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ABSTRACT: As one of the most frequent autoimmune diseases, Sjogren’s
syndrome (SS) is characterized by overactive lymphocytic infiltration in the
exocrine glands, with ensuing dry mouth and dry eyes. Unfortunately, so far, there
are no appropriate therapies without causing overall immunosuppression.
Tetrahedral framework nucleic acids (tFNAs) were regarded as promising
nanoscale materials whose immunomodulatory capabilities have already been
verified. Herein, we reveal, for the first time, that tFNAs were utilized to treat SS in
female nonobese diabetic (NOD) mice, the animal model used for SS. We proved
a 250 nM tFNA treatment was successful in suppressing inflammation and
stimulating saliva secretion in NOD mice. Specialised proteins for the secretory
function and structure of acinar cells in submandibular glands (SMGs) were
restored. It has been the permanent goal for SS treatment to establish immune
tolerance and stop disease development. Surprisingly, tFNA treatment guided T
cells toward regulatory T cells (Tregs), while suppressing T helper (Th) cell
responses. Th cells include Th1, Th17, and follicular helper T (Tfh) cells. Tregs are highly significant in immune tolerance. Inducing
Tregs is a promising approach to reestablish immune tolerance. Comparable results were also observed in B cell responses.
Reductions in the percentage of germinal center (GC) B cells and plasma cells were detected, and a marked increase in the
percentage of regulatory B cells (Bregs) was also noticed. The mechanisms of inducing Tregs may associated with cytokine changes.
Changes of T cell subsets, especially changes of Tfh, may influence the differentiation of B cells accordingly. Collectively, our results
demonstrated the immunomodulatory capacities of tFNAs once again, which may provide a novel, safe, and effective option for the
treatment of SS and other autoimmune diseases.
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1. INTRODUCTION

As one of the most frequent autoimmune diseases, Sjögren’s
syndrome (SS) predominantly affects middle-aged women and
the estimated disease prevalence ranges from 0.3 to 3% among
the entire population.1 SS primarily features autoreactive
lymphocytes infiltrating exocrine glands, with ensuing oral and
ocular dryness.2,3 Oral dryness predisposes SS patients to
caries, loss of teeth, mucosal edema, opportunistic infections,
and even loss of the ability to speak and eat.4,5 Serious quality
of life impairments are observed consistently in SS patients.
They mainly complain about dysgeusia, dysphagia, and a
burning sensation in the mouth, which are typical clinical
symptoms closely related to oral dryness.6,7 Apart from
exocrine gland dryness, SS can also lead to systemic
manifestations, mainly affecting the skeleton, lungs, kidneys,
skin, and peripheral nerves.8

SS has received far less research and therapeutic attentions
compared with other autoimmune diseases, although it has
high prevalence.2 Currently, the SS management is symptom-
based in order to alleviate oral and ocular dryness.9 The SS

patients with systemic manifestations are prescribed systematic
immunosuppressive and disease-modifying antirheumatic
drugs,10 which is generally considered as the routine treatment
option. However, these drugs can lead to severe side effects
such as cancer and life-threatening infections because of their
broad immunosuppression These treatments unfortunately do
not address the etiological factor of SS.11 The optimal way for
SS management should be more precise depending on
thorough understanding of the immunopathological mecha-
nisms involved.
Lymphocytic infiltration of exocrine glands is the iconic

histological feature of SS. In salivary glands (SG), the
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dominant infiltrated lymphocytes are mainly CD4+ T cells and
B cells. Specifically, there are 15−50% CD4+ T cells and 20−
60% B cells.3,12,13 In SS, CD4+ T cells mostly consist of T
helper (Th) cells and regulatory T cells (Tregs), and Th cells
include Th1, Th2, Th17, and follicular helper T cells (Tfh)2.
Th1 mainly secretes IFN-γ to activate macrophages. IFN-γ is
overproduced in the salivary glands and peripheral blood of SS
patients, compared with normal population.14 Overall, the
balance between Th1 and Th2 is influenced by the stage of the
disease. In SS, an increased IL-17 level and its mRNA
expression in salivary glands have been detected.15 As IL-17-
producing T cells, Th17 plays a considerable role in pathogenic
mechanism of SS.16 Tfh and the secretion of IL-21 lead to the
formation of germinal center-like structures that induce B cell
activation.12 Th2 and Th17 cells can also participate in
activating B cells.17 Overactive CD4+ T cells and B cells are the
most common biological sign of SS. However, among CD4+ T
cell and B cell subsets, regulatory B cells (Bregs) and Tregs are
considered to suppress the excessive cell activities and maintain
immune tolerance.18 In SS, the percentage of Bregs and Tregs
dropping in blood and salivary gland has been demonstra-
ted.19,20 Therefore, one of the optimal ways to manage SS is
immunotherapies. Immunotherapies may reestablish immune
tolerance through inducing Bregs and Tregs, preventing the
overactive immune cells and halting the progress of SS.9

However, immunotherapies for SS are constrained to a few
patients, due to the scant options of therapeutic materials.
Many defects of traditional therapeutic materials lead to their
limited application, consisting of short half-life period, in vivo
instability, unexpected bioactivity and tissue toxicity.21,22 On
the basis of the outstanding capability to target immune cells
and signals precisely, nanoscale materials are paving its way
into the field of immunotherapy at an unprecedented
speed.23−25 As the promising nanoscale materials, a huge
range of DNA nanostructures have been widely applied in
immunotherapies.26−28 In most cases, these DNA nanostruc-
tures cannot regulate the immune system by themselves.24,29,30

These DNA nanostructures are generally regarded as nano-
carriers to transport small therapeutic agents to areas of the
body that are otherwise too difficult to reach.22,31 However,
tetrahedral framework nucleic acids (tFNAs), as one of the
most hopeful DNA nano materials, are especially dramatic in a
large range of biological research fields.32−36 Notably, recent
studies verified that tFNAs could travel through the cell
membrane of macrophages, stimulate macrophage activation,
and induce M1 polarization.37 These indicated that tFNAs may
be a potential therapeutic material option for immunotherapies
in autoimmune diseases.
Herein, the immunomodulatory capacities of tFNAs in

managing SS have been verified. Female nonobese diabetic
(NOD) mice are adopted in our study, as the animal model of
SS. We find that tFNAs successfully reestablish immune
tolerance through particularly suppressing overactive immune
cells and inducing regulatory immune cells. tFNAs can protect
the salivary glands from lymphocytic infiltration and preserve
the tissue structures and functions. So far, our study results
demonstrate the viability, security, and availability of tFNA
treating SS via reestablishing immune tolerance and restoring
saliva secretion of SS.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of tFNAs. The synthetic

steps of synthesizing. tFNAs agree with the previous studies37−39 To

demonstrate the successful synthesis of tFNAs, the measurements
were performed similar to previous study.40−42 High-performance
capillary electrophoresis (HPCE, Bioptic, Qsep100, Taiwan) and 8%
polyacrylamide gel electrophoresis (PAGE) were both utilized to
determine the molecular weights of ssDNA and tFNAs. Atomic force
microscopy (AFM, SPM-9700 Instrument; Shimadzu, Kyoto, Japan)
and transmission electron microscopy (TEM, Hitachi HT7700,
Tokyo, Japan) were utilized to verify the morphology of tFNAs.
Zeta potential and the average size of tFNAs were examined by a
Zetasizer Nano ZS90 (Malvern Instrument Ltd., Malvern, UK).

2.2. Mice. NOD/ShiLtJ mice served as the SS diseased animal
model, whereas ICR mice served as the normal mice. Female NOD
and ICR mice aged 11 weeks were purchased from Jiangsu
GemPharmatech Co, Ltd. Mice were housed in a specific pathogen-
free animal facility, with unrestricted access to standard water and
diet. The weight of the mice was about 25 g. Ethics committee of
Sichuan University approved all animal-related procedures. Group 1,
Normal mice: ICR mice. Thirty female NOD mice were randomly
divided into three groups equally. Group 2, NOD + Saline: NOD
mice treated with normal saline. Group 3, NOD + T250: NOD mice
treated with 100 μL of 250 nM tFNAs (dissolved in normal saline).
Group 4, NOD + T500: NOD mice treated with 100 μL of 500 nM
tFNAs (dissolved in normal saline). tFNAs and normal saline were
given to each mouse by tail-vein injection every other day for
consecutively 4 weeks. Mice at 20, 25, and 30 weeks of age were
euthanized using Zoletil50 (Virbic, France) followed by eyeball
exsanguination, respectively. Peripheral blood (PB), spleen, heart,
lung, kidney, and submandibular gland (SMG) samples were collected
for the experiments described below.

2.3. Measurements of Stimulated Saliva Flow Rate (SFR).
The procedures of measurements of SFR are consistent with previous
studies.19 SFR was measured at 12 weeks of age (pretreatment), then
at 15, 18, 21, 24, 27, and 30 weeks of age.

2.4. Histologic Analysis. Heart, spleen, lung, kidney, and SMG
samples were collected in paraformaldehyde. Then, tissues were
embedded with paraffin and sliced into sections. The sections were
dyed with hematoxylin and eosin (H&E). The sections of SMGs were
scored to assess the degree of lymphocytic infiltration, according to
previous research.15 The focus score corresponded to the number of
foci where more than 50 lymphocytes infiltrate. The focus area was
the area occupied by more than 50 lymphocytes. The ratio index was
determined as the percentage of the focus area to the total area of the
SMGs, as analyzed by ImageJ software (National Institutes of Health,
Bethesda, MD, USA).15

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). The
SMG and serum levels of IFN-γ, TGF-β, IL-10, IL-17, and IL-21 were
quantified with commercial ELISA kits (Meimian Biology, Wuhan,
China), following the instructions.

2.6. Immunofluorescence. SMG frozen sections were prepared.
Sections were stained with anti-aquaporin 4 (AQP4), anti-aquaporin
5 (AQP5), anti-cytokeratin 5 (CK5), antialpha smooth muscle actin
(α-SMA), anti-c-kit, anti-CD4, anti-B220, anti-BAFF, anti-Ki67, and
deoxynucleotidyl TdT-mediated dUTP nick-end labeling (TUNEL,
Servicebio, Wuhan, China) as the primary antibodies. Polyclonal
donkey antimouse secondary antibodies (Servicebio, Wuhan, China)
were employed for 1 h at room temperature. Finally, DAPI
(Servicebio, Wuhan, China) was employed for 3 min. The percentage
of stain-positive area to total area of the section was calculated by
ImageJ software.

2.7. Flow Cytometry. Mouse lymphocytes were isolated from the
PB, the spleen, and SMGs of normal mice and NOD mice. For CD4+

T cells, surface protein and intercellular protein were both stained.
The fluorochrome-labeled surface mAbs were employed, including
CD4 APC-Cy7 (BD Bioscience), CD25 PE-Cy7 (BD Bioscience),
PE-Cy7 CXCL5 (BD Bioscience), and BB700 PD-1 (BD Bioscience).
Lymphocytes were strained with these fluorochrome-labeled surface
mAbs at 4 °C for 30 min. Intracellular proteins were dyed with the
fluorochrome-labeled intracellular mAbs, including IFN-γ 847 (BD
Bioscience), transcription factor forkhead box P3 (Foxp3) Alexa Fluor
488 (eBioscience), IL-4 PE (BD Bioscience), and IL-17 PerCP-Cy5.5
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(BD Bioscience) and at 4 °C for 40 min. For B cells, the lymphocytes
were stained with BB515 CD19 (BD Bioscience), APC B220 (BD
Bioscience), BV605 CD1d (BD Bioscience), BV421 CD95 (BD
Bioscience), APC-R700 CD5 (BD Bioscience), PE CD138 (BD
Bioscience) and PE-Cy7 GL7 (BD Bioscience) 4 °C for 30 min. The
stained lymphocytes were assessed via Attune Nxt Flow Cytometer
(Thermo Fisher, USA) and FlowJo software version 10 (BD
Bioscience). To stain intracellular protein, we stimulated the
lymphocytes with phorbol 12-myristate 13-acetate (100 ng/mL;
Sigma), brefeldin A (1 mg/mL; Sigma), and ionomycin (1 mg/mL;
Sigma) at 37 °C for 6 h and then incubated them with FITC-
conjugated anti-CD4 antibody (BD Bioscience). Th1, Th2, Th17,
Tfh, and Treg cells were stained with the fluorochrome-labeled
surface mAbs. Cells were then fixed, permeabilized, and washed using
a BD Cytofix/Cytoperm Kit.
2.8. Statistical Analysis. Graphpad Prism 8 was utilized to

perform the data analysis and draw the graphs. All data were
presented as mean ± SD or as percentages. All data were analyzed
with one-way analysis of variance (ANOVA). A confidence level of
95% was considered significant. For all tests, statistical significance of
p value is shown as *, P < 0.05, **; P < 0.01; ***, P < 0.001; or not
significant P > 0.05.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis and Characterization of tFNAs. Four
ssDNAs of equimolar amount paired tFNAs in the bases of
complementary matching principle (Figure 1a). The dia-
grammatic drawing shows the fabrication of tFNAs (Figure
1b). HPCE and 8% PAGE were employed to demonstrate
tFNAs were successfully synthesized. (Figure 1c, d). According
to the markers in HPCE and 8% PAGE, the molecular weight
of tFNAs was about 200 bp, which was consistent with the
value in previous study39,40 (Figure 1c, d). AFM and TEM
were conducted to observe the shape of tFNAs, which was like
a triangle (Figure 1e, Figure S1). Moreover, tFNAs had a
charged surface of −7.075 ± 2.32 mV and the average size of
tFNAs was 10 nm. (Figure 1f, g)

3.2. tFNAs Alleviates SS in NOD Mice. In female NOD
mice, SS-like disorders normally emerge at age of 7 weeks. For
12-week-old female NOD mice, SS is at the fully developed
stage. Therefore, 12-week-old female NOD mice were
employed in the study.43,44 tFNA treatment was conducted
for 4 weeks and followed until NOD mice reached the age of
30 weeks (Figure 2a). Lymphocytic infiltration of salivary
glands is the classic histological feature of SS. The severity of

Figure 1. Characterization of tFNAs. (a) Base sequences of the ssDNAs used to construct the tFNAs. (b) Schematic diagram of tFNAs. (c, d)
Theoretical molecular weight of synthesized tFNAs was verified by HPCE and 8% PAGE. The results demonstrated successful synthesis of tFNAs.
(e) Morphological characteristics of synthesized tFNAs were demonstrated by TEM. (f) Zeta potential and (g) size of synthesized tFNAs. Data are
presented as mean ± SD.
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the lymphocytic infiltration was assessed by H&E-staining of
SMG sections. Focus score (the number of the focus of
lymphocytic infiltrates) and ratio index (the percentage of the
focus area to the total area) were employed to further analysis.
Both NOD + T250 and NOD + T500 groups demonstrated
lower focus scores compared with the NOD + saline group,
whereas the NOD + T250 group had the smallest ratio index
among all three treatment groups (Figure 2b, c).
SFR is a commonly used indicator for the function of

salivary glands as well as a significant tool to evaluate of the
treatment effects. Because of this parameter, the salivary

secretion of 12-week-old NOD mice was already lost partially,
which is consistent with the disease onset time of Sjogren’s
syndrome reported in the literature43,44 (Figure 2d).
Comparatively, there was no marked differences in SPR
between the NOD + T250 group and the normal mouse
group, and the trend continued until the end of follow-up.
However, there was a significant difference between the NOD
+ T500 group and the normal mouse group. The result of SPR
indicated that the treatment of 250 nM tFNAs was effective in
restoring saliva secretion of the salivary glands in NOD mice.

Figure 2. tFNAs protected the SMGs from the inflammatory damage and improved the salivary function in NOD mice. (a) Experimental scheme.
(b) Representative histological images (from three or four mice in each group at each time point) showing lymphocytic infiltration in the SMGs of
20-, 25-, and 30-week-old mice (scale bar: 200 μm). (c) Degree of lymphocytic infiltration in the SMGs was analyzed by the focus score and the
ratio index. Focus area was the area occupied by lymphocytic infiltrates (≥50 lymphocytes). The ratio index was defined as the percentage of the
focus area to the total area. (d) SFR of NOD mice measured every 3 weeks throughout the experiment. SFR was determined by volume of saliva/
(min g of body weight). (e) Expression levels of pro- and anti-inflammatory cytokines in SMGs of 30-week-old mice (from four mice in each
group) were detected by ELISA kits. Throughout, data are presented as mean ± SD *, p < 0.05, **, p < 0.01, ***, p < 0.001. Statistical analyses
were performed using one-way ANOVA.
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Furthermore, tFNA treatment affected the level of various
proinflammatory cytokines and anti-inflammatory cytokines
simultaneously in the serum and the SMGs of NOD mice. As
important anti-inflammatory cytokines, TGF-β and IL-10 are
significant in suppressing overactive immune cells. We found
that the levels of these anti-inflammatory cytokines increased
both in the PB and the SMGs after tFNA treatment (Figure 2e,
Figure S2). IFN-γ, IL-17, and TNF-α, regarded as proin-
flammatory cytokines, decreased in the NOD + T250 and
NOD + T500 groups, respectively. These results indicated that
tFNA treatment, especially tFNAs at 250 nM, had an apparent
anti-inflammation effect and helped restore saliva secretion of
the SG in NOD mice throughout the follow-up period.
3.3. tFNAs Preserve Specific Cells in SMGs. To explore

the protective effect of tFNA treatment, we evaluated several
markers related to saliva secretion, gland formation, and gland
regeneration in SMGs by immunofluorescence staining. The
expressions of several specific proteins in SMGs were analyzed,
including, CK5, c-Kit, and α-SMA, as they are crucial to
maintaining the normal structure of SMGs. These specific
proteins are specific markers for ductal cells, progenitor cells,
and myoepithelial cells, respectively. We noticed that in the
NOD + saline group, the SMGs showed a weak staining for the
expression of these specialized markers (Figure 3a−c).

However, when mice were treated with 250 nM tFNAs,
these specific proteins became highly expressed in the SMGs.
AQPs closely related to saliva secretion are they are water-
permeable channels proteins. Among AQPs, AQP4 located in
acinar and ductal cells and AQP5 is predominantly detected in
acinar cells of SG. These two proteins alter markedly in SS.45

After tFNA treatment, we detected many more cells positive
for AQP4 and AQP5 in the NOD + T250 group (Figure 3d,
e).
AQP4 and AQP5 are water channel proteins, which are

closely associated with the production of saliva and tears. A
large number of studies supported the view that AQPs were
one of the crucial factors related to oral dryness resulting from
SS. It therefore could be inferred that AQPs involved in SS
were must-achieve therapeutic targets in effective disease
therapy.45 In normal mice, AQP4 could be detected at the
basal membrane of SG acinar and ductal cells, and AQP5 was
predominantly located at apical membranes of SG acinar cells.
The modification in the AQP5 position has been well
confirmed in NOD mice, known as the SS animal model.46

In contrast to its normal apical localization, AQP5 was
reported to relocate at basolateral membranes in SS. Apart
from a change in localization, the expression levels of these
specialized proteins were also significantly lowered in SS

Figure 3. tFNAs preserved the specific cells in the SMGs. Specialized cell subpopulations of 30-week-old mice (from four mice in each group) were
analyzed by immunofluorescence staining. (a−e) Representative immunofluorescence images stained for CK5, c-Kit, α-SMA, AQP4, and AQP5,
respectively (scale bar: 100 μm) and quantitative analysis. Throughout, data is presented by mean ± SD *, p < 0.05, **, p < 0.01, ***, p < 0.001.
Statistical analyses were performed using one-way ANOVA.
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because of the inflammatory destruction of salivary gland
structure. Fortunately, the tFNA-treated groups showed higher
immunofluorescence intensity of the specialized proteins.
These upregulations in the tFNA-treated mice well explained
the SFR detection results.
The causal factor directly responsible for the AQP5

relocation and declining expression levels of specialized
proteins in SS was inflammatory cytokines in SG.47 For
NOD mice and SS patients, a number of proinflammatory
cytokines were upregulated in both the PB and the SMGs.15 At
the early stage of SS, overexpressed IFN-γ and IL-17 were the
dominant cytokines in the SMGs and the PB,48 mainly
produced by Th1 and Th17, respectively. This could serve as
the sound evidence that T cells were the vital mediators at the
early stage of SS, helping with creating the inflammatory
microenvironment in vivo.49 In the NOD + saline group, the
levels of IL-21 were remarkably increased in the PB and the
SMGs, which was supposed to be strongly associated with Tfh
activities that manipulate B cell migration and differentiation.12

Thus, these proinflammatory cytokines and overactive cells
were long regarded as specific therapeutic targets for SS. In
terms of Tregs, Treg cells are a special subgroup of CD4+ T
cells that perform essential functions and exert their
suppressive activity partially by the controlled release of
proinflammatory cytokines. IL-10, mainly produced by Tregs,
suppressed the effector immune responses and delayed the
differentiation of B cells. For anti-inflammation in SS,
nonsteroidal anti-inflammatory drugs, hydroxychloroquine,
methotrexate, and glucocorticoids were regularly used in the
clinical setting. However, there was little or no solid evidence

for their effectiveness.50 The majority of these drugs were
broad-spectrum immunosuppressive drugs that could not carry
out precise immune regulation and modulation, frequently
resulting in miscellaneous side effects. Unlike these immuno-
suppressive drugs, tFNA treatment achieved the goal of anti-
inflammation by favoring anti-inflammatory cytokines while
inhibiting proinflammatory cytokines. Cell proliferation and
cell death were detected by immunofluorescence stained with
Ki67 and TUNEL in SMGs at 15 weeks post-treatment.
Compared to the NOD + saline group, the cell proliferation
rate was significantly higher and the cell death rate was
significantly lower in the NOD + T250 group, statistically
(Figure S3).

3.4. tFNAs Regulate CD4+ T-cell Differentiation. The
ultimate goal of the SS therapy is to suppress overactive
immune cells and induce regulatory immune cells to
reestablish immune tolerance. We investigated how tFNA
treatment directed CD4+ T-cell responses in the PB, the
spleen, and the SMGs at 15 weeks post-treatment by
immunofluorescence staining and flow cytometry. Plenty of
T cells, including CD4+ and CD8+ T cells, infiltrating the
SMGs were found in the NOD + saline group at the end point
(Figures S4 and S5). In the NOD + T250 group, a reduction in
the accumulative frequency of CD4+ T cells in the SMGs was
detected, indicating the alleviated overall inflammation.
Among CD4+ T cell subsets, Tregs, featured by transcription

factor Foxp3, play a pivotal role in maintaining immune
tolerance.49,51 In the NOD + saline group, the frequencies of
Treg cells in the PB, the spleen, and the SMGs were much less
than those in the normal mouse group (Figure 4a, Figures S6

Figure 4. tFNAs regulated T cell responses in the SMGs of 30-week-old NOD mice. (a) Representative flow cytometry pattern and quantitative
analyses of CD4+CD25+Foxp3+ T cells (Tregs) obtained from the SMGs (from four mice in each group). (b) Representative flow cytometry
pattern and quantitative analyses of CD4+IFNγ+ T cells (Th1) and CD4+IL4+ T cells (Th2) obtained from the SMGs (from four mice in each
group). (c, d) Representative flow cytometry pattern and quantitative analyses of CD4+IL17+ T cells (Th17) and CD4+PD-1+CXCR5+ T cells
(Tfh) obtained from the SMGs (from four mice in each group). Throughout, data are presented as mean ± SD *, p < 0.05, **, p < 0.01, ***, p <
0.001. Statistical analyses were performed using one-way ANOVA.
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and S7). The strong correlation of impaired Treg frequency
with the breakdown of immune tolerance, the emergence of
autoreactive immune cells, and the progression of SS has been
demonstrated.3,52 Several mechanisms of Treg-mediated
immune homeostasis have been verified. Briefly, curbing
excessive immune cell activations, secreting of immunosup-
pressive cytokines, and maintaining immune homeostasis are
involved.53 Treg deficiency or depletion leads to autoimmune
diseases.54 However, the mice treated with tFNAs showed
significant restoration in the frequency of Tregs (Figure 4a,
Figures S6 and S7), which to a large extent was relevant to the

inhibition of SS disease progress. In the treatment of SS,
inducing regulatory immune cells to inhibit autoreactive
immune cells and halt the disease progression is an
exceptionally promising immunotherapy.55

Additionally, the loss of balance between Th1 and Th2 is
known to promote the development of the disease. We showed
that, although tFNA treatment did not increase the frequency
of Th2 cells, it suppressed the percentage of Th1 cells, hence
helping with the recovery of Th1/Th2 equipoise (Figure 4b,
Figures S6−S8). As IL-17-producing T cells, a large number of
Th17 cells get involved in SS (Figure 4c, Figures S6 and S7).

Figure 5. tFNA therapy regulated B cell responses in 30-week-old NOD mice. (a−c) Representative immunofluorescence images of the SMGs
(from four mice in each group) stained for CD19 and BAFF (scale bar = 100 μm) and quantitative analysis. (d) Representative flow cytometry
pattern of CD19+B220+CD5+CD1d+ B cells (Breg), IL-10+CD19+B220+CD5+CD1d+ B cells (IL-10+ Breg), CD19−CD138+ B cells (plasma cells),
and CD19+CD95+GL7+ B cells (GC B cells) obtained from the SMGs (from four mice in each group), respectively. (e) Quantitative analysis of
Breg, IL-10+ Breg, plasma cells, and GC B cells. Throughout, data are presented by mean ± SD *, p < 0.05, **, p < 0.01, ***, p < 0.001. Statistical
analyses were performed using one-way ANOVA.
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We found that tFNA treatment remarkably decreased the
frequency of Th17 cells. Being a particular subgroup of CD4+

T cells, Tfh cells are specialized in offering help to B cells. The
proportion of Tfh cells in the NOD + saline group increased
significantly compared with that in the normal mouse group
(Figure 4d, Figure S6). After four weeks of tFNA treatment,
the Tfh cell proportion declined remarkably, almost returning
back to normal status compared to the normal mouse group.
To sum up, all these results demonstrated the immune
regulatory effects of tFNA therapy, which favored Treg
differentiation while inhibiting Th1, Th17, and Tfh responses.
The mechanisms of inducing Tregs remained complicated.

In our study, we attempted to find out possible mechanisms of
the tFNA treatment inducing Tregs. Tregs can be produced in
central and peripheral immune organs. During the Treg
differentiation in the periphery, three signals are indispensably
required, including the TCR signal (signal 1), costimulatory
molecules (signal 2), and cytokines (signal 3).56 In signal 3,
different cytokines dictate the different differentiation pro-
grams of naiv̈e CD4+ T cells in the peripheral. Among various
cytokines, TGF-β and IL-10 are considered to facilitate the
induction of Tregs in the differentiation program.57 In our
study, tFNA treatment altered cytokines in the peripheral
organs. The levels of TGF-β and IL-10 in the SMGs and the
blood were increased, which may promote naive CD4+ T cells
to differentiate to Tregs in the periphery.
3.5. tFNAs Regulate B-Cell Differentiation. The

alteration of B cells and cytokines produced by B cells was
also observed. B cells and their cytokines infiltrating the SMGs
were detected by immunofluorescence analysis. B cells are
characterized by high expression of CD19. The frequency of
CD19 positive cells was remarkably less in tFNA-treated
groups compared with the NOD + saline group (Figure 5a, c).
BAFF, a key cytokine for differentiation, proliferation, and
survival of B cells, was measured in the SMGs by
immunofluorescence analysis. After tFNA treatment, a
decrease in the level of BAFF was observed, in accordance
with the decline in the frequency of B cells in the SMGs
(Figure 5b).
B cell subpopulations in the spleen and the SMGs were

further investigated by multicolor flow cytometry. Similar to
Tregs, Bregs are immunoregulatory cells that contribute to the
maintenance of immune tolerance as well. We evaluated the
effect of tFNA therapy on the differentiation of Bregs, which
were referred to here as CD19+B220+CD5+CD1d+ B cells. We
found that in the NOD + T250 group, the frequency of
CD19+B220+CD5+CD1d+ Bregs were at normal status (Figure
5d, e, Figures S9 and 10). CD19+B220+CD5+CD1d+IL-10+ B
cells were regarded as B cells with regulatory capacity.
Compared to the NOD + saline group, the frequency of
these cells in the NOD + T250 group was greatly restored
(Figure 5d, e, Figures S9 and 10). Interestingly, there was a
marked reduction in the frequency of CD19−CD139+ plasma
cells and CD19+CD95+GL7+ germinal center (GC) B cells in
the SMGs, the spleen, and the PB of the NOD + T250 group
(Figure 5d, e, Figures S9 and 10). The differentiation of plasma
cells was hindered under the control of GC B cells.12 The
alterations of plasma cells, GC B cells, and T cells were
agreeable in our study. Taken together, these results
demonstrated that tFNA treatment concurrently increased
the frequency of Bregs and limited GC B cell and plasma cell
differentiation.

Apart from T cells, B cells also play a non-negligible role in
SS. Given the fact that the effect of tFNA treatment on altering
T cells have already been demonstrated, B cell responses
should also be monitored. The overactive T and B cells both
infiltrate the SMGs in SS. CD4+ T cells are regarded as the
early infiltrating lymphocytes in SMGs, whereas B cells show
up at a later stage. The interaction between CD4+ T and B cells
results in persistent inflammation, leading to the loss of normal
structure and secretory function of SG. Before the onset of
inflammation in SG, ectopic GC occurs in SG. GC is also
found in human and animal models of SS. GC formation
represents a key character of B cell hyperactivity as well as
another histologic feature of SS.12 The number of GC in SG is
related to the degree of inflammation. In GC,
CD19+CD95+GL7+B cells were regarded as GC B cells.58

With the help of Tfh cells, GC B cells can differentiate into
either memory B cells or plasma cells in GC.58 After the SS
mice treated with 250 nM tFNAs, the frequencies of both GC
B cells and plasma cells significantly decreased. We speculate
that the number of GC also declined in that group, which
corresponded to the suppression of overall inflammation in our
study. Different to GC B cells and plasma cells, Bregs were
considered to impose negative regulatory effect and could
inhibit effector cell subsets, including monocytes, dendritic
cells, Th1, Th17, Tfh cells and CD8+ T cells. In addition, Bregs
could stimulate the differentiation of Tregs.12 Defects in Breg
function have been demonstrated in numerous animal models
of autoimmune diseases and patients with autoimmune
diseases. It is highly possible that upregulation of the frequency
and recovery of the function of Bregs are the potential
therapeutic targets for autoimmune diseases.59 Collectively, the
results indicated that tFNA treatment selectively increased the
frequency of Bregs and supported Breg function. Thus, we
achieved comparable results in T cell and B cell measurements.
To find out the optimal concentration of tFNA treatment,

250 and 500 nM tFNAs were employed in our experiment.
According to the protocol of tFNAs, tFNAs at low
concentrations (normally < 250 nM) have no obvious
cytotoxicity or adverse effects on living cells in vitro studies.60

The concentration-dependent manner from 62.5 to 250 nM
was utilized to find out the optimal dose of tFNAs in the
previous studies of our research team.37,42,61−64 Amazingly,
250 nM tFNAs showed the strongest effect on the promotions
of cell proliferation and migration all the time. In vivo, 250 nM
was employed as the only concentration of tFNAs in the
studies and worked well.42,63 Therefore, 250 nM tFNAs was
the first choice in our study. However, a recent study found
that local injection of 500 nM tFNAs showed better effects on
anti-inflammation and tissue regeneration in periodontitis
treatment, compared with 250 nM tFNAs.40 Therefore, 500
nM tFNAs was added in our study. In our experiment, 250 nM
tFNAs successfully restored saliva secretion, reversing SS, by
inducing immune tolerance. The therapeutic effects of 500 nM
tFNAs were not as satisfying as those of 250 nM tFNAs. In our
view, the unsatisfied effects of 500 nM tFNAs might be due to
the relatively high concentration. Different from local injection,
the concentration of 500 nM was too high to be utilized to
inject systemically.
Our study demonstrated the immunoregulatory capabilities

of tFNA. Recently, reviews nominated various kinds of
materials used in immunotherapy,21,22 including macro-
materials, micromaterials, and in particular, nanomaterials.
However, no framework nucleic acids were mentioned in these
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reviews. Moreover, the therapeutic materials in the reviews
served as vehicles. They do not have immunoregulatory
capabilities themselves. Our study verified the viability,
security, and availability in the treatment of autoimmune
disease via regulating the immune system (Figure S11).
Therefore, our study not only introduces an unprecedented
nanomaterial for immunotherapy but also demonstrates that
tFNAs regulate the immune system by themselves. Notably,
similar to other nanomaterials, tFNAs are frequently
considered to be superior drug carriers.36,65−69 It can be
imagined that a nanomaterial with great immune regulatory
and delivery capabilities will be a promising candidate for the
immunotherapy of autoimmune diseases in the near future.

4. CONCLUSION
In conclusion, our study indicates, for the first time, that tFNA
injection is a safe and effective treatment for SS in NOD mice.
tFNA treatment greatly inhibited local and systematic
inflammation to halt the progression of SS and help restore
saliva secretion. Through monitoring of T and B cell responses,
tFNA treatment selectively reduces overactive T and B cells,
including Th1, Th17, Tfh, GC B cells, and plasma cells, while
inducing regulatory cells, without overall immunosuppression.
In our study, tFNAs were applied in the SS immunotherapy
and their immunoregulatory capabilities were confirmed.
Previously, tFNAs were also proved to be superior drug
carriers. Thus, our study has a profound implication for future
scientific research using tFNAs as a promising treatment
option for patients with SS and other autoimmune diseases.
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