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LdIL-2 treatment in ASD: a novel immunotherapeutic approach
targeting Th/Treg dysfunction and neuroinflammation
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A significant proportion of children with Autism Spectrum Disorder (ASD) present with immune imbalances. In this study, we
sought to alleviate the core symptoms of autism by addressing immune dysregulation, especially T-cell subpopulation imbalances,
in BTBR mice through low-dose IL-2 (LdIL-2) treatment. LdIL-2 (30,000 IU) was administered subcutaneously, and changes in autistic
behaviors were observed before and after treatment. Behavioral assessments included the three-chamber test, self-grooming test,
sniffing test, marble burying test, open field test and Y-maze test. We also examined alterations in peripheral Th/Treg ratios,
cytokine levels, and M1/M2 microglia ratios in the central nervous system via flow cytometry. Neuroinflammatory proteins in
cerebrospinal fluid were assessed using proteomic analysis. Furthermore, CD25+ Treg cells were depleted using PC61, followed by
LdIL-2 intervention, to determine the role of Treg cells in LdIL-2-treated BTBR mice. Our results demonstrated that LdIL-2
significantly ameliorated core symptoms of autism in BTBR mice. LdIL-2 treatment increased Treg cell levels, restored Th17/Treg and
Tfh/Treg balance, and corrected immune dysregulation. Central nervous system inflammation was reduced in mice. However, the
behavioral improvements were diminished when Treg cells were depleted by PC61. This study represents the first attempt to treat
ASD using LdIL-2. The treatment proved safe and effective in improving both core symptoms and immune imbalances in autism.
Symptom improvement was linked to increased Treg cell levels in peripheral blood. LdIL-2 shows potential as a novel therapy for
addressing core symptoms of autism.
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INTRODUCTION
Autism Spectrum Disorder (ASD), characterized by cognitive and
behavioral anomalies, is one of the numerous neurodevelop-
mental disorders affecting humans. Children with ASD often
experience deficits in cognitive and communicative abilities,
alongside impaired social skills and repetitive, stereotypical
behaviors. Pharmacological interventions, such as aripiprazole
and risperidone, have been approved to reduce ASD-related
behaviors, although these treatments are associated with side
effects [1]. Cell therapy has demonstrated that stem cells may
attenuate the pro-inflammatory state by modulating the expres-
sion of inflammatory markers in children with ASD [2]. Addition-
ally, neurotransmitter regulation, primarily targeting the
GABAergic system, has shown potential in improving certain
social and memory deficits, associated with ASD [3]. Other
biological therapies aim to treat ASD by targeting various
pathways and mechanisms, including MAPK, mTOR, and PPAR
signaling. However, many of these treatments have limited
efficacy in addressing the core symptoms of ASD, and often
come with undesirable side effects. As a result, there remains an
urgent need for safe and effective treatments that address the
core behaviors of ASD. Research has revealed that ASD may be
accompanied by immune system dysregulation, including altered
cytokines and chemokine profiles, impaired differentiation of T cell

subsets, and abnormal function of immune cells such as microglia
in the central nervous system [4–8]. Notably, studies have
observed downregulation of neuronal and synaptic function in
ASD, coupled with an elevated neuroinflammatory response [9].
Persistent abnormalities in Treg cells function have also been
reported in individuals with ASD [10, 11]. Consequently, immu-
notherapy has emerged as an avenue for the diagnosis and
treatment.
Interleukin-2 (IL-2) plays a crucial role in enhancing immune

responses by regulating T cells differentiation and promoting Treg
cells proliferation. High dose IL-2 therapy has been shown to
suppress tumor growth by promoting the proliferation of NK cells
and CTLs in cancer patients [12]. In contrast, low dose IL-2 (LdIL-2)
selectively targets and activates Treg cells, thereby helping to
regulate inflammatory diseases [13–18]. For instance, in patients
with systemic lupus erythematosus (SLE), LdIL-2 treatment
significantly reduces disease activity by restoring the balance
among Tfh, Th17, and Treg cells [19]. Similarly, studies have shown
that Treg cells decrease while pro-inflammatory Th1 and Th17
cells increase in BTBR mice [20, 21]. Ahmad’s research further
demonstrated that modulating the Th17/Treg axis can improve
ASD-like behaviors and neuroimmune function [20]. Alhosaini’s
work [22] corroborated these findings, showing that immune
system restoration improved behavioral deficits in BTBR mice with
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ASD. Our previous study also identified the imbalance of Th/Treg
cells as a potential diagnostic marker for ASD associated with
immune dysfunction [23]. Collectively, these findings suggest that
restoring immune balance could be an effective therapeutic
approach for ASD in BTBR mice.
While immune therapies have shown promise in treating ASD,

further investigation is needed to clarify the role of IL-2 in
modulating ASD symptoms and to develop strategies for
therapeutic modulation. In this study, we explored the effects of
LdIL-2 on the balance between Treg cells and pro-inflammatory
cells in BTBR mice with ASD traits. This preliminary investigation
represents an important step toward the development of novel
ASD therapies. Our findings may pave the way for identifying
effective LdIL-2 treatments for ASD.

MATERIALS AND METHODS
Mice
BTBR T+Itpr3tf/J (BTBR) mice were purchased from The Jackson Laboratory
and bred in-house at the Kunming Medical University animal facility.
Animals were housed under strictly monitored specific, and opportunistic
pathogen-free conditions. C57BL/6 mice were obtained from Beijing
Huafukang Biotechnology Co., Ltd. All mice were male and aged 6–8 weeks
at the time of each experiment. Because the proportion of boys with
autism were significantly higher than girls [24]. Mice were allocated to
control or experimental group randomly. All experimental protocols
involving animal studies were approved by the Ethical Committee for
Animal Studies of Kunming Medical University. The number of mice in
different group were consulted other researches about autism using BTBR
mice [24, 25].

Drug treatment
Recombinant human IL-2 (Quanqi, Shandong Quangang Pharmaceutical)
was dissolved in 100 μl of sterile normal saline for injection (0.9% NaCl).
BTBR mice in the treatment group were continuously injected with LdIL-2
subcutaneously (i.h.) injection for four courses, 7 days as a course at doses
of 10,000 IU, 30,000 IU and 100,000 IU, with a one-day interval between
each course [19, 26]. The control received subcutaneous injections of an
equivalent volume of normal saline.
For Treg depletion, BTBR mice were intraperitoneally injected with

200 μg of purified anti-mouse CD25 antibody (PC61) (Biolegend). Control
BTBR mice received 200 μg of purified control IgG1 (BioXCell). Treg
depletion was conducted one day prior to, and on days 14 days and
28 days following, LdIL-2 treatment.

Three-chamber social test
The apparatus consisted of a 60 × 40 cm Plexiglas box divided into three
interconnected chambers. The test was conducted in an isolated,
soundproof room under dim lighting conditions. The animals were
allowed access to each chamber through doors (12 × 6 cm) between the
adjacent chambers.

Habituation phase. The experimental mice were placed in the central
chamber, with an empty cage in the two side chambers, and were allowed
to freely explore the apparatus for 10m. The time spent by each mouse in
the left and right chambers was recorded, mice showing an innate
chamber preference were excluded from further testing. Social Interac-
tion Phase The test mouse was directed to the center chamber, and an
age- and strain-matched male stranger mouse (Stranger 1) was placed in a
confinement cage in one of the side chambers. The test mice were allowed
to explore all areas for 10min. Social Novelty Phase The test mice were
confined to the central chamber with the door closed for 10min. A second
unfamiliar, age- and strain-matched male mouse (Stranger 2) was then
placed in the empty restraint cage in the opposite chamber, and the test
mice were allowed to explore freely for another 10min. The sniffing
behavior and locomotor activity of the test mice were observed and
recorded. The Social Approach Preference Index was calculated as follows:
(Time spent sniffing Stranger 1-Time spent sniffing empty)/(Time spent
sniffing Stranger 1+Time spent sniffing empty), and the Social Novelty
Preference Index was calculated as follows: (Time spent sniffing Stranger
2-Time spent sniffing Stranger 1)/(Time spent sniffing Stranger 1+Time
spent sniffing Stranger 2).

Self-grooming test
The test mouse was individually placed in a new test cage. After 10 min of
habituation, the mouse’s behavior was monitored for an additional 10 min
using a video recorder. A trained observer, blinded to the treatment status
of the test mouse, used a stopwatch to record the cumulative time spent
grooming different body areas (face, head, or other body parts) as an
indicator of repetitive stereotypic behavior.

Sniffing test
The test mouse and an unfamiliar mouse (age-, sex-, and strain-matched)
were placed in a new test cage. Following a 10-min habituation period, the
behavior of the mice was monitored for additional 10 min using video-
recorder. A trained observer used a stopwatch to record the cumulative
time the test mouse spent sniffing the other mouse’s body by reviewing
the video footage.

Marble-burying test
The apparatus used for the marble-burying test was a clean cage
measuring 40 × 20 × 13 cm, filled with 5 cm of bedding. The bedding
surface contained 20 clear glass marbles of 15mm, arranged in a 4 × 5 grid
pattern. Each mouse was placed in a corner of the cage that did not
contain any marbles and was allowed a 10-min exploration period. After
this period, the number of marbles that had been buried was counted.
“Buried” was defined as 2/3 covered by bedding.

Open field test
The open field test apparatus consisted of a square white box of
40 × 40 × 30 cm, with the bottom divided into 16 small grids in a 4 × 4
pattern, where the central 4 grids constituted the central area. At the start
of the experiment, the mouse was placed in the center of the apparatus,
and its behavior was recorded by a camera for 10min. At the end of each
test, the apparatus was cleaned thoroughly with 75% alcohol. The total
distance moved by the mice and the time spent in the central area were
quantified using smartv3.0 behavioral analysis software.

Y-maze test
The experiment was divided into a training period and a testing period.
The training period lasted four days, followed by the testing period on the
fifth day.

Training period. The mice were deprived of water for 8–12 h before the
experiment. Thirty minutes prior to the start of each training session, the
mice were acclimated to the testing room and allowed to freely explore
the Y-maze for 5 min. A green triangular piece of paper was affixed to the
wall of the maze, except the starting arm, with 2% sucrose water placed
beneath this marker. Each mouse underwent five training sessions per day,
with the sequence of arms used for training varying across sessions. There
was an interval of at least 10min between each session for the same
mouse. To prevent habituation, the arm sequence for the first training
session of each day was different from that of the previous day. The card
and sucrose water were consistently placed in the same position
throughout the training period.

Testing period. Prior to testing, the mice were again deprived of water and
the triangular paper markers were kept in place, but no sucrose water was
provided. The mice were allowed to explore freely for 5min, alternating
between arms. The total time spent by each mouse exploring the arm with
the card was recorded across two exploration procedures, and the
proportion of the total time spent by the mice exploration sessions. The
ratio of the time spent in the card arm to the total time spent in the non-
main arms (with the starting arm considered the main arm) was calculated.
At the conclusion of the experiment, the bottom of the maze was wiped
with alcohol to eliminate any odors that could interfere with the experiment.

Preparation of mouse cells
BTBR and C57 mice were anesthetized with sodium pentobarbital before
blood, spleens, and brains were removed aseptically. The collected blood
was mixed with 3ml of red blood cell lysis buffer and incubated for 15min
at room temperature. Following incubation, the cells were centrifuged at
400 × g for 5 min and then resuspended in RPMI-1640 medium. The
resulting cell pellet constituted the peripheral blood single-cell suspension
used for the experiment.
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Spleen cells were isolated by grinding the tissue through a 200-mesh
sieve in RPMI-1640 medium containing 10% FBS. The cells were then
collected by centrifugation at 400× g for 5 min, resuspended in 3 ml of red
blood cell lysis buffer, and incubated for 15min at room temperature.
The mouse prefrontal cortex and hippocampus tissues were placed in a

petri dish, cut into pieces, and mixed with 2ml of collagenase / DNase
solution. The tissue was incubated on a shaker at 37 °C for 30min. After
incubation, the solution was strained through a 200-mesh sieve and
centrifuged at 300 g for 10min. The resulting cell pellet was resuspended
in 4ml of cold 90% multifunctional separation solution (consisting of 90ml
Percoll and 10ml 10 × HBSS). Next, 3 ml of 60% multifunctional separation
solution (60ml Percoll, 10 ml 10 × HBSS and 30ml DEPC water), 30%
multifunctional separation solution (30ml Percoll, 10 ml 10 × HBSS, 60ml
DEPC water), and 3ml 1 × HBSS were added sequentially. The cells were
then subjected to gradient centrifugation at 450× g and 4 °C for 20min (3
liters, 3 drops). The loose white cell layer was carefully collected, washed
with 10ml of 1 × HBSS, and centrifuged at 300× g at 4 °C for 10min to
collect the cells.

Flow cytometry
The cells were counted and stained for surface and intracellular markers
following flow cytometry protocols. For Treg cells analysis, 2 × 106 cells
from single-cell suspensions were fixed and permeabilized using
1 × fixation and permeabilization buffers (Biolegend). After washing with
1 × Permeabilization Buffer, the cells were surface-stained with CD3-PerCP,
CD4-FITC, CD45-APC/FireTM750 (Biolegend), CD25-APC (BD), and Foxp3-PE
(Invitrogen).
For Th1/Th2/Th17 cells analysis, 2 × 106 cells of single-cell suspension

were cultured in RPMI-1640 medium containing 10% FBS and stimulated
with 2 μl Cell Activation Cocktail (with Brefeldin A) (BioLegend)at 37 °C in
5% CO2 for 5 h. Cells were stained for surface molecules (CD3e-APC, CD4-
FITC) (Biolegend), fixed with Cold Fixation Buffer and permeabilized with
Intracellular Staining Perm Wash Buffer and then intracellularly stained
with IFN-γ-PE, IL-4-PE or IL-17A-PE (Biolegend).
For Tfh cells analysis, 2 × 106 cells from single-cell suspensions were

surface stained with CD3-PerCP, CD4-FITC, CD45-APC / FireTM750, CXCR7-
PE, CXCR5-APC and PD1-APC / FireTM750 (Biolegend).
For M1/M2 microglia analysis, 2 × 106 cells of single-cell suspensions

were surface-stained with CD45-PerCP, CD11b-FITC, CD86-PE / Cyanine7 or
CD206-PE / Cyanine7 (Biolegend).

Fluorescent real-time quantitative PCR
Total RNA was extracted from brain tissues using Eastep® Super (Promega),
and quantified with NanoDrop (Thermo Scientific). cDNA was synthesized
from total RNA using an RT kit (Promega), and RT-PCR was performed using
NovoStart SYBR qPCR SuperMix Plus (Novoprotein) according to the
manufacturer’s instructions. The primers used were selected from NCBI,
with the following sequences:
IL-6 forward (F): 5′-GTCCTTCCTACCCCAATTTCCA-3′;
reverse (R): 5′-GGAAATTGGGGTAGGAAGGA-3′;
IL-1β F: 5′-TGCCACCTTTTGACAGTGATG-3′
R: 5′-TGATGTGCTGCTGCGAGATT-3′;
TNF-α F: 5′-TAGCCCACGTCGTAGCAAAC-3′;
R: 5′-ACAAGGTACAACCCATCGGC-3′;
TGF-β F: 5′-GGAACACTGCTGAAAGGGGA-3′;
R: 5′-AGTAAATCCCGGAGGACCCA-3′;
Arg-1 F: 5′-AGGAAAGCTGGTCTGCTGGAA-3′;
R: 5′-AGATGCTTCCAACTGCCAGAC-3′;
β-actin F: 5′-CTGAGAGGGAAATCGTGCGT-3′;
R: 5′-CCACAGGATTCCATACCCAAGA-3′.
RT-PCR data were analyzed using the relative and comparative gene

expression (ΔΔCT) method. The results were presented as fold changes in
gene expression, normalized to the housekeeping gene β-actin.

Immunofluorescence
Mice were anesthetized with sodium pentobarbital and perfused with PBS,
followed by 4% paraformaldehyde. The brains were dissected, dehydrated in a
30% sucrose solution, frozen, and then sectioned into 25-μm coronal sections.
Brain sections were transferred to glass slides, rewarmed, and washed

with 0.3% PBST (0.3% TritonX-100 in PBS) for 15min, The sections were
then blocked with 3% goat serum for 1 h at room temperature, incubated
with primary antibody overnight at 4 °C, washed in PBST, and incubated
with the appropriate secondary antibody for 1 hour at 37 °C. The following

antibodies were used: Mouse anti-NeuN (Abcam, ab104224; 1:1000), Rabbit
anti-Iba1 (Abcam, ab178846; 1:4000), Alexa FluorTM 568 goat anti-Rabbit
IgG (H + L) (Invitrogen, 1892091; 1:1000), Alexa Fluor 488 anti-mouse IgG
(Cell Signaling, #4408S; 1:1000). Cell nuclei were stained with DAPI (Abcam,
ab104139). Immunofluorescence images were captured with a fluores-
cence microscope (Olympus). Four random shots were taken in each brain
region and counted. The mean value was then used to represent the
number of cells in that part of the mouse for statistical analysis. Analysis
and counting were performed using ImageJ.

Statistics
The Kolmogorov-Smirnov test was employed to assess the normality of the
data distribution. Subsequently, an independent samples t-test was
conducted to compare the index differences between the normal group,
and a one-way ANOVA was utilized to compare the index differences
among the intervention groups. Statistical analyses were performed using
SPSS v.20.0. Plots were generated with GraphPad Prism v8.0.2.263. A P
value of <0.05 was considered statistically significant.

RESULTS
LdIL-2 improves autism-like behavior in autistic BTBR mice
We investigated the effects of different courses and doses of low-
dose IL-2 (LdIL-2) on social approach preference and self-
grooming behavior in BTBR mice. The behaviors of BTBR mice
have improved significantly upto four courses treatment (Fig. 1B).
And it also improved in the group which were treated with
30,000 IU of LdIL-2 (Fig. 1C). Based on these findings, we selected
the four courses and 30,000 IU dosage for subsequent experi-
ments aimed at treating ASD-related behaviors in BTBR mice. To
further assess the effects of LdIL-2, we conducted behavioral
evaluations focusing on social behavior, repetitive stereotypic
behavior, and anxiety-related behavior in BTBR mice. In the three-
chamber social test, BTBR mice exhibited significantly lower social
engagement compared to C57 mice. However, after LdIL-2
treatment, the social approach preference index in BTBR mice
was significantly higher than in the untreated control group.
Despite this improvement, no significant changes were observed
in their social novelty preference index (Fig. 1D, E). In addition,
LdIL-2 treatment significantly reduced self-grooming and
increased sniffing behavior in BTBR mice. (Fig. 1F, G). In the
marble burying test, which assesses repetitive and anxiety-like
behaviors, we observed a decrease in marble-burying behavior
following LdIL-2 treatment (Fig. 1H). We also evaluated sponta-
neous exploratory behavior using the open field test. While the
overall activity levels of BTBR mice were not significantly different
from those of C57 mice, BTBR mice spent less time in the central
region of the arena compared to the normal mice. Unfortunately,
LdIL-2 treatment did not result in a significant improvement in this
behavior (Fig. 1I). Lastly, in the Y-maze test, which assesses
working memory and cognitive flexibility, the time spent in the
training arm (card arm) was significantly increased in BTBR mice
after LdIL-2 treatment (Fig. 1J). In conclusion, consistent with
previous studies, we observed distinctive autism-like behaviors in
BTBR mice. Importantly, our study demonstrated that LdIL-2
treatment significantly ameliorated these abnormal behaviors,
particularly in social and stereotyped behaviors.

LdIL-2 modulates Th/Treg balance to ameliorate peripheral
immune imbalance in BTBR mice
In this study, we utilized flow cytometry to compare Treg cell
levels in the peripheral blood of BTBR mice and C57 mice, as well
as to assess the effects of LdIL-2 treatment on these levels. BTBR
mice exhibited a clear peripheral immune imbalance compared to
normal C57 mice, characterized by a lower proportion of Treg cells
in both the peripheral blood and spleen (Fig. 2A, B), along with
elevated Th17/Treg, Th1/Treg, and Tfh/Treg ratios in the spleen
(Fig. 2C–E). Additionally, the anti-inflammatory cytokine TGF-β was
found to be significantly reduced in the peripheral blood of BTBR
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mice compared to C57 controls (Fig. 2F). Following LdIL-2
treatment, the proportion of Treg cells in the peripheral blood
and spleen of BTBR mice significantly increased (Fig. 2A, B).
Moreover, the treatment effectively ameliorated the immune
imbalance in BTBR mice, as evidenced by a reduction in Th17/Treg
and Tfh/Treg ratios in the spleen (Fig. 2C–E). The levels of the anti-
inflammatory cytokine TGF-β in plasma also increased post-
treatment (Fig. 2F). Interestingly, despite these immunomodula-
tory effects, no significant changes in IL-2 levels were detected in
treated mice.

LdIL-2 ameliorates neuroinflammation in BTBR mice
BTBR mice exhibit persistent immune imbalance when compared
to C57 mice, including elevated levels of pro-inflammatory
cytokines such as IL-1β, TNF-α and IL-6, as well as chemokines
like MCP-1. These mice also display prominent M1 polarization
and adaptive immune response disorders [27]. In this study, we
further observed reduced levels of Treg cells in both the
hippocampus and cortex of BTBR mice compared to C57 mice
(Fig. 3A, B). Moreover, the levels of pro-inflammatory cytokines,
including IL-1β, IL-6, and TNF-α, were significantly elevated in the
cortex of BTBR mice, and similarly, IL-1β and IL-6 were higher in
the hippocampus of BTBR mice compared to C57 mice. In contrast,
the levels of anti-inflammatory cytokines, such as TGF-β and
arginase-1 (Arg-1), were notably lower in the cortex and
hippocampus of BTBR mice than in C57 mice (Fig. 3C, D). Besides,
we visually observed a high increase in the number of microglia
marked by Iba1 both in hippocampus and cortex of BTBR. After
LdIL-2 treatment, the number of microglia decreased in these two
regions (Fig. 3E–H). As the macrophage of neurol immune system,
microglia involved the immune regulation by proliferation,
activation and polarization. Immunofluorescence analysis also

revealed a reduced number of NeuN+ neurons in the cortex and
hippocampus of BTBR mice compared to C57 mice, although there
was no significant difference observed in the CA3 region of the
hippocampus (Fig. 3I–L). After LdIL-2 treatment, we observed an
increase in Treg cell proportions in the hippocampus, along with a
decrease in IL-1β, IL-6, and TNF-α levels. Simultaneously, the levels
of anti-inflammatory markers TGF-β and Arg-1 were significantly
increased in both the cortex and hippocampus of BTBR mice
(Fig. 3C, D). Additionally, the number of NeuN+ neurons in the
cortex showed a marked increase following LdIL-2 treatment
which exerts a significant ameliorative effect on neuroinflamma-
tion in the prefrontal cortex of BTBR mice (Fig. 3I–L).
To assess whether the neuroimmunomodulatory effects of LdIL-2

in autistic BTBR mice were associated with microglia polarization,
we analyzed the expression levels of CD45, CD11b, CD86, and
CD206 in the cortex and hippocampus using flow cytometry. These
markers were used to investigate the impact of LdIL-2 on the
phenotypic transformation of microglia. Our findings revealed a
significant reduction in the M1/M2 microglia ratio in both the cortex
and hippocampus of BTBR mice following LdIL-2 treatment. This
indicates that LdIL-2 promotes the maintenance of a dynamic
balance between M1 and M2 microglia in the cortex and
hippocampus of autistic BTBR mice (Fig. 3M, N). In addition, we
observed alterations in protein levels within the cerebrospinal fluid
of BTBR mice before and after LdIL-2 treatment. Notably, several
neuroinflammation-related proteins, such as Filamin-A, were
significantly reduced following LdIL-2 administration (Fig. 3O).

PC61 depletion of Treg cells attenuates the therapeutic effect
of LdIL-2 on BTBR mice
To assess the role of Treg cells in the therapeutic efficacy of LdIL-2
in BTBR mice, we administered an anti-CD25 antibody (PC61) via

Fig. 1 The changes of autism-like behaviors before and after LdIL-2 treatment in mice. (C57 was used as the healthy control) A LdIL-2
treatment prescription; B different courses of LdIL-2 to BTBR mice, n= 6; C different dosages of IL-2 to BTBR mice, n= 6; D three-chamber
social test (N: null, S: stranger mouse); E compare of social approach preference index and social novelty preference index in C57, before and
after LdIL-2 treatment BTBR mice, n= 8; F self-grooming time, n= 8; G sniffing time, n= 8; H marble burying, n= 8; I total travel distance and
center grid dwell time, n= 8; J proportion of card arm time in the Y maze, n= 7. ***P < 0.001, **P < 0.01, *P < 0.05.
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intraperitoneal injection prior to LdIL-2 treatment (Fig. 4A). One
day after PC61 administration, Treg cells in the peripheral blood
and spleen were markedly depleted (Fig. 4B). Compared with the
IgG1+LdIL-2-treated group, the PC61 intervention resulted in a
significant reduction of Treg cell levels in both the peripheral
blood and spleen (Fig. 4C, D), accompanied by a decrease in TGF-β
levels (Fig. 4E). This depletion negated the primary effect of LdIL-2,
namely, the elevation in Treg cell numbers. Notably, the
behavioral improvements observed in BTBR mice treated with
LdIL-2 were significantly diminished when Treg cells were
depleted by PC61. The social approach preference index in the
PC61+LdIL-2 group showed minimal change from baseline when
compared with the BTBR control group (Fig. 4F). Furthermore,
PC61 treatment abolished the LdIL-2-induced improvements in
self-grooming behavior, sniffing time, and marble-burying activity,
rendering them comparable to those of untreated BTBR mice (Fig.
4G–I). Besides, compared with IgG1+LdIL-2-treatment, pro-
inflammatory cytokines like IL-1β, IL-6, TNF-α and iNOS stayed at

high levels and TGF-β at a low level in cortex and hippocampus of
BTBR mice in PC61+LdIL-2 group. The results indicated that PC61
which inhibited Treg cells restrained the effects of LdIL-2. In the
PC61+LdIL-2 group, inflammation of neuron was more serious
comparing the IgG1+LdIL-2. Obviously, the LdIL-2 increased Treg
cells level and immunologic function at the same time (Fig. 4J, K).

DISCUSSION
Numerous studies have provided evidence of immune dysfunc-
tion in ASD patients, including the dysregulation of cytokines and
immune cells [8]. Previous research has explored various immune-
based treatments for ASD and demonstrated certain therapeutic
effects. Immunotherapy methods such as steroids, stem cells, and
immunoglobulins have shown improvements in some of the
disordered behaviors associated with ASD, including anxiety, self-
aggression, irritability, sleep disturbances, and hyperactivity.
Regulating immune dysfunction in children with ASD is necessary

Fig. 2 Levels of T cell subsets and immune balance in peripheral of BTBR mice based on Treg cells assistance. A CD4+Foxp3+ Treg cells
proportion in CD4+T cells of peripheral blood in mice, n= 6; B CD4+Foxp3+ Treg cells proportion in CD4+T cells of spleen in mice, n= 6;
C Tfh/Treg in CD4+T cells of spleen in mice, n= 6; D: Th17/Treg in CD4+T cells of spleen in mice, n= 6; E: Th1/Treg, in CD4+T cells of spleen in
mice, n= 6; F: level of TGF-β in mouse plasma, n= 6. ***P < 0.001, **P < 0.01, *P < 0.05.
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to improve core symptoms. For instance, Treg cells transfer has
been shown to reverse the ASD phenotype [28]. However, existing
research is not yet sufficient to definitively establish the efficacy of
these immune treatments in addressing the core symptoms of
ASD. Consequently, further exploration of targeted immunother-
apy approaches is warranted to effectively address these core
symptoms.
It has been observed that LdIL-2 preferentially stimulates Treg

cells when administered at doses between 15,000 to 30,000 IU
daily [29, 30]. Additionally, regulating the Th1, Tfh, and Th17 to
Treg cell ratios has proven vital in addressing immune-related
diseases [31, 32]. In a study led by Jing He [19, 26] on systemic
lupus erythematosus (SLE), disease activity was significantly
reduced through LdIL-2 treatment by modulating the relative
proportions of Tfh, Th17, and Treg cells. Other studies, including
our own [23, 27, 33], have shown that inflammatory cytokines and
CD4+ and CD8+T cells in immune organs and peripheral blood,
along with various immune cells in the brains of BTBR mice, are
disordered at different levels compared to C57 mice. Notably,
several studies have demonstrated a reduction in Treg cells, while
Th1 and Th17 cells associated with inflammation were elevated in
BTBR mice [20]. In our study, increased Th/Treg ratios and pro-

inflammatory cytokines in BTBR mice further supported the theory
of immune dysregulation in ASD. Following LdIL-2 treatment,
these imbalances were restored to levels closer to those seen in
C57 mice, illustrating that immune therapy may effectively reverse
neuroinflammation in ASD.
Given the reduction of Treg cells observed in the immune

system of BTBR mice, we used three specific doses of IL-2 in a four-
course treatment regimen (Fig. 1B, C) according to the definition
of LdIL-2 [29, 30]. The selected IL-2 doses were based on the
findings from studies on SLE by Zhanguo Li [19]. In our
experiments, IL-2 was administered at 10,000 IU, 30,000 IU, and
100,000 IU, each given for four courses. Although the 100,000 IU
dose showed certain behavioral benefits, it also resulted in
increased activation of effector T cells, including Th2 cells, raising
concerns about potential immune overstimulation at higher
doses. In contrast, the 30,000 IU dose consistently improved
behavioral outcomes and promoted immune balance without
triggering adverse immune activation. Based on these findings, we
identified 30,000 IU as the most suitable dose for subsequent
experiments. Although we did not further investigate the effects
of varying treatment durations with the 100,000 IU dose, future
studies are needed to systematically examine the relationship

Fig. 3 Neuroinflammatory changes in BTBR mice after LdIL-2 treatment. A proportion of Treg cells in the cortex of BTBR mice after LdIL-2
treatment, n= 5; B proportion of Treg cells in the hippocampus of BTBR mice after LdIL-2 treatment, n= 5; C expressions of cytokines in the
cortex of BTBR mice after LdIL-2 treatment; D expressions of cytokines in the hippocampus of BTBR mice after LdIL-2 treatment;
E immunofluorescence of Iba1 in cortex of BTBR after LdIL-2 treatment, n= 4–5; F immunofluorescence of Iba1 in hippocampus CA1 of BTBR
after LdIL-2 treatment, n= 5; G immunofluorescence of Iba1 in hippocampus CA3 of BTBR after LdIL-2 treatment, n= 5;
H immunofluorescence of Iba1 in hippocampus DG of BTBR after LdIL-2 treatment, n= 4; I immunofluorescence of NeuN in cortex of
BTBR after LdIL-2 treatment, n= 6; J immunofluorescence of NeuN in hippocampus CA1 of BTBR after LdIL-2 treatment, n= 6;
K immunofluorescence of NeuN in hippocampus CA3 of BTBR after LdIL-2 treatment, n= 6; L immunofluorescence of NeuN in hippocampus
DG of BTBR after LdIL-2 treatment, n= 6; M ratio of M1/M2 microglia in cortex of BTBR after LdIL-2 treatment, n= 4; N ratio of M1/M2
microglia in hippocampus of BTBR after LdIL-2 treatment, n= 4; O changes in the expression of inflammatory proteins in cerebrospinal fluid of
BTBR mice. ***P < 0.001, **P < 0.01, *P < 0.05.
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between IL-2 dosage, treatment course, and therapeutic efficacy
in ASD models. In the autistic behavior tests for BTBR mice, social
approach preference was used to assess sociability, while self-
grooming was used to evaluate repetitive behavior [34]. Repetitive
and stereotyped behaviors, such as self-grooming and marble-
burying, were significantly improved after LdIL-2 therapy [35]. The
observed changes in Treg cell proportion in both the peripheral
blood and the central nervous system indicated that LdIL-2
effectively regulated immune function. IL-2 upregulated FOXP3
expression in Treg cells through STAT5 activation [36], while
reductions in Th17/Treg and Tfh/Treg ratios also reflected LdIL-2’s
role in restoring immune balance. Additionally, TGF-β, a key anti-
inflammatory cytokine mediating both Th17 and Treg differentia-
tion, was upregulated [37]. Our tests on other helper T cells,
including Th1, revealed no statistically significant changes
(Fig. 2D), highlighting the dynamic nature of T cell subpopulations.
The imbalance between Th17 and Treg cells has been implicated
in the pathogenesis of autoimmune disease such as SLE [38, 39].
Studies have shown that in the presence of IL-6 or IL-21 (along
with TGF-β), naïve CD4+T cells differentiate into Th17 cells, while in
the absence of pro-inflammatory cytokines, they differentiate into
Treg cells [40]. In our study, the elevation of TGF-β indicated that
LdIL-2 regulated inflammation in the peripheral immune system of
BTBR mice. Further analysis of T cell subsets and cytokines in the
cortex and hippocampus showed similar effects. Additionally, the
Y maze test, which assesses learning and memory formation [41],

demonstrated that LdIL-2 treatment improved cognitive and
memory functions in BTBR mice. These findings suggest that LdIL-
2 not only modulates neuroinflammation but also promotes a
balanced pro- and anti-inflammation activity in the central
nervous system of BTBR mice.
Furthermore, IL-2 was shown to regulate the immune system in

the brains of BTBR mice. Substantial research on neuroinflamma-
tion suggests that T cells interact with microglia to suppress
inflammation by releasing cytokines and modulating microglia
phenotypes [42]. Our study revealed that as Treg cells level
improved and Th/Treg ratios balanced in the periphery, pro-
inflammatory cytokines decreased, anti-inflammatory cytokines
increased, and the M1/M2 microglia ratio stabilized in both the
cortex and hippocampus following LdIL-2 treatment. This provides
strong evidence that LdIL-2 treatment effectively regulates
microglia activity and reduces neuroinflammation in BTBR mice.
Our findings also suggest that LdIL-2 treatment may promote
neuronal maturation in the cortex of BTBR mice, as indicated by
NeuN expression. Concurrently, LdIL-2 effectively reversed
immune dysregulation and neuroinflammatory responses
observed in these brain regions. These results suggest that
neuroinflammation may represent a critical factor in impaired
neuronal maturation in the BTBR mice model. Given the
established immunomodulatory properties of LdIL-2, its capacity
to suppress neuroinflammation might play a pivotal role in
maintaining neuronal development. Therefore, we propose that

Fig. 4 Effect of PC61 intervention on LdIL-2 treatment outcome. A PC61 and LdIL-2 treatment prescription; B flow cytometry images of Treg
cells in peripheral blood and spleen of BTBR mice one day after PC61 intervention; C flow cytometry images of Treg cells in peripheral blood
and spleen of BTBR mice after PC61 intervention, IgG1 was used as control of PC61 treatment; D proportion of Treg cells in peripheral blood
and spleen of BTBR after PC61 and LdIL-2 treatment, n= 5; E level of TGF-β in plasma, n= 6; F compare of social approach preference index
and social novelty preference index, n= 7; G self-grooming time, n= 7; H sniffing time, n= 7; I marble burying, n= 7; J expressions of
cytokines in the cortex of BTBR mice after PC61 and LdIL-2 treatment; K expressions of cytokines in the hippocampus of BTBR mice after PC61
and LdIL-2 treatment. ***P < 0.001, **P < 0.01, *P < 0.05.
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LdIL-2 may exert a neuroprotective role in BTBR mice by restoring
immune balance and mitigating inflammatory processes, ulti-
mately promoting neuronal maturation in the cortex. However,
individual differences in BTBR mice suggest that IL-2 may not be
the sole regulatory factor for neuronal damage. Given the
observed improvements in both behavioral and inflammatory
parameters in the peripheral and central nervous systems, we
speculate that LdIL-2 may balance the immune system to regulate
ASD-related behaviors. To our knowledge, this study is the first to
provide evidence of the safety and efficacy of LdIL-2 (30,000 IU) in
alleviating ASD symptoms. This novel intervention demonstrated
the ability to ameliorate autism-related manifestations by fine-
tuning the Th17/Treg and Tfh/Treg balance in BTBR mice.
Additionally, changes in protein levels in cerebrospinal fluid,
including a reduction in immune-related proteins like Filamin-A,
were observed after LdIL-2 treatment [43]. Moreover, the mTOR
pathway, which regulates cell growth and survival in response to
nutrients, particularly neuron recovery and synaptic plasticity, was
identified as a key factor in ASD [44]. The PI3K/Akt/mTOR pathway
was also implicated in improving social interaction, neural
development, and other ASD symptoms [45]. We are continuing
to explore these neural pathways in ongoing research, with the
goal of achieving more robust therapeutic effects.
Considering the significant changes in core ASD behaviors and

T cell subsets following LdIL-2 treatment, we further investigated
whether Treg cells play the most critical role in ameliorating ASD
symptoms. To do so, we administered LdIL-2 after depleting Treg
cells in the blood and spleen of BTBR mice using PC61, an anti-
CD25 antibody that achieves Treg cells depletion via intraper-
itoneal injection [46]. Our findings indicated that behavioral and
immune improvements in BTBR mice treated with PC61+LdIL-2
were minimal compared to the control group (IgG1+LdIL-2). Treg
depletion by PC61 was only partially effective, as the remaining
Treg cells still retained some regulatory function. This suggests
that while Treg cells play a crucial role in the therapeutic effects of
LdIL-2, other factors may also contribute to the regulation of ASD.
Nonetheless, Treg cells remain key regulators of immune
dysfunction in ASD.
This study has some limitations. It represents a preliminary

investigation based on a mouse model. We anticipate conducting
a randomized, double-blind, placebo-controlled clinical trial to
comprehensively evaluate the safety and efficacy of LdIL-2 in
human subjects. Furthermore, additional research into the specific
mechanisms underlying LdIL-2’s effects on ASD is warranted.

CONCLUSION
This study clearly demonstrates that LdIL-2 can ameliorate
behavioral disturbances associated with ASD, particularly core
symptoms such as social communication impairments and stereo-
typed behaviors. LdIL-2 exerts its effects by modulating immune
balance in both the peripheral and central nervous systems of BTBR
mice. This study offers compelling evidence that this therapy holds
promise as a safe and effective treatment for ASD.
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