detection of iNKT
cell subsets in the thymus and spleen showed that the proportions of the
iNKT1 subset in the RA model group were significantly increased than
control values at the initial, peak and recovery stages of inflammation,
with most obvious changes at peak inflammation. However, the iNKT2
subset frequency did not increase until peak inflammation. These
findings suggested that the iNKT1 subgroup may be involved in early
inflammation in RA, while the iNKT2 subgroup likely has important
functions in inhibiting inflammation. Compared with the RA model
group, the α-GalCer and cell therapy groups showed significantly de-
creased iNKT1 subset rates in the thymus and spleen in the in-
flammatory phase, with cell therapy being superior to α-GalCer ad-
ministration in terms of efficacy. The iNKT2 subset was significantly
increased in the early and recovery stages of inflammation, and the cell-
therapy group showed more pronouncedly increased frequency com-
pared with the α-GalCer group. These results demonstrate that adoptive
infusion of iNKT cells with specific phenotypes and functions sig-
nificantly increases the rates of iNKT cells and alters the proportions of
iNKT cell subsets in RA. It is worth noting that we previously observed
iNKT cell distribution after adoptive infusion in mice by the in vivo
small animal imaging technique, and found that the infused cells
mainly reside in the liver and spleen, and not found in the thymus.
Therefore, we hypothesize that these cells may regulate the develop-
ment and differentiation of iNKT cells via the cytokine pathway in the
thymus after adoptive infusion, which deserves further investigation.

An important pathological mechanism of RA pathogenesis is ex-
cessive polarization of Th1 and Th17 subsets leading to the release of a
large number of inflammatory cytokines, with reduced differentiation
of Th2 and Treg subsets [5,6]. To determine whether adoptive infusion
of iNKT cells with specific phenotypes and functions can inhibit ex-
cessive inflammatory responses in rheumatoid arthritis by correcting
the imbalance of helper T cell (Th) subsets, Th1, Th2, and Th17 subsets
in the spleen were assessed. The results showed that Th1 and Th17
subsets were increased significantly at the early stage of inflammation
in RA models, while the Th2 subset was markedly increased at peak
inflammation, compared with healthy controls. Compared with the RA
model group, the cell therapy and α-GalCer groups showed significantly
increased Th2 subset frequencies at the early stage of inflammation,

Fig. 9. Absolute amounts of iNKT cells in the mouse spleen. aP < 0.05 vs
control. bP < 0.05 vs RA. cP < 0.05 vs α-GalCer.
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with cell therapy being superior to α-GalCer administration. These
findings suggested that adoptive infusion of iNKT cells could inhibit
excessive inflammation; this may reverse the immune imbalance caused
by increased Th1 and Th17 subsets, which are more pronounced at the
early stage of RA inflammation. Therefore, early inflammation in RA is
likely the best period for cell therapy.

PLZF is an essential transcription factor in the development of iNKT
cells. Increased protein expression of PLZF indirectly reflects iNKT de-
velopment in the mouse thymus [33–37]. Western blot analysis of re-
levant transcription factors in the thymus and spleen showed that
thymus PLZF expression in the RA model group at the early stage of
inflammation was significantly decreased compared with the control
value, indicating defective development of iNKT cells in the thymus of
RA mice. Adoptive infusion of iNKT cells significantly increased the
protein levels of PLZF in the thymus of RA model mice, further vali-
dating the above cell-level assay data. Compared with healthy control

mice, the RA model group showed significantly increased splenic T-bet
expression at the initial and peak stages of inflammation, while GATA3
was significantly upregulated at peak inflammation. GATA3 expression
levels in the cell therapy group were significantly increased at the early
stage of inflammation in the mouse spleen. This suggests that adoptive
infusion of iNKT cells into mice may upregulate GATA3 in Th cells and
promote Th0 differentiation into Th2 cells, thereby inhibiting in-
flammatory responses.

In summary, adoptive infusion of iNKT cells with specific pheno-
types and functions can modulate thymic iNKT cell development, re-
store iNKT cell frequency in RA mice, modulate the iNKT1/iNKT2 cell
ratio and correct the Th (Th1/Th2) cell subset imbalance, inhibiting
excessive inflammatory responses, with a positive effect on RA relief.

Fig. 10. Rates of iNKT1 and iNKT2 cells in the mouse spleen. A, flow cytograms of iNKT subpopulations in the mouse spleen. B, changes in iNKT1 subpopulations. C,
changes in iNKT2 cell subsets. D, changes of iNKT1/iNKT2 ratios. aP < 0.05 vs Control. bP < 0.05 vs RA. cP < 0.05 vs α-GalCer.
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Fig. 11. Rates of Th subsets in the mouse spleen. A, B and C, flow cytograms of spleen Th subsets at 8, 14 and 21 days after modeling. D, E and F are quantitative data
of A, B and C, respectively. aP < 0.05 vs Control. bP < 0.05 vs RA. cP < 0.05 vs α-GalCer.
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Table 1
Serum cytokine levels in mice at 8th day after modeling (pg/ml).

Cytokines Control RA α-GalCer Cell

Proinflammatory cytokine TNF-α 2.77 ± 0.24 10.66 ± 0.96a 6.9 ± 0.42a,b 4.44 ± 0.21a,b

IFN-γ 0.26 ± 0.03 3.02 ± 0.13a 1.10 ± 0.15a,b 1.09 ± 0.02a,b

IL-2 1.31 ± 0.09 1.26 ± 0.06 1.37 ± 0.08 1.25 ± 0.03
IL-6 25.62 ± 0.17 36.83 ± 0.40a 28.33 ± 0.40a,b 26.12 ± 0.57b

IL-17A Below detection
Anti-inflammatory cytokine IL-4 2.21 ± 0.11 1.95 ± 0.20 2.63 ± 0.36a,b 2.94 ± 0.30a,b

IL-10 4.32 ± 0.31 1.23 ± 0.21a 3.15. ± 0.33a,b 4.31 ± 0.06a,b

n= 5.
a P < 0.05 vs Control.
b P < 0.05 vs RA.

Table 2
Serum cytokine levels in mice at 14th day after modeling (pg/ml).

Cytokines Control RA α-GalCer Cell

Proinflammatory cytokine TNF-α 2.77 ± 0.24 17.23 ± 0.26a 8.07 ± 0.30a,b 8.20 ± 0.34a,b

IFN-γ 0.26 ± 0.03 7.47 ± 0.21a,b 1.14 ± 0.12a,b 0.38 ± 0.02b

IL-2 1.31 ± 0.09 1.25 ± 0.09 1.31 ± 0.04 1.23 ± 0.03
IL-6 25.62 ± 0.17 50.74 ± 1.25a 25.20 ± 1.03a,b 25.81 ± 0.42b

IL-17A Below detection
Anti-inflammatory cytokine IL-4 2.21 ± 0.11 1.52 ± 0.09a 2.56 ± 0.38b 2.69 ± 0.34b

IL-10 4.32 ± 0.31 1.39 ± 0.04a 4.59 ± 0.35b 4.54 ± 0.07b

n= 5.
a P < 0.05 vs Control.
b P < 0.05 vs RA.

Fig. 12. Relative expression levels of various proteins in the thymus and spleen of mice at 8 days. A and C, relative expression of PLZF in the thymus. B and D, relative
amounts of T-bet and GATA-3 in the spleen. aP < 0.05 vs control. bP < 0.05 vs RA.
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