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ABSTRACT: A failure in immune tolerance leads to autoimmune destruction of
insulin-producing β-cells, leading to type 1 diabetes (T1D). Inhibiting autoreactive
T cells and inducing regulatory T cells (Tregs) to re-establish immune tolerance
are promising approaches to prevent the onset of T1D. Here, we investigated the
ability of tetrahedral framework nucleic acids (tFNAs) to induce immune tolerance
and prevent T1D in nonobese diabetic (NOD) mice. In prediabetic NOD mice,
tFNAs treatment led to maintenance of normoglycemia and reduced incidence of
diabetes. Moreover, the tFNAs (250 nM) treatment preserved the mass and
function of β-cells, increased the frequency of Tregs, and suppressed autoreactive
T cells, leading to immune tolerance. Collectively, our results demonstrate that
tFNAs treatment aids glycemic control, provides β-cell protection, and prevents
the onset of T1D in NOD mice by immunomodulation. These results highlight the
potential of tFNAs for the prevention of autoimmune T1D.
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Type 1 diabetes (T1D) is a T cell-mediated autoimmune
disease. As a consequence of failed immune tolerance,

T1D is characterized by immune-mediated attack and
destruction of insulin-producing β-cells in the pancreas.1

T1D is one of the most severe autoimmune diseases. Millions
of people suffer from T1D, and disease incidence has been on
the rise.2 Faced with such a large number of patients, a cure or
prevention for T1D remains elusive. For T1D patients, insulin
injections and pumps are not curative, only lifesaving.
Unfortunately, vaccines to prevent T1D are still in their
infancy.3 To cure or prevent T1D, immunotherapies, which
can attenuate T cell responses against β cells, restore immune
tolerance, replenish or maintain the β-cell mass, and halt the
progress of the disease, have to be developed.4,5

Developing immunotherapies requires information regarding
how β-cells are destroyed by immune cells. Autoreactive CD4+

and CD8+ T cells play a key role in T1D owing to their
domination of islet infiltration and as primary drivers of β-cell
loss.6 CD8+ T cells are supposed to directly target and kill β-
cells, while CD4+ T cells mediate the activation of CD8+ T
cells and promote β-cell death via cytokine secretion.7,8 Under
specific activation conditions, naive CD4+ T cells can
differentiate into distinct functional T helper (Th) cells,
including T helper 1 (Th1), T helper 2 (Th2), T helper 17
(Th17), and regulatory T cells (Tregs).9,10 An imbalance of Th
cells and Tregs is a hallmark feature of T1D. Th cells are
regarded as primary effectors involved in T1D pathogenesis,
while Tregs are pivotal in preventing autoimmune diseases.
Tregs are considered to suppress autoreactive T cells and
maintain immune homeostasis, leading to the prevention of

autoimmunity.6,10 Tregs are characterized by expression of the
transcription factor forkhead box P3 (Foxp3), which is
regarded as a master regulator of the development and
function of CD4+CD25+Tregs.11,12 In immunotherapies for
autoimmune diseases, Tregs play an indispensable role in
maintaining immune tolerance to self-antigens and in
suppressing excessive immune responses.13

Currently, T1D immunotherapies can be categorized into
nonautoantigen-specific and autoantigen-specific interven-
tions.5,14,15 Nonautoantigen-specific interventions suppress or
eliminate autoreactive and protective immune cells without
distinction, leading to an increased risk of life-threatening
infections and malignancy.16 Autoantigen-specific approaches
are different. They are supposed to target T1D-related immune
cells with exquisite selectivity, while preserving the systematic
immune homeostasis.14,17,18 Therefore, autoantigen-specific
approaches are employed to fight against β-cell autoimmunity
by targeting autoreactive T cells, inducing Tregs, and
hampering the pathogenesis of T1D. By inducing Tregs,
autoantigen-specific interventions are expected to achieve the
ultimate goal of the treatment of autoimmune T1D to induce
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immune tolerance preventing tissue-specific progressive loss of
β-cell function and survival.15,19

Limited by therapeutic materials, immunotherapies for T1D
are still restricted to a small range. The characteristics of
therapeutic materials, including off-target toxicity, short
duration, instability, unpredictable activity, and tissue hetero-
geneity, contribute to their limited application. The progress of
immunotherapy for T1D is built upon the premise of the
breakthroughs in materials engineering.20 The approach to
induce immune tolerance is also based on advances in the field
of nanomaterials.20−22 Nanoparticles have emerged as power-
ful instruments to regulate immune responses because of their
ability to precisely target immune cells and signals related to
antigen-specific immune responses.23−25 Tetrahedral frame-
work nucleic acids (tFNAs), one of the most promising DNA
nanoparticles, have been applied in a wide variety of biological
fields owing to their unsurpassed biocompatibility.26,27 tFNAs
are self-assembling three-dimensional (3D) polyhedral, con-
sisting of four highly specific and programmable single-
stranded DNAs (ssDNA). tFNAs could participate in the

regulation of macrophage activation and polarization.28 More

precisely, tFNAs can induce M1 polarization, which suggests

that tFNAs are potential candidates for immunomodula-

tion.27,28

Here we demonstrate the potent immunomodulation of

tFNAs in preventing autoimmune diabetes in nonobese

diabetic (NOD) mice, the animal model for T1D. We found

that tFNAs induce immune tolerance by specifically eliminat-

ing autoreactive immune cells and up-regulating Tregs. This

protects NOD mice from hyperglycemia and death, maintain-

ing the mass and function of the islet β-cells. We also

investigated the possible mechanisms of immunomodulation of

tFNAs. To date, the results indicate the feasibility, safety, and

validity of administering of tFNAs for T1D immunotherapy by

inducing immune tolerance and halting the progression of

T1D.

Figure 1. Synthesis and characterization of tFNAs. (A) Schematic illustration synthesis of tFNAs. (B) Molecular weight of the synthesized tFNAs
detected by HPCE. Results of HPCE showing the successful synthetization of tFNAs. (C) Molecular weights of the synthesized tFNAs detected by
8% PAGE. (D, E) Synthesized tFNAs detected by AFM and TEM, respectively. (F) Size of synthesized tFNAs measured by DLS. (G) Stability of
synthesized tFNAs measured by zeta potential analysis.
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Figure 2. TFNAs protect NOD mice from T1D. (A) Experimental scheme. (B) Blood insulin concentration in the 30-week-old mice of different
groups (from three or four mice per group) as indicated. (C) Weekly blood glucose values of mice treated with saline (n = 12), tFNAs (250 nM) (n
= 10), tFNAs (500 nM) (n = 10). The dashed line shows the upper limit of normoglycemia. (D) Percentage of diabetes-free mice (blood glucose
<13.3 mM) over the time course of the experiment. (E) Kaplan−Meier survival curve showing NOD mice treated with saline and tFNAs
monitored for mortality rates. (F) Representative H&E staining (from three or four mice per group) showing mononuclear cell infiltration in
pancreatic islets from 18-, 24-, 30-week-old mice. (G) Insulitis scores of pancreatic sections from F (scale bar, 50 μm). (H) Representative
immunofluorescence images (from three or four mice per group) with the insets showing insulin-positive (red) and glucagon-positive (green) islets
in 18-, 24-, 30-week-old mice (scale bar, 50 μm). (I) Quantification of insulin+ β-cells in the pancreas sections. Throughout, *, P < 0.05, **, P <
0.01, ***, P < 0.001. Statistical analyses were performed using two-way ANOVA.
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Figure 3. TFNAs altered T-cells in the pancreas. (A) Representative immunohistochemistry images (from three or four mice per group) stained for
CD4 in islets of 18-, 24-, 30-week-old mice (scale bar, 50 μm). (B) Quantification of CD4+ cells in the pancreas sections. (C) Representative
immunohistochemistry images (from three or four mice per group) stained for CD8 in islets of 18-, 24-, 30-week-old mice (scale bar, 50 μm). (D)
Quantification of CD8+ cells in the pancreas sections. (E) Quantification of pancreas-infiltrated CD4+ and CD8+ T cells in 30-week-old mice
analyzed by the flow cytometry. (F) Representative dot blots and quantification (from four or five mice per group) of flow cytometry analyses for
CD8+NRP-V7+ T (antigen-specific) cells. Throughout, *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical analyses were performed using two-way
ANOVA.
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■ SYNTHESIS AND CHARACTERIZATION OF TFNAS

tFNAs were composed of four ssDNAs constructs owing to the
specific base pairing principle (Figure 1A). The high-
performance capillary electrophoresis (HPCE) was used to
confirm tFNAs were successfully synthesized by four ssDNAs
molecules (Figure 1B). In 8% polyacrylamide gel electro-
phoresis (PAGE), tFNAs were 200 bp according to the
theoretical DNA markers, which agreed with the previously
reported value (Figure 1C).29−33 Atomic force microscopy
(AFM) and transmission electron microscopy (TEM) were
utilized to measure the three-dimensional structure of tFNAs;
triangular structures were detected (Figure 1D,E). To
determine the diameter of tFNAs, the average size was
detected by dynamic light scattering (Figure1F). Based on the
zeta potential, tFNAs had a charged surface of −8.23 ± 3.98
mV (Figure 1G).

■ PROTECTION OF NOD MICE FROM DIABETES
DEVELOPMENT BY TFNAS

In vivo bioluminescence imaging was employed to detect the
biodistribution of tFNAs. Notably, tFNAs accumulated in the
major organs, including the thymus, spleen, pancreas, and
kidneys, of prediabetic NOD mice (Figure S1). To investigate
whether tFNAs could delay the onset of T1D and find the
optimal dose for tFNAs treatment, NOD mice were divided
into three groups: saline group, tFNAs (250 nM) group, and
tFNAs (500 nM) group. We investigated the prevention effects
of tFNAs therapy in 9-week-old prediabetic NOD female mice.
We used a 4-week course of tFNAs and followed the effects for
30 weeks age of NOD mice (Figure 2A). As expected, after the
experiment the serum insulin and C-peptide levels of the mice
were 3-fold higher in tFNAs (250 nM) treated mice compared
to the saline group at the end of experiment (Figure 2B, Figure

Figure 4. TFNAs treatment mediated immune regulation. (A) Quantification of CD4+ and CD8+ T cells of 30-week-old mice (from four or five
mice per group) in spleen analyzed by the flow cytometry. (B) Representative plots of flow cytometry analyses for CD4+IFNγ+ T cells (Th1),
CD4+IL4+ T cells (Th2), CD4+IL17+ T cells (Th17), and CD4+CD25+Foxp3+ T cells (Treg) obtained from the spleen of 30-week-old mice,
respectively. (C) Percentage of Th1, Th2, Th17, and Treg cells shown in B. Throughout, *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical
analyses were performed using one-way ANOVA.
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S2). The results confirmed that tFNAs treatment controlled
the hyperglycemic level and maintained normoglycemia (blood
level <14 mmol/L) in the NOD mice (Figure 2C). All the
mice treated with 250 nM tFNAs remained diabetes-free
throughout the experiment compared with 50% in the saline
group. Most of the saline group mice developed T1D between
15 and 25 weeks of age (Figure 2D). Moreover, all the 250 and
500 nM group mice surprisingly survived through the follow-
up period (Figure 2E).
The inflammatory profile of the islets revealed invasive

insulitis, regarded as T1D hallmarks. In the saline group, islet
infiltration and β-cell destruction progressed over time, leaving
almost no functional islets behind. In contrast, the mice
receiving tFNAs showed a reduced degree of insulitis. Most of
the islets of the NOD mice treated with 250 nM tFNAs
showed no infiltration (score 0) and maintained this up to 30
weeks of age, reaching a similar status to that of normal mice.
Similarly, the NOD mice treated with 500 nM tFNAs
experienced a delay in islet destruction and decreased insulitis
(Figure 2F, G).
To further examine the insulin-producing β-cells, the

pancreases of the mice from the different groups were
collected and analyzed by immunofluorescence costaining
with insulin and glucagon. As shown in Figure 1H, I, the
insulin-producing β-cells were almost intact in the NOD mice
treated with 250 nM tFNAs, while most of the β-cells were lost
in the saline group. The loss of β-cells could not be completely
prevented in the NOD mice treated with 500 nM tFNAs.
Notably, according to the immunofluorescence analysis, there
was no difference between the normal mice group and tFNAs
(250 nM) group. These results were highly consistent with the
results of the pancreas hematoxylin and eosin (H&E) staining
and serum insulin level results (Figure 2B,F,G).
To determine whether tFNAs could protect β-cells from

death, we performed costaining for insulin and transferase
dUTP nick end labeling (TUNEL) assay. Through exper-
imental follow-up, it was established that 250 nM tFNAs
treatment significantly decreased the β-cell death (Figure
S3A,B). Costaining with insulin and Ki67 was performed to
detect β-cell proliferation. Significantly enhanced β-cell mitosis
was detected at all ages in the tFNAs (250 nM) group (Figure
S3C,D). Compared with the 250 nM group, the immuno-
fluorescence consequences of the 500 nM group were not
satisfactory (Figure S3).

■ TFNAS INDUCED REDUCTION IN THE FREQUENCY
OF ISLET-SPECIFIC T CELLS IN THE PANCREAS OF
THE NOD MICE

T1D is an autoimmune disease in which T cells infiltrate the
pancreas and attack the insulin-producing β-cells. To
investigate the reason why tFNAs delayed the onset of T1D
and whether long-term therapeutic effects were achieved, the
frequency of T cells infiltrating pancreas were detected by
immunohistochemistry and flow cytometry. A large number of
T cells were observed to have infiltrated the pancreases in the
saline group. The 250 nM tFNAs treatment affected the T cells
in the pancreas and reduced the local frequency of both CD4+

and CD8+ T cells. This indicated a decrease in the overall
inflammation of the pancreas. Whereas the number of CD8+

and CD4+ T cells increased over time in the tFNAs (500 nM)
group, and the difference in the number of pancreas-infiltrating
T cells between the 500 nM and saline groups were not
apparent (Figure 3A−E). A significant decrease in Treg

frequency was observed in the saline group using the flow
cytometry and immunofluorescence analyses. Treatment with
250 nM tFNAs restored the pancreas-infiltrating Tregs
remarkably (Figure S4). Importantly, in the NOD model,
islet antigen peptide mimotope NRP-V7-specific T cells were
regarded as antigen-specific T cells for T1D.34,35 After the
experiment, the frequency of the islet antigen-specific CD8+ T
cells was diminished by approximately 30% in the pancreases
of the 250 nM tFNAs treated mice compared with the
pancreases of the saline treated mice. The levels of islet
antigen-specific CD8+ T cells in the tFNAs (250 nM) treated
mice were similar to those in the normal mice (Figure 3F).

■ TFNAS SPECIFICALLY INDUCED TREGS WHILE
SUPPRESSING AUTOREACTIVE CELLS IN THE
BLOOD AND SPLEEN

To confirm the exact root cause of the prevention of T1D, the
frequencies of the T cells and their subgroups were analyzed at
6 and 18 weeks after the tFNAs injections. With the treatment
of the 250 nM tFNAs treatment, the frequencies of CD4+ and
CD8+ T cells in spleen were significantly reduced. In contrast,
the 500 nM tFNAs treatment had a limited effect on
preventing T-cell infiltration (Figure 4A).
For CD4+ T cell subgroups, in the saline group, the Treg cell

frequency was remarkably reduced by approximately 50%. A
decrease in the number of Tregs could lead to T1D.36 Under
the treatment of tFNAs, the frequency of Tregs in the blood
and spleen was restored by the follow-up period (Figure 4B,C,
Figures S5−S7). Tregs have a critical effect on re-establishing
immune tolerance in autoimmune diseases; thus, it is highly
likely that an increase in the percentage of Tregs contributed to
the prevention of T1D.
The blood and spleen of the saline group showed a

significant 2- to 3-fold elevation in the number of Th1 and
Th17 cells compared with the normal mice (Figure 4B,C,
Figures S5−S7), which promoted the development of T1D.
Under the tFNAs treatment, it was established that the Th1
and Th17 cells were accurately suppressed in the blood and
spleen, similar to those in the normal mice group, at 18 weeks
after treatment (Figure 4B,C, Figure S6). However, to some
extent, the effect of the 500 nM tFNAs treatment was not
permanent. At 18 weeks after treatment, the frequency of Th1
cells rebounded in the blood and spleen (Figure 4B,C, Figure
S7). The effect of the 250 nM tFNAs treatment was stable
throughout the experiment and was similar to the normal
standard (Figure 4B,C, Figures S5−S7). The number of Th2
cells remained stable during the experiment. In short, these
results collectively revealed that the tFNAs injection induced
immune tolerance by favoring Treg differentiation while
inhibiting responses from the Th1 and Th17 cells’ responses
in the immune system.
A number of approaches aiming to induce immune tolerance

against T1D have been tried, however, with limited success.
Tregs are crucial for controlling autoimmunity and inducing
immune tolerance. Repairing Tregs to reverse or prevent T1D
is a highly promising approach to T1D immunotherapy.37

Instead of infusing Tregs directly, inducing antigen-specific
Tregs to abrogate islet β-cell destruction by making use of a
nanomaterial or biomaterial treatment is more favored.21,23,24

Tregs can be generated as a mature T cell subset in the thymus
and can also differentiate from naive CD4+ T cells in the
periphery. In peripheral organs, T-cell activation requires TCR
signal (signal 1), CD28/CD80 costimulation (signal 2), and
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the help of various cytokines (signal 3).38 During T-cell
activation, the absence of signal 2 or 3 results in the
development of clonal anergy.39,40 Meanwhile, various
cytokines dictate the different differentiation programs of
naiv̈e CD4+ T cells in the periphery.41 tFNAs can promote the
expression of immunosuppressive cytokines, which agrees with
the previous results from studies of our research group.28,42

After tFNAs treatment, the microenvironment of the periphery
gets altered, and the immunosuppressive cytokines, especially
TGF-β, promote the differentiation of naive CD4+ T cells to
Tregs (Figure S8).43

In many reports, tFNAs are considered to be great
carriers.44−47 In the development of DNA nanostructures,
four ssDNAs combine to form three-dimensional (3D)
tetrahedral DNA nanostructures, so-called tFNAs.48 Based on
their capability of traveling through cellular membranes, tFNAs
are regarded as excellent drug delivery carriers with good
biocompatibility and biodegradability (Figure S9).44−47 In our
study, we demonstrate that tFNAs had exclusively immuno-
modulatory effects, and in consideration of their excellent drug
loading capabilities, tFNAs may provide a general choice for
the alteration of autoimmune diseases.
Various materials used in immunotherapy were listed in the

recent review.49 Macromaterials, micromaterials, and especially
nanomaterials were introduced and discussed in detail;
however, framework nucleic acids were not mentioned in the
research. Our study thus suggests a new kind of nanomaterial
for immunotherapy. Based on the immunomodulation and
drug carrier capabilities of tFNAs, they may be able to
participate in T1D vaccine research as adjuvants like the other
nanomaterials mentioned in the review.

■ TFNAS MODULATE THE DIFFERENTIATION OF
THE CD4+ T CELLS BY SIGNAL TRANSDUCER AND
ACTIVATOR OF TRANSCRIPTION (STAT) SIGNALS

The mechanism of induction of immune tolerance remains
elusive. Our study attempted to shed light on the possible
mechanism by which tFNAs induce immune tolerance.
Activation of the STAT protein family is believed to be
involved in coordinating the immune system, especially
modulating the differentiation of CD4+ T cells.50,51 The
phosphorylation of the STAT family is essential for the
dimerization and activation of the STAT family. To investigate
the possible mechanism of CD4+ T cell differentiation, the
levels of phosphorylation of STAT1 (p-STAT1), STAT3 (p-
STAT3), STAT5 (p-STAT5) in lymphocyte and CD4+ T cells
were detected by Phosflow analysis (Figure 5A−D). In the
saline group, compared with the normal mice group, the p-
STAT1 and p-STAT3 levels were higher, while the level of p-
STAT5 was inhibited (Figure 5A−D). Under the tFNAs
treatment, the p-STAT5 levels were remarkably up-regulated,
while the p-STAT1 and p-STAT3 levels were significantly
down-regulated, compared with the saline group (Figure 5A−
D). In the tFNAs treatment group, the changes in the p-STAT
levels in mice treated with 500 nM were not dramatic, and the
p-STAT levels in tFNAs (250 nM) were very close to those of
normal mice (Figure 5A−D).
Among members of the STAT family, STAT1, STAT3, and

STAT5 are strongly associated with T1D.52,53 The balance
between the Th cells and Tregs was often found altered in
T1D patients influenced by STAT phosphorylation.53 More
specifically, STAT1 is indispensable for IFN-γ signaling, and
IFN-γ is the hallmark cytokine of Th1 cells.54 Differentiation of

the Th2 cells demands the assistance of STAT3 and
STAT5.55,56 Interestingly, STAT3 and STAT5 are both
double-edged swords for T cell differentiation.53 To be more
specific, STAT5 is an important negative regulator for Th17
cells, and gene promoter for Th1 and Tregs.55,57 In T1D
treatment, the unique position of STAT5 is highlighted.58 The
incidence of T1D is significantly decreased in STAT5
transgenic NOD mice, in which STAT5 is overexpressed.
This paper reveals that STAT5 provides protection against
T1D by up-regulating Tregs. Apart from the Th2 cells, STAT3
plays an important role in increasing the amount of Th17 cells
and decreasing the number of Tregs.59 It can be deduced that
STAT3 activation closely related to T1D by impairing the
regulatory T cells and activating the Th17 cells.60,61 Th17 cell
expansion, activation, and dysregulation are thought to have
critical roles in T1D. Our results suggest that the mechanism
by which tFNAs induces immune tolerance includes the
preferential promotion of p-STAT5 signaling in lymphocytes

Figure 5. TFNAs mediated phosphorylation of STATs in spleen.
(A,B) The levels of p-STAT1, p-STAT3 and p-STAT5 in
lymphocytes of 30-week-old mice from different group (four or five
mice per group) were determined by Phosflow analysis. Representa-
tive plot (A) and histogram analysis (B) were shown. (C,D) The
levels of p-STAT1, p-STAT3 and p-STAT5 in CD4+ T cells from
different group were determined by Phosflow analysis. Representative
plots (C) and histogram analysis (D) were shown. Throughout, *, P <
0.05, **, P < 0.01, ***, P < 0.001. Statistical analyses were performed
using one-way ANOVA.
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and CD4+ T cells, while inhibiting p-STAT1 and p-STAT3
signaling.
Control over the autoimmune diseases by inducing

endogenous modulatory mechanisms is a desired and
challenging goal.62 In the present study, we verified the
immunomodulation capability of tFNAs, which selectively
suppressed the diabetogenic T cells and up-regulated immune
regulatory T cells to induce immune tolerance and prevent the
onset of autoimmune T1D. The experimental results indicate
that tFNAs may be an effective option for people predisposed
to T1D, in which diabetogenic immune cells exist and
pancreatic β-cells are close to being destroyed. According to
our knowledge, this is the first example of the immunomodu-
lation functions of tFNAs. In this study, tFNAs exclusively
participated in the T1D therapies as an immune regulator, even
though tFNAs are excellent drug delivery carriers. In the
future, these materials could provide unlimited possibilities for
the interventions of autoimmune diseases.
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