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Background: Neuropathic pain (NP) involves complex neuroimmune interactions. Regulatory T cells (Tregs) have been implicated in
immune homeostasis, but their role in NP pathogenesis and therapeutic potential remains poorly understood.

Aim: This study aimed to investigate the immunomodulatory effects of low-dose interleukin-2 (IL-2) on Treg populations and
neuropathic pain behavior in a rat model of chronic constriction injury (CCI).

Methods: CCI was induced in Sprague-Dawley rats, followed by daily intraperitoneal administration of low-dose IL-2 (5000 U/day)
for three consecutive days, administered either three days prior to or following CCI. Pain behaviors were assessed by measuring
mechanical withdrawal threshold and thermal withdrawal latency. Treg and T conventional (Tconv) cell subsets were quantified by
flow cytometry in blood, spleen, dorsal root ganglia (DRG), and spinal cord. Functional markers (CD62L, ICOS) and serum IL-10
concentrations were also examined.

Results: CCI increased T cell infiltration in the DRG, with limited endogenous Treg expansion. Low-dose IL-2 significantly elevated Treg
proportions in blood, spleen, and DRG, without promoting Tconv expansion. In the DRG, IL-2—treated CCI rats showed a marked increase
in Treg proportions, peaking at day 3 (20.73 + 2.83% vs 6.74 = 0.67% in controls) and remaining significantly elevated through day 21. IL-2
also enhanced Treg expression of ICOS and CD62L and increased serum IL-10 levels. Rats receiving IL-2 treatment demonstrated
significant improvements in mechanical pain thresholds (61.53 + 8.46% reduction) and thermal pain thresholds (52.74 + 6.73% reduction)
relative to controls on day 21. Preventive IL-2 injection (pre-CCI) was less effective than post-CCI administration.

Conclusion: Low-dose IL-2 selectively augments functional Tregs and mitigates neuropathic pain through modulation of peripheral
and neural immune responses. Further Treg-specific mechanistic validations are required to confirm its potential for translational
clinical therapy.
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Introduction

Neuropathic pain (NP) affects 8-10% of the total population and is a condition caused by lesions in the somatosensory
nervous system.' NP encompasses various conditions, including peripheral nerve injury, chemotherapy-induced neuro-
pathy, and central pain syndromes.” It is characterized by spontaneous pain (eg, stabbing, cutting) and abnormal
sensations such as allodynia.> However, current treatment options for NP are limited, and their effectiveness is often
insufficient. If left untreated or inadequately managed, NP may transition into chronic NP, which imposes a significant
socioeconomic burden due to increased healthcare costs and the impact on patients’ quality of life.*

The normal nervous system is primarily composed of neurons and glial cells, with a small number of resident immune
cells that generally serve a surveillance role under normal conditions.” Following nerve injury, peripheral immune cells
infiltrate and critically contribute to NP initiation and persistence.® As research advances, the importance of peripheral
immune cells in the pathogenesis of NP is becoming increasingly evident.

Although T cells do not initially enter the nervous system, the process of T cells migrating from the peripheral immune
system to the nervous system plays a critical role in the initiation, development, maintenance, and chronic progression of NP.”

Neutrophils appear within hours after injury, releasing mediators that recruit macrophages and T cells.®
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Once NP is established, T cells interact directly or indirectly with other nervous system cells, including neurons and
glial cells. Damaged neurons and activated glial cells release cytokines and chemokines, which promote T cell
proliferation and function.” Clinical studies have shown that patients with NP who exhibit high gene expression also
display upregulation of several genes associated with T cell cycle regulation, differentiation, and survival, underscoring
the critical role of T cells in NP.'

Regulatory T cells (Tregs) are a distinct subset of immune cells different from conventional T cells (Tconv). Their
principal mechanisms include secreting immunosuppressive cytokines such as IL-10 and TGF-p, expressing high-affinity
IL-2 receptors to compete for growth factors, and directly modulating the activity of antigen-presenting cells.!' Through
these pathways, Tregs play a critical role in maintaining immune homeostasis and suppressing excessive inflammation,
making them potential mediators in controlling T cell-driven neuroinflammation.

Effector T cells such as Thl and Th17 release inflammatory cytokines that aggravate neuroinflammation and sustain
pain. In contrast, regulatory T cells (Tregs) suppress excessive immune activation by secreting inhibitory cytokines
including IL-10 and TGF-p, thereby limiting glial cell activation and reducing neuroinflammation.'* Thus, the dynamic
balance between T cell subsets is essential in shaping the initiation and persistence of pain, and modulation of Tregs
represents a promising therapeutic strategy.

Low-dose interleukin-2 (IL-2) has the unique ability to selectively expand Tregs without activating conventional T cells. This
approach has been well established in multiple disease models, including systemic lupus erythematosus, rheumatoid arthritis, and
transplant rejection, and has already advanced to clinical trials, where it has demonstrated favorable safety and feasibility.'?
Within this context, findings derived from rat models of chronic nerve injury not only provide mechanistic insights into the role of
Tregs in neuropathic pain but also offer important translational value. They may help to inform the design of future human studies
and the development of novel therapeutic strategies aimed at modulating immune responses for clinical benefit.

This study investigated the temporal dynamics of Tconv and Treg populations in SD rats following chronic
constriction injury (CCI) and evaluated the effects of low-dose IL-2 on neuropathic pain behavior. The focus was on
the distribution of these cell populations in the peripheral immune system (including blood and spleen), the peripheral
nervous system (such as the dorsal root ganglia), and the central nervous system (specifically the spinal dorsal horn).
Additionally, the effects of low-dose interleukin-2 (IL-2) injections on pain behavior in rats were examined, along with
the temporal changes in CD4+ Tconv and Treg cells in the mentioned tissues. To our knowledge, this work adds novel
in vivo evidence suggesting that low-dose IL-2 may improve Treg function and mitigate neuropathic pain by influencing
immune activity in both the periphery and the DRG. Although further validation is needed, insights from this rat model
may offer valuable guidance for subsequent human trials and the development of IL-2—-based therapeutic approaches.

Materials and Methods

Animals and Models

Adult male Sprague-Dawley (SD) rats weighing 130-150g were used in this study. The rats were acclimatized to their
environment for 3—5 days after being housed in cages. All animal procedures in this study were reviewed and approved
by the Institutional Animal Care and Use Committee of Peking Union Medical College Hospital (Beijing, China) and
were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and reported following
the ARRIVE guidelines (https://arriveguidelines.org/). In this study, n refers to the number of animals. Each experimental

group consists of 6-8 animals, including the naive, sham, and other experimental groups mentioned below. A total of 106
animals were used in the whole procedure. Baseline pain behavior was measured one day before establishing the model.
Lottery method for randomization was used in the experiment, all animals were assigned a unique identification number.
On the experimental day, rats were anesthetized with intraperitoneal injection of pentobarbital sodium (40mg/kg) under
sterile conditions. The fur was removed, and a small incision was made at the desired nerve ligation site. Using blunt
dissection, the target nerve was carefully exposed. The sciatic nerve was exposed and loosely ligated with three non-
absorbable sutures to induce chronic constriction injury (CCI).'"* The sham surgery group underwent the same surgical
procedure, including nerve incision and exposure, with sutures passing through the nerve but without tying a loose knot.
The surgical incision was closed using sutures after the procedure.
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Behavioral Test

All behavioral measurements were conducted at a relatively fixed time each day. The data was collected on day 1 before
and day 1, 3,5, 7, 10, 14, 18, 21 after CCI, respectively. All behavioral data were collected with no exclusions. Mechanical
withdrawal thresholds (MWT) were assessed using the von Frey method. Rats were first acclimated to a suspended cage
with a metal mesh, and the probe was vertically placed under the paw, maintaining it for approximately 6—8 seconds.
A positive response was considered if the rat’s paw retracted sharply, and the corresponding value was read and recorded.'’
Animals were placed on a glass surface, and radiant heat was directed directly below the rat’s paw. The time required for the
animal to withdraw its paw in response to heat stimulation was recorded as the thermal withdrawal latency (TWL).'® Prior
to testing, animals underwent a habituation period to the environment. Subsequently, all behavioral measurements were
conducted by an independent experimenter blinded to group assignments.To minimise potential confounders, cages and test
position were randomized. During the whole behavioral test process, animal showed no uncontrollable pain or distress
including persistent vocalization, self-mutilation and excessive grooming leading to lesions.

Interleukin-2 Injection

After successfully establishing the chronic constriction injury (CCI) model, different concentrations of interleukin-2 (IL-
2) were continuously administered via intraperitoneal injection for three consecutive days under sterile conditions, with
a total injection volume of 0.2 mL. The control group received an equivalent volume of normal saline. IL-2 adminis-
tration began on day 1 post-CCI surgery and continued for three consecutive days (day 1, 2 and 3, respectively). A series
concentration was used in the titration. Low-dose IL-2 was administered at a concentration of 25,000 U/mL, with each rat
receiving 5000 U IL-2 per day in a 200 pL volume for three consecutive days.'” The dose was selected based on prior
studies showing effective Treg expansion without inducing significant pro-inflammatory side effects. Injections were
given daily at the same time each day. On the days when pain behavior tests were performed, intraperitoneal injections
were administered after the tests were completed. For preventive injections, 5000 U IL-2 was administered for three days
prior to the establishment of the CCI model (day —3, —2 and —1, respectively).

Flow Cytometry Test

Blood (0.3-0.5mL) was collected from rats using tail vein or cardiac puncture methods and immediately transferred to
anticoagulant tubes. After diluting the sample with an equal volume of PBS, it was centrifuged, and the supernatant
containing white blood cells was collected and stored at —80°C for subsequent analysis. After washing and counting the
cells, the concentration was adjusted to 1x10"6/mL for flow cytometry staining. Single-cell suspensions were prepared
and stained with fluorescently-labeled antibodies targeting surface markers CD3, CD4, CD25, CD62L, CD127, and ICOS
(BD PharMingen, BioLegend) for 30 minutes in the dark. After fixation, the cells were permeabilized using a permea-
bilization buffer. Then incubate the cells with the anti-FOXP3 primary antibody, for 30 minutes in the dark. After
washing with PBS, the cells were resuspended in 300-500 uL of PBS for analysis on the LSR Fortessa flow cytometer
(BD Bioscience) and analyzed using FlowJo software (Tree Star, Ashland, OR).

Following a similar protocol, rat spleens were digested with collagenase II (Sigma) at a final concentration of 400 U/
mL. After digestion at 37°C for 20 minutes, the tissue was filtered through a 70 um cell strainer, centrifuged at 800 rpm
for 2 minutes, washed three times with cell wash solution, and centrifuged again to collect the cell pellet. Cell counting
was performed, and the concentration was adjusted to 1x10~7/mL for staining and analysis as described above.'®

Collagenase II (Sigma) was diluted to a final concentration of 400U/mL and used to digest L4-L6 dorsal root ganglia
(DRG) and spinal dorsal horn tissue. After digestion at 37°C for 30 minutes, the tissue was filtered through a 70um cell
strainer, centrifuged at 800rpm for 2 minutes, washed three times with cell wash solution, and then centrifuged to obtain
a cell pellet. Cell counting was performed, and the cell concentration was adjusted to le7/mL for the same staining

. 1
procedures as described above.'’

Cytokine Beads Assay
Standard samples containing IL-10 started from 2500pg/mL and were serially diluted by 1:2 for a total of 10 dilutions,
with the lowest concentration being 4.88 pg/mL. Fifty microliters of serum were added to 0.5ul absorbent particles and
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incubated at room temperature on a shaker for 1 hour. Then, secondary antibodies containing PE were added, and the
incubation continued for an additional 2 hours in the dark. Finally, after washing and centrifugation, the pellet was
resuspended in 300ul PBS, and parameters were recorded on the flow cytometer (LSR Fortessa, BD Bioscience).
Analysis of cytokine concentration was performed using FlowJo software.?°

Statistical Analysis

Statistical results were expressed as mean =+ standard deviation for each group, and statistical analysis and chart plotting
were performed using GraphPad Prism 6 and SPSS 17.0. Flow cytometry results were analyzed and plotted using FlowJo
10.0. Chi-square tests were used to compare the incidence rates of two or more events.

Prior to the study, an a priori power analysis for a two-way repeated measures ANOVA (Group X Time) was
performed using G*Power 3.1. Parameters were set as follows: effect size f = 0.4 (large effect), a = 0.05, statistical power
= 0.80, number of groups = 2, number of time points = 6, correlation among repeated measures = 0.5, and nonsphericity
correction € = 0.75. The analysis indicated that at least 4-5 animals per group would be required to achieve sufficient
power. Considering potential dropouts, we included 4—6 animals per group in the present study.

To assess the effects of group (experimental vs control), time (days 0, 3, 7, 10, 14, and 21), and their interaction on cell
counts and behavioral measures, a two-way repeated measures ANOVA was conducted. Prior to ANOVA, residuals were
tested for normality using the Shapiro—Wilk test, confirming that data met the assumptions for parametric analysis. Post hoc
multiple comparisons were corrected using Bonferroni HSD test. Statistical significance was set at two-tailed p < 0.05.

Results

Time Curve of Tconv and Treg Absolute Number and Percentage

After the successful establishment of the CCI model, blood was collected at six time points: 1 day before model
establishment, and 3, 7, 10, 14, and 21 days after model establishment. The curve depicting the changes in the content of
Tconv in blood over time remained relatively constant. The proportion of Tconv in total T cells remained around 55-65%
without significant differences between groups or at various time points.

While the proportion of Tregs in blood remained within a 4-10% range throughout the 21-day observation period, the
absolute quantity of Tregs and the variability in their numbers have slightly increased on days 14 and 21, although not
reached a statistical significance. The Tconv cells in the spleen followed a similar pattern, with their absolute numbers
remaining consistent over the 21-day period. Treg numbers in the spleen also stayed relatively constant, with proportions
ranging from 4-8%.

In the dorsal root ganglion (DRG), starting on day 3 after CCI establishment, the absolute number of Tconv cells
began to increase, with a notable rise from 108.67+£12.01 cells initially to 405.36+£10.02 cells at its peak on day 10.
After day 10, the number of Tconv cells gradually decreased, but remained significantly elevated on days 14 (328.33
+53.54) and 21 (311.83£20.74). Two-way ANOVA revealed a significant main effect of Group (F(1, 36) = 941.33, p <
0.0001), a significant main effect of Day (F(5, 36) = 94.67, p < 0.0001), and a significant Group x Day interaction (F(5,
36) = 99.97, p < 0.0001). However, the proportion of CD4" T cells in the DRG showed less fluctuation, consistently
constituting about 30-45% of the total T cells across all time points.

Treg numbers in the DRG showed a marked increase from day 3 onwards, with a significant difference compared to
the sham surgery group from day 7 (27.67+£2.08 vs 2.67+0.58). Two-way ANOVA revealed a significant main effect of
Group (F(1,36) = 941.33, p < 0.0001), a significant main effect of Day (£(5,36) = 94.67, p < 0.0001), and a significant
Group X Day interaction (£(5,36) = 99.97, p < 0.0001). Treg proportions in the CCI group remained between 5-8%
from day 7 to day 21, with no significant fluctuations (Figure 1).

It was observed that Tconv began to significantly increase from the 7th day (43.35+6.51 vs 5.67+2.52), and the
difference remained significant compared to the control group until the 21st day (37.67+6.11 vs 8.67+4.04). However,
due to their lower absolute values, the proportion of Tconv showed greater variability, and there was no significant

difference compared to the control group (Figure 2).
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Figure | lllustration of selection of Tconv and Treg in the Blood (A), Spleen (B), DRG (C) and SC (D) by Flow Cytometry After Establishing the CCI Model. DRG: dorsal
root ganglia, SC: spinal cord.
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Figure 2 Changes in absolute value and percentage of Tconv and Tregs after establishing the CCl model. The curves represent the temporal changes in Tconv and Treg
absolute numbers and proportions in blood (A), spleen (B), DRG (C), and spinal cord (D). Data are presented as mean + SEM; *p < 0.05, p < 0.01. DRG: dorsal root ganglia,
SC: spinal cord.

Since Treg cells typically constitute only 5-10% of CD4" T cells, their absolute values in the spinal dorsal horn are
very low. The impact is significant when calculating proportions, and therefore, this experiment was unable to confirm
the presence of Treg cells in the spinal dorsal horn through flow cytometry. Figure 1 illustrates the gating strategy for
identifying Tconv and Treg populations in the spinal dorsal horn using flow cytometry.
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Low Dose IL-2 Improves Treg Number and Function in Peripheral and DRG

Based on previous literature and the specific circumstances of the reagents, the concentration range of 2000—10000U was
selected for exploring low-dose IL-2 in rats. Specifically, 1000U, 2500U, 5000U, 7500U, and 10000U were chosen as
concentrations for the preliminary test group. IL-2 was injected at these doses the next day after the model was
established (post-CCI injection) and for three consecutive days thereafter (day 1, day 2 and day 3). Blood was collected
after model establishment and on the third day to observe the changes in absolute values of CD4" Tconv and Treg. The
results indicated that at a dose of 2500U, the number of Tregs increased by 1.5340.14 times, and at a dose of 10000U, the
number of CD4" Tconvs increased by 1.25+0.12 times (p=0.03). At doses of 5000U and 7500U, the number of Tregs
increased by 3.38+0.49 times and 3.59+0.40 times, respectively, while the number of Tconvs did not significantly
increase (1.03+0.10 times and 1.134+0.05 times). At this dose, no significant changes in body temperature or febrile
responses were observed in the rats. Therefore, based on the experimental data, the concentration of low-dose IL-2 for
continuous intraperitoneal injection was determined to be 5000U (Figure 3).

The pre-CCI injection were also performed, which low dose IL-2 was injected 3 days before CCI model was
established (day —3, day —2, day —1) (Figure 3). The behavioral test were also performed at the same timepoint as the
post-CCI group and the control group. However, the behavioral test in post-CCI group was better than the preventative
injection, indicating a a better timing for injection (Figure 3).

In the CCI group with IL-2 injection, the absolute values of Treg cells started to show a significant difference from the
control group on day 3 (3.71+0.31 vs 2.34+0.20) (10"6), reached the highest cell count on day 7 (6.56+0.33) (10"6), and then
rapidly declined. However, from day 10 to day 21, Treg cell counts remained significantly elevated, comparable to the cell
counts on day 3. In the CCI group with IL-2 injection, the proportion of Treg cells, compared to the control group, began to rise
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Figure 3 Behavioral test of IL-2 injection in CCl model. The mechanical withdrawal threshold (MWT, (A) and thermal withdrawal latency (TWL, (B) of the rats were observed
at nine time points from one day before model establishment to 21 days post-establishment. (n=6 per group, * P<0.05, ** P<0.01; * indicates a significant difference between the
CCl group and the sham group, and # P<0.05 indicates a significant difference between the CCl group and the post-CCI+IL-2 group.) For post-CCl injection, IL-2 administration
began on day | post-CCl surgery and continued for three consecutive days (day I, 2 and 3, respectively). For pre-CCl injections, IL-2 was administered for three days prior to
the establishment of the CCl model (day —3, —2 and —1, respectively) (C). A series concentration was used in the titration, with a suitable concentration that each rat receiving
5000 U IL-2 per day for three consecutive days (D).
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from day 3 (10.20£1.03% vs 6.75+£0.95%) and reached its peak on day 7 (17.91+1.21% vs 7.43+£0.33%). Subsequently, the
proportion of Treg cells gradually decreased, with no significant differences from the control group on days 14 and 21.

For Tconv cells in the DRG, their numbers remained low in the sham groups, while in the CCI groups, Tconv
numbers increased significantly starting from day 7. However, the proportion of Tconv cells among total T cells remained
relatively constant across all four groups, with no significant differences observed at any time point.

In the IL-2-treated CCI group, the absolute number of Tregs in the DRG significantly increased from day 3 (25.23+3.24
vs 7.86x1.07), peaking on day 7 (43.15+10.58). Although Treg numbers declined after day 7, they remained significantly
elevated on days 14 and 21. In contrast, Treg numbers were minimal in the sham surgery groups. The proportion of Tregs in
the IL-2-treated CCI group was also significantly higher than the control group starting from day 3, peaking on day 7.
Although Treg proportions gradually declined, they remained significantly elevated compared to the control group, except
on day 14 (Figure 4).

Flow cytometry analysis of Treg surface molecule expression in blood on day 7 revealed upregulated expression of
markers associated with Treg migration (CD62L) and markers related to Treg stability, proliferation, and suppressive
function (ICOS). Both IL-2 injection groups showed significant increases in CD62L and ICOS expression (Figure 5A and
B). Additionally, IL-10 levels in the serum were elevated in the IL-2 injection group (Figure 5C), indicating enhanced
Treg function and anti-inflammatory activity.
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Figure 4 Changes in absolute value and percentage of Tconv and Tregs after IL-2 injection. The curves represent the changes over time in the absolute values and
proportions of Tconv and Tregs in blood (A), spleen (B) and DRG (C) relative to the total T cell population and total CD4+ T cells, respectively. CD25 expression at day 7
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expression of ICOS (A) and CD62L (B) in Treg cells in the following groups: Sham surgery group with IL-2 injection (Sham+IL-2), CCl group with IL-2 injection (CCI+IL-2),
Sham surgery group with saline injection (Sham), and CCI group with saline injection (CCI). The concentration of IL-10 was displayed in (C).

Discussion

In this study, an increase in the quantity and proportion of Treg was observed in the dorsal root ganglia (DRG) and
peripheral immune system after interleukin-2 (IL-2) intervention, while the proportion of Tconv remained relatively
constant. The theoretical discussion suggests that a portion of Tconv may have transformed into Treg cells, as traditional
Tconv proportions would decrease if their quantity remained unchanged. Although there is some divergence in the
current understanding of Treg origins, there is a general consensus that Treg originates from the peripheral immune
system, infiltrating the relevant lesion site, and specializing into tissue-specific Treg.

This study considers several potential sources of Tregs. First, Treg expansion may primarily occur through peripheral
expansion. Second, a small number of Tregs may reside in tissues and, following nerve injury, could self-amplify within
nerve cells without penetrating the blood-brain barrier. Third, there is a possibility of conversion between Tregs and
Tconvs, such as the conversion between Th17 and Tregs. Based on the constant proportion of Tconvs observed in this
study, the increase in Tregs could also result from such conversions. However, the study did not confirm the exact source
of Tregs. Future research could verify Treg sources by profiling blood Tregs, increasing the difficulty of blood-brain
barrier penetration, or distinguishing Tregs through the transfer of externally labeled cells.?!

To increase the quantity and proportion of Treg, several strategies can be considered. Firstly, expanding the quantity of
blood Treg, similar to the experimental approach in this study, could be employed. Simultaneously, confirming the synchro-
nous increase in Treg in the DRG, as observed in this study, strengthens this approach. Secondly, a key focus of future research
involves identifying tissue-specific expression molecules that can selectively expand tissue-resident Treg. Thirdly, promoting
the conversion of Th17 and other T cell types into Treg is another potential strategy. Although this method results in Treg with
variable characteristics and poses some theoretical risks, increasing their proportion can enhance the immunoprotective effects
of Treg and promote the formation of an anti-inflammatory immune microenvironment.

The presence and residence of Tconv in the DRG may be one of the contributing factors to chronic NP.** T cells can
produce and release various inflammatory mediators, such as cytokines and chemokines, promoting the occurrence of
inflammatory reactions. Inflammatory mediators released by T cells, such as TNF, IL-1B, and IL-17, can activate glial
cells. Activated glial cells can further release inflammatory mediators, such as prostaglandins, chemokines, and
neurotrophic factors, influencing neuronal function and participating in the pain transmission process.>> These inflam-
matory mediators can increase neuronal excitability and pain sensitization, leading to the generation and exacerbation of
pain sensations. Some studies suggest that T cells can directly interact with neurons and release pain-related molecules,
such as neuropeptides and neurotransmitters. Additionally, T cells can modulate the levels of neurotransmitters like
gamma-aminobutyric acid (GABA) and glutamate, affecting both excitatory and inhibitory functions of neurons. These
molecules play a role in the occurrence and maintenance of neuropathic pain by influencing neuronal excitability and
pain transmission, altering synaptic connections, and synaptic plasticity.

In the present study, after IL-2 injection, the quantity and proportion of Treg in the DRG increased. Therefore, Treg
can play a reparative role in various aspects of DRG damage caused by Tconv. Firstly, under the influence of Treg, the
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downregulation of inflammatory factors can lead to an improvement in neuronal excitability and pain sensitization.
Simultaneously, the downregulation of neuropeptides and neurotransmitters released by T cells, directly or indirectly,
reduces the hyperexcitable state of neurons and downregulates the activity of ion channels. Changes in synaptic
connections and plasticity, as well as significant alterations in synaptic transmission strength and frequency, are expected.
However, evidence for direct interactions between T cells/Treg cells and glial cells/neurons is currently lacking,
necessitating new methods to establish such a direct connection.**

This study confirms the presence of Tconv cells in the spinal cord of the CCI neuropathic pain model. However, due
to experimental constraints, the simultaneous presence of Tregs in the spinal cord was not verified. Nonetheless, the study
did confirm the infiltration of peripheral immune cells into the central nervous system. Although there is ongoing debate
in the literature about T cell activation, prevailing evidence suggests that astrocytes play a significant role in immune

protection at the spinal cord level. >

T cells and Tregs are scarce in the spinal cord, morphological data or alternative
experimental approaches may be required to better assess their numbers, localization, and functions.

Our findings are consistent with and extend prior work by Hu et al,”® who demonstrated that low-dose IL-2 alleviated
neuropathic pain in a mouse spared nerve injury model primarily through Treg expansion and adoptive transfer. While both
studies highlight the analgesic potential of IL-2-mediated Treg modulation, there are notable differences. Hu et al established
direct causality by using Treg transfer, whereas our study focused on dose optimization, timing (pre- vs post-injury), and the
characterization of Treg distribution and functional markers (ICOS, CD62L, IL-10) in a rat chronic constriction injury model.
Taken together, these complementary approaches strengthen the evidence that low-dose IL-2 selectively augments Tregs and
supports their translational relevance as a therapeutic strategy for neuropathic pain. Traditionally, Treg was mainly considered
to function in the peripheral circulation and the immune system, associated with immune diseases and immune dysregulation
disorders such as tumors and autoimmune diseases.”” However, as research on Treg has advanced, its role is not limited to the
immune system, and it extends beyond immune diseases. In various non-immune and non-inflammatory diseases, Treg plays
an essential role—in essence, exerting immunoregulatory effects in specific tissues at disease sites.”® Broadly speaking,
whenever there is microscopic tissue damage, Treg is involved in repair. Although there is some divergence in the current
understanding of Treg origins, there is a general consensus that Treg originates from the peripheral immune system, infiltrating
the relevant lesion site, and specializing into tissue-specific Treg.>’

Contrary to previous perceptions, Treg are widespread in the nervous system, although their numbers are relatively
low in normal states. However, they play a crucial role in monitoring and immune functions. Tregs are present in both the
central and peripheral nervous systems, not only in brain parenchyma but also in the meninges and cerebrospinal fluid.
Improper regulation, such as limiting the activation and function of immune cells like Tconv and microglial cells, may
lead to tissue damage. Dysregulation of Tregs in the nervous system is linked to various neurological disorders. In
conditions such as multiple sclerosis (MS), compromised Treg function leads to uncontrolled immune responses against
myelin phospholipids, which are essential for protecting nerve fibers. Enhancing Treg activity and restoring their function
could facilitate the repair of neurological functions.

The process and role of Tregs crossing the blood-brain barrier (BBB) are crucial for their functionality.”® The
interaction between Tregs and the BBB, especially endothelial cells, during this process is one of the key steps
determining Treg migration, differentiation, and capabilities after crossing the barrier. Only after crossing the BBB
can Tregs interact with various cell types within the nervous system. The heterogeneity of Tregs is also an important
aspect. Different Treg subsets have distinct roles in anti-inflammatory responses and tissue repair. For example, Tregs
that secrete IL-10 are thought to inhibit neural inflammation and promote neural tissue repair.>'

Research on Tregs in the nervous system is still ongoing, and key research directions include their precise mechan-
isms of action, interactions with neural cells, and potential therapeutic applications.”> Understanding the specific
mechanisms of Tregs in immune regulation within the nervous system is crucial for utilizing them to regulate immune
responses and treat neurological disorders. Some studies indicate that Treg cells may play a negative regulatory role in
the pain process, meaning a decrease or dysfunction of Treg cells may be correlated with an increase in pain severity.*”
Treg cells help inhibit the transmission of pain signals and the pain processes associated with inflammation by
suppressing inflammatory reactions, regulating the activation of immune cells, and reducing the production of
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inflammatory mediators.'” Besides, beyond changes in quantity, the functionality of Treg cells may also be affected.
Clinical studies have observed changes in both the quantity and function of Treg cells in chronic pain patients.

This study investigated the effects of low-dose interleukin-2 (IL-2) in a rat chronic constriction injury (CCI) model of
neuropathic pain. The results demonstrated that IL-2 selectively expanded Tregs in the periphery and dorsal root ganglia
(DRG) without promoting Tconv expansion, enhanced functional markers (ICOS, CD62L) and serum IL-10, and
improved mechanical and thermal pain thresholds. These findings suggest that low-dose IL-2 alleviates neuropathic
pain through modulation of peripheral and neural immune responses (Figure 6). Building on its clinical application in
autoimmune diseases and evidence from other disease models, low-dose IL-2 deserves further investigation in human
trials for neuropathic pain.

This study provides new evidence that low-dose IL-2 alleviates neuropathic pain through Treg modulation;
however, several limitations remain. First, while the observed analgesic effects correlate with Treg expansion,
further studies involving Treg depletion or adoptive transfer are necessary to establish a direct causal relationship.
Further studies are warranted to determine whether low-dose IL-2 selectively targets Tregs or also modulates other
immune cell populations, such as Thl, Th2, and Th17 cells Second, while we employed a chronic constriction injury
model, it remains to be determined whether these findings extend to other forms of neuropathic pain, such as
chemotherapy-induced or diabetic neuropathy. Expanding to diverse models would enhance the impact of the
research. In addition, future work should include sex-based analyses and examine T cell subsets across sexes.
Finally, long-term follow-up assessing the durability and safety of low-dose IL-2 will be necessary to strengthen the
generalizability and translational value of our findings.
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Figure 6 Schematic diagram of the proposed model for this study. Peripheral T cells play a crucial role in the peripheral nervous system, where an inflammatory cell
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predominance increases the severity of neuropathic pain. Conversely, Tregs and other protective cells, through the cytokines they release, can suppress excessive immune
activation and contribute to the formation of an immune-protective microenvironment.
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Conclusions

Tregs in the nervous system have diverse roles, not only performing immunoregulatory functions but also as crucial
messengers between the nervous system and the peripheral immune system. Tregs, in appropriate quantities, may guide
nervous system repair mechanisms influenced by the peripheral immune system. Neuropathic pain, primarily caused by
external injuries leading to alterations in the peripheral nervous system, involves a cascade of changes in neural systems
beyond neuronal impact and damage, with glial and immune cells playing critical roles in damage generation and
maintenance (Figure 6). In conclusion, while our findings highlight the potential of low-dose IL-2 in alleviating
neuropathic pain via Treg modulation, future studies addressing causality, other immune subsets, diverse pain models,
sex-based differences, and long-term safety are needed to strengthen its generalizability and translational relevance.
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