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Abstract

Regulatory T cells (Tregs) are the central guardians of immune tolerance, safeguarding against autoimmune and inflammatory damage through
Foxp3-dependent transcriptional programs. Recent breakthroughs in precision immunotherapy have revived interest in low-dose interleukin-2 (Ld-
IL-2), a cytokine-based strategy that selectively expands and activates Tregs via the high-affinity IL-2 receptor (CD25). This review summarizes
emerging mechanistic insights into how Ld-IL-2 orchestrates multilevel immune rebalancing and highlights its translational progress from mo-
lecular engineering to clinical applications across autoimmune diseases. We integrated recent findings from cellular, metabolic, and systems im-
munology studies, together with our own multi-center clinical trial data, to outline the dynamic networks linking IL-2 signaling, Treg plasticity, and
immune homeostasis. Ld-IL-2 exerts a dose-dependent biphasic effect on the immune system, selectively enhancing Treg survival and function
while restraining pathogenic Th17, Tfh, and Teff subsets. Beyond classical STAT5-FOXP3 activation, recent studies reveal that IL-2 reprograms
Treg metabolism toward oxidative phosphorylation, stabilizes Foxp3 epigenetic landscapes, and coordinates intercellular communication through
exosomal and tissue-resident networks. Innovations in topologically engineered IL-2 variants and sustained-release delivery systems (e.g., poly-
lactic-acid microsphere—exosome composites) further extend the precision and durability of Treg-directed therapy. Clinical evidence from SLE,
Sjogren’s disease, and relapsing polychondritis confirms robust immune restoration and favorable safety profiles within defined dose windows.
By selectively activating the Treg axis and reprogramming immune homeostasis, low-dose IL-2 represents a paradigm for precision immunother-
apy. Integrating molecular engineering and targeted delivery strategies will enable next-generation cytokine therapies to achieve durable immune

tolerance across autoimmune and inflammatory disorders.
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Introduction

Interleukin-2 (IL-2) was first identified in 1976 as a potent T-cell
growth factor that sustains clonal expansion of activated lym-
phocytes and fuels effector immunity [1]. During the early de-
cades of cytokine research, IL-2 was considered primarily as a
molecule that amplifies cytotoxic T-cell and natural killer (NK)
cell activity, leading to its clinical application in high-dose regi-
mens for metastatic cancer and chronic viral infection [2].
However, the subsequent identification of a distinct CD4* T
cell subset expressing high levels of the IL-2 receptor a-chain
(CD25) and the transcription factor Forkhead box protein 3
(Foxp3) challenged this view. These cells—now known as regu-
latory T cells (Tregs)—were shown to depend critically on IL-2
for their development, survival, and suppressive function [3].
This paradigm shift transformed IL-2 from a mere activator of
immune responses into a master regulator of immune toler-
ance.

In the decades since Shimon Sakaguchi and colleagues de-
fined Tregs as essential for preventing spontaneous autoim-
munity, IL-2 has emerged as the key cytokine linking effector
and regulatory immunity [4]. Whereas high-dose IL-2 promotes
effector proliferation through intermediate-affinity By (CD122/
CD132) receptor signaling, low-dose IL-2 (Ld-IL-2) preferential-
ly engages the high-affinity aBy (CD25/CD122/CD132) receptor
complex that is constitutively expressed on Tregs [5-6]. This
receptor hierarchy provides a unique therapeutic window in
which Ld-IL-2 selectively expands and stabilizes Tregs without
activating pathogenic effector T cells or inducing generalized
inflammation. Previous experimental and clinical studies have
demonstrated robust Treg reconstitution and immune resto-
ration across autoimmune conditions such as Systemic lupus
erythematosus (SLE), primary Sjogren’s disease (SjD), type 1
diabetes, and graft-versus-host disease [7-10].

Despite great advances in molecular immunology, treatment of
autoimmune diseases still largely relies on broad immunosup-
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pressive agents—glucocorticoids, calcineurin inhibitors, or cy-
totoxic drugs—that indiscriminately suppress both protective
and pathogenic immunity. Although these regimens can alle-
viate symptoms, their long-term administration is associated
with infection risk, metabolic toxicity, and incomplete disease
remission. More importantly, they fail to address the underly-
ing immune dysregulation characterized by the numerical and
functional decline of Tregs and the overactivation of effector T
cells. Thus, the unmet clinical requirement lies in restoring the
physiological immune balance rather than merely dampening
immune activation. Targeted Treg restoration through cytokine
modulation represents a rational and biologically precise strat-
egy to achieve this goal.

Consequently, the therapeutic strategy of "precision immu-
norebalancing" has been proposed. This approach aims to re-
store immune homeostasis by selectively modulating the im-
mune system at cellular, molecular, and tissue levels. Ld-IL2
preferentially activates high-affinity receptors on Tregs to in-
duce tolerance without global immunosuppression. Numerous
researches revealed that its efficacy stems not only from Treg
expansion but also from a fundamental reprogramming of
Treg metabolism, epigenome, and transcriptome, which rein-
forces their suppressor identity and simultaneously attenuates
Th17 and Tfh pathways. Additional modulation of NK and
memory CD8* T cells further integrates to maintain immune
homeostasis. Translationally, engineered IL-2 variants with ex-
tended half-life and controlled receptor selectivity, along with
sustained-release delivery systems such as polylactic-acid mi-
crospheres or exosome-based nanocarriers, are further en-
hancing the precision and durability of Treg-targeted therapy.
In this review, we provide a comprehensive overview of the
mechanistic underpinnings of Treg-centered IL-2 signaling and
summarize recent translational advances that position Ld-IL-2
as a cornerstone of next-generation precision immunotherapy.
By integrating molecular biology, systems immunology, and
clinical evidence, we aim to delineate how IL-2 has evolved
from a classic immunostimulant to a fine-tuned regulator of
immune tolerance, opening new avenues for durable disease
remission across autoimmune and inflammatory disorders.

Molecular Mechanisms of IL-2-Mediated Treg
Regulation

IL-2 Receptor Signaling and the STAT5—FOXP3 Axis

The biological effects of IL-2 are determined by the composi-
tion and affinity of its trimeric receptor complex (Figure 1).
Tregs constitutively express the high-affinity IL-2 receptor,
composed of a (CD25), B (CD122), and y (CD132) chains, en-
abling them to respond to picomolar concentrations of the cy-
tokine [5]. In contrast, conventional CD4*and CD8* T cells ex-
press only the intermediate-affinity By complex, which requires
much higher IL-2 levels for activation [11-12]. This receptor hi-
erarchy forms the molecular foundation for the selective re-
sponsiveness of Tregs to low-dose IL-2 (Ld-IL-2).

Upon IL-2 binding, JAK1 and JAK3 associated with CD122 and
CD132 are activated, leading to phosphorylation of STAT5 [13-
16]. Dimerized STATS5 translocates into the nucleus to bind
FOXP3 and its enhancer regions, thereby reinforcing the tran-
scriptional program that sustains Treg identity [17]. Concom-
itantly, PI3K—AKT and MAPK pathways undergo transient ac-

https://doi.org/10.71321/xk8wzt47

Figure 1. Mechanisic network of low-dose IL-2 in immune regulation.
Low-dose IL-2 preferentially signals through the high-affinity IL-2 re-
ceptor (IL-2Rapy) on regulatory T cells, engaging JAK-STAT and
mTOR-AMPK signaling. These pathways sustain Foxp3 transcription
and reprogram cellular metabolism, thereby stabilizing Treg identity
and function. The resulting network suppresses Th17 and Tfh respons-
es while maintaining CD8" T and NK cell homeostasis, collectively re-
storing immune balance.
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tivation, delivering metabolic and pro-survival signals without
converting Tregs into effector cells [18]. In contrast, excessive
AKT activation—as induced by high-dose IL-2—can destabilize
FOXP3 expression, highlighting the critical role of a controlled
signaling amplitude [16].

FOXP3 acts as the lineage-defining transcription factor that
suppresses pro-inflammatory genes while promoting immu-
nosuppressive mediators such as IL-10, TGF-B, and CTLA-
4 [19-20]. Phosphorylated STAT5 not only initiates FOXP3
transcription but also maintains its epigenetic accessibility
through recruitment of histone acetyltransferases [21]. Recent
multi-omics analyses show that sustained, low-intensity STATS
signaling preserves FOXP3 stability, whereas intermittent or
excessive activation promotes Treg plasticity and loss of func-
tion [22]. Thus, Ld-IL-2 achieves an optimal signal-strength
threshold that sustains suppressive potency while avoiding
effector conversion.

Moreover, IL-2 signaling influences the composition of the Treg
pool. Peripheral IL-2 availability regulates the balance between
thymus-derived Tregs and peripherally induced Tregs (pTregs),
both essential for maintaining tolerance [23]. Through up-reg-
ulation of B cell lymphoma 2 (Bcl-2) and down-regulation of
pro-apoptotic Bim, IL-2 prolongs Treg survival and enhances
their tissue persistence [24-25]. Collectively, these findings un-
derscore that IL-2 is not merely a growth factor but the master
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regulator orchestrating Treg lineage commitment, stability, and
homeostatic renewal.

Epigenetic and Metabolic Reprogramming of Tregs

In addition to the canonical receptor signaling, IL-2 emerges as
a critical regulator of the epigenetic and metabolic programs
that determine Treg identity. At the chromatin level, Ld-IL-2
maintains demethylation of the Treg-specific demethylated
region (TSDR) within the FOXP3 locus, which is the hallmark of
stable, suppressive Tregs [26-29]. This demethylated configu-
ration is stabilized by STATS5, which promotes the recruitment
of TET demethylases and suppresses DNA methyltransferase
(DNMT) activity, preventing the loss of FOXP3 expression
under inflammatory conditions [30-32]. Single-cell ATAC-seq
studies further reveal that IL-2 stimulation increases chroma-
tin accessibility at genomic loci encoding critical Treg func-
tional molecules, including IL2RA, CTLA4, and IKZF2 (Helios),
reinforcing the transcriptional network sustaining Treg lineage
fidelity [18, 33-35].

Metabolically, IL-2 signaling coordinates the balance between
oxidative phosphorylation (OXPHOS) and glycolysis, a pivotal
determinant of Treg function. In contrast to effector T cells
that rely heavily on aerobic glycolysis, Tregs prefer fatty acid
oxidation and mitochondrial respiration to support long-term
survival and suppressive capacity [36-37]. Through controlled
activation of the PI3K-AKT-mTOR axis, Ld-IL-2 enhances
fatty-acid oxidation while limiting anabolic glycolysis [38]. Si-
multaneously, IL-2 up-regulates AMP-activated protein kinase
(AMPK), promoting mitochondrial biogenesis and reactive-ox-
ygen-species (ROS) detoxification [39-40]. Together, this IL-2-
driven metabolic reprogramming enables Tregs to adapt to nu-
trient-poor or hypoxic microenvironments, which are frequently
encountered in chronically inflamed tissues.

IL-2 signaling integrates with cellular metabolism to regulate
the availability of epigenetic substrates, notably within one-car-
bon metabolism, which generates the universal methyl donor
S-adenosylmethionine (SAM) [41-42]. This crosstalk ensures
a sufficient supply of methyl-donor for sustaining FOXP3
chromatin marks [43]. Perturbation of this loop, for instance
through mTOR hyperactivation or glucose overload, results
in FOXP3 instability and Treg dysfunction [18, 44]. These in-
sights explain why Ld-IL-2, but not higher doses, consistently
promotes the expansion of functionally stable and long-lived
Tregs.

Recent proteomic studies further indicate that IL-2 induces a
shift toward an anti-inflammatory secretome, including soluble
CD25 and adenosine-generating enzymes (CD39/CD73) [45].
Such extracellular metabolites contribute to a tolerogenic mi-
croenvironment that suppresses the activation of bystander
effector T cells and antigen-presenting cell activation. Hence,
IL-2 not only controls the intracellular transcriptional and meta-
bolic programs of Tregs but also directs the remodeling of the
extracellular immunological landscape, establishing a multilay-
ered network of immune regulation.

Tissue Residency and Exosomal Communication

Emerging evidence indicates that IL-2 signaling extends be-
yond systemic immune regulation to spatially confined tissue
microenvironments [46]. Tissue-resident Tregs (TR-Tregs) in
non-lymphoid organs including salivary gland, lung, skin, and
skeletal muscle exhibit distinct transcriptomic signatures char-
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acterized by high IL2RA and ILTRL1 (ST2) expression. These
TR-Tregs not only suppress inflammation but also participate
in tissue repair through secretion of amphiregulin and growth
factors [47-50]. The density and functional activity of TR-
Tregs are critically dependent on local IL-2 availability, which
can be derived from tissue dendritic cells, natural killer (NK)
cells, or exogenous low-dose IL-2 therapy. In murine models of
Sjogren’s-like exocrinopathy and arthritis, targeted delivery of
IL-2 to glandular or joint tissues enhances Treg accumulation,
reduces Th17 infiltration, and restores tissue integrity [51-53],
highlighting the therapeutic potential of spatially restricted cy-
tokine modulation.

A novel mechanism of IL-2-mediated communication involves
extracellular vesicles (EVs) and exosomes. Activated T cells
and stromal cells can package IL-2 and IL-2 receptor subunits
into exosomes, forming a localized cytokine delivery system
that extends the half-life and range of IL-2 signaling. Further-
more, Treg-derived exosomes carry immunoregulatory mole-
cules such as CTLA-4, LAG-3, and miRNAs (miR-155, miR-21)
that further suppress effector responses [54-56]. Recent stud-
ies suggest that Ld-IL-2 treatment enhances the production
of these Treg exosomes, which can be detected in peripheral
circulation and correlate with clinical remission in autoimmune
diseases [57-60]. Such findings open a new dimension of inter-
cellular communication where IL-2 not only acts as a soluble
cytokine but also as a cargo within vesicular networks shaping
the immune micro-environment.

These insights into tissue-specific IL-2 biology are informing
the development of next-generation therapeutic formulations.
Engineered delivery systems such as biomaterial-based
slow-release microspheres and exosome-hybrid nanocarriers
can deliver IL-2 directly to inflamed sites, maintaining effective
local concentrations while minimizing systemic exposure [61].
This approach recapitulates the natural activity of IL-2 within
tissue niches and enhances the functional persistence of res-
ident Treg populations. Together, these mechanistic insights
demonstrate that Ld-IL-2 acts not as a simple proliferative mo-
lecular but as a multidimensional signal integrating receptor
affinity, epigenetic stability, metabolic fitness, and tissue-spe-
cific microenvironmental context to achieve precise immune
rebalancing.

Systemic and Cellular Effects Beyond Tregs

The therapeutic efficacy of Ld-IL2 is initiated by its high-affinity
binding to Tregs but culminates in the systemic recalibration
of immunity. This stems from a coordinated reprogramming
of the immune landscape, inhibiting effector T-cell and B-cell
responses, while simultaneously regulating the homeostasis
of innate and cytotoxic lymphocytes. The following discussion
details how Ld-IL-2 integrates these multi-cellular processes to
re-establish systemic immune tolerance (Table 1).

The Treg—Th17/Tfh Counter-regulatory Axis

The pathogenesis of autoimmune inflammation frequently
involves a dysregulated balance between immunosuppressive
regulatory T (Treg) cells and pathogenic T helper 17 (Th17)
and T follicular helper (Tfh) cells. Th17 cells produce IL-17A,
IL-21 and GM-CSF, driving tissue infiltration and neutrophil
recruitment, whereas Tfh cells promote B-cell activation and
autoantibody production [62-64]. The reciprocal relationship
among these subsets is strongly regulated by interleukin-2 (IL-



2) signaling.

At the molecular level, IL-2 serves as a potent negative regula-
tor of Th17 and Tfh differentiation. Low dose of IL-2 selectively
activates STATS5, which competitively antagonizes STAT3 at
key genomic loci, including the promoters of IL17A and the Tfh
master regulator BCL6, thereby suppressing the transcriptional
programs for inflammatory cytokines and Tfh lineage genes
[65-67]. Consequently, Ld-IL-2 not only promotes Treg stability
but also actively constrains the differentiation of Th17 and Tfh
lineages. This dual mechanism yields a synergistic anti-inflam-
matory effect: Treg-derived IL-10 and TGF-B suppress residual
Th17 activity, while the concomitant reduction in Tfh-derived
IL-21 reduces B-cell stimulation and autoantibody generation
[68-69].

Clinical and pre-clinical evidence consistently support this
mechanistic framework. In patients with systemic lupus ery-
thematosus (SLE) and Sjogren’s disease (SjD), Ld-IL-2 therapy
consistently increases circulating Treg numbers while concom-
itantly reducing the frequencies of Th17 and T follicular helper
(Tfh) cells, resulting in improvements in disease activity [8-9,
70-71]. Corresponding observations in various mouse models
demonstrate that these changes correlate with suppressed
germinal center reactions and decreased autoantibody titers
[72-73]. Thus, by modulating the Treg—Th17/Tfh axis, Ld-IL-2
effectively redirects the adaptive immune response from a
pathogenic inflammatory state toward controlled tolerance.
The suppression of Th17/Tfh pathways exhibits a clear
dose-dependency. At an optimal low dose (approximately 1
million IU), IL-2 robustly expands the Treg compartment with-
out significantly activating effector T cells (Teffs) [7, 60, 74]. In
contrast, higher doses (> 3 M IU) can lead to the partial activa-
tion of effector pathways, reflecting the biphasic response to
IL-2 that has been documented in clinical dose-related studies
[10]. Therefore, precise dose decision is essential to retain the
desired balance between regulatory and effector immunity.

CD8* T-cell Regulation and Memory-like Differentiation
Beyond CD4" T cells, IL-2 also plays a crucial role in the cyto-
toxic compartment. Ld-IL-2 preferentially expands a distinct
population of CD8'CD122* memory-like T cells that express
intermediate-affinity IL-2 receptors (CD25) [75-76]. This subset
is transcriptionally defined by the concurrent upregulation of
Eomesodermin (Eomes) and the anti-apoptotic protein Bcl-2, a
molecular signature that supports their long-term persistence
and confers a regulated cytotoxic potential, without inducing
excessive tissue damage [77-79].
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Mechanistically, Ld-IL-2 engages the By receptor complex
(CD122/CD132) on these cells to promote homeostatic prolif-
eration and IL-10 production, contributing to the resolution of
inflammation [80-82]. Furthermore, IL-2 modulates the memo-
ry differentiation pathway of CD8" cells. Continuous low-level
signaling via STAT5 favors a central-memory phenotype
(CD62L'CCR7 ") over short-lived effector cells [83-84]. This
phenotype ensures a rapid but non-pathogenic response upon
secondary antigen exposure, which is especially relevant for
patients with chronic viral infections or immune deficiency as-
sociated with autoimmunity. Collectively, these findings illus-
trate how Ld-IL-2 fine-tunes the cytotoxic arm of immunity to
support immune equilibrium rather than immunosuppression.

Modulation of NK Cell Activity and Innate Immunity

Natural killer (NK) cells represent a pivotal innate immune tar-
get of IL-2. Constitutively expressing the intermediate-affinity
IL-2 receptor By complex (CD122/CD132), NK cells respond to
both high- and low-dose IL-2, albeit with divergent functional
consequences [85-86]. At low doses, IL-2 preferentially en-
hances the CD56°" regulatory NK subset that produces IL-10
and modulates antigen-presenting cells [85, 87-90]. These
cells exhibit reduced cytotoxic activity but increased immuno-
regulatory potential, providing an additional layer of immune
control.

Experimental studies show that Ld-IL2 upregulates the expres-
sion of inhibitory receptors such as NKG2A and CD94 on NK
cells, thereby raising the threshold for activation and prevent-
ing excessive cytolytic activity, while preserving critical antivi-
ral functions like interferon-gamma (IFN-y) secretion [91-92].
This “calibrated activation” state supports tissue repair and
homeostasis as high-dose IL-2 triggers the expansion of
CD56°™ cytolytic NK cells, which can exacerbate tissue dam-
age and cytokine toxicity [93]. Thus, the NK cell response mir-
rors the dose-dependent duality of IL-2 seen in T cells.
Furthermore, IL-2 indirectly modulates innate immunity
through Treg-educated mechanisms. Tregs expanded by Ld-
IL-2 secrete copious amounts of IL-10 and TGF-B, which skew
macrophage polarization toward an M2-like, tissue-reparative
phenotype and restrain the pro-inflammatory capacity of den-
dritic cells [94-95]. This cascade establishes a positive feed-
back loop in which innate cells further support Treg mainte-
nance and local IL-2 availability, stabilizing the immunological
microenvironment.

Such innate re-education may explain the clinically favor-
able infection profile associated with Ld-IL-2 therapy. Unlike

Table 1. Differential effects of IL-2 on immune cell subsets and functional outcomes.

Cell Subset IL-2 Receptor Expres-

Response to Low-dose

Functional Effect Impact on Immune Ho-

sion IL-2 meostasis
Treg CD25 high CD122* Strong activation T Suppressive cytokines Restores tolerance
(CD4*CD25* FOXP3™") CD132" ( T STAT5) (IL-10, TGF-B)
Teff (CD4 * effector) CD25 low Minimal effect 1 IFN-y production Reduces inflammation
Th17 CD25 low Indirect [Prf;g)ltlon via 1 IL-17 output Prevents autoimmunity
Tfh CD25 low Suppressed | Bcell help Decreases autoantibody
CD8" memory-like T CD122 high Moderate activation T Cytotox;ci:shomeosta- Enhances Lr:;fctlon con-
NK cells CD122 high T Survnvql gnd cytotox- Balanced innate re- Malntalnst immune sur-
icity sponse veillance

57



Life Conflux

broad-spectrum immunosuppressants which increase sus-
ceptibility to opportunistic infections, Ld-IL-2 has not been
linked to elevated infection rates in clinical trials [73, 96-98].
It enhances mucosal barrier immunity and NK-mediated viral
clearance. These observations underscore that precision cyto-
kine therapy can restore tolerance without compromising host
defense.

Integrated Network of Inmune Homeostasis

Ld-IL2 develops a coordinated recalibration of the immune
system by engaging regulatory T cells (Tregs), effector T cells,
cytotoxic lymphocytes, and innate subsets within an integrat-
ed network of homeostatic control [99]. Rather than acting as
a generalized immunosuppressant, Ld-IL-2 restores a dynamic
equilibrium that preserves immune surveillance while restrain-
ing autoimmunity. This fine-tuned network operates through
multiple interdependent layers.

At the signaling level, regulatory T cells (Tregs) express
high-affinity IL-2RaBy complexes, which allow them to effi-
ciently respond to low concentrations of IL-2 and establish a
hierarchical access to this cytokine [4, 16, 100]. Through this
preferential capture of IL-2, Tregs act as a critical sink that
shapes the cytokine landscape and modulates effector cell
activation thresholds. In parallel, feedback mechanisms re-
inforce this dominance as Tregs secrete IL-10 and generate
adenosine through the CD39/CD73 axis, suppressing effector
and antigen-presenting cell (APC) activation while limiting IL-2
consumption by competing lymphocyte subsets [101]. These
negative feedback loops sustain the regulatory pool and pre-
vent exhaustion of the cytokine niche. Beyond local regulation,
cross-compartmental communication connects systemic and
tissue-localized tolerance programs [102]. Tregs communicate
with innate immune cells via cytokines, exosomes, and me-
tabolites, thereby synchronizing peripheral and organ-specific
tolerance.

Through these integrated mechanisms, low-dose IL-2 acts as a
biological “immune thermostat,” recalibrating the immune set-
point toward tolerance rather than non-selective suppression,
in contrast to conventional immunosuppressive strategies that
broadly inhibit immune activity [12].

Conceptual Implications

The systemic immunomodulatory effects of Ld-IL-2 suggests
that regulatory immunity is not confined to a single cell type
but arises from a dynamically integrated network of interde-
pendent signals. Ld-IL-2 operates by coordinately stabilizing
the regulatory T cell (Treg) compartment while concurrently
reprogramming the function of effector T cells and innate im-
mune populations [4, 12]. This understanding has shifted the
therapeutic paradigm from cytokine replacement to cytokine
re-tuning, using low and precisely calibrated doses to activate
selective pathways that restore systemic balance [103].

The consistent clinical benefits observed with Ld-IL-2 across
a spectrum of autoimmune diseases, from systemic lupus
erythematosus to alopecia areata, provide compelling trans-
lational validation for this network-centric view of immune
homeostasis [104-108]. Consequently, Ld-IL-2 is rationally
viewed as the foundational therapeutic agent in the emerging
discipline of precision immunorebalancing, a field dedicated
to the targeted restoration of immune homeostasis rather than
its broad suppression.
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Clinical Translation of Low-dose IL-2 Therapy

Dose-dependent biphasic responses and therapeutic window
The translational development of Ld-IL2 is rooted in its bipha-
sic dose-response immunobiology. Pioneering oncology stud-
ies using high-dose IL2 (> 10 MIU/day) demonstrated potent
anti-tumor immunity but were hampered by severe toxicity,
including vascular leak syndrome, due to excessive activation
of effector T and NK cells. In contrast, experimental immunol-
ogy revealed that picomolar concentrations (0.3—-3 MIU) selec-
tively expand Tregs without activating pro-inflammatory Teff
activation or systemic inflammation (Figure 2) [10]. This bell-
shaped relationship defines a narrow therapeutic window that
is central to precision cytokine therapy [103, 109].

Figure 2. Dose-dependent biphasic effects of IL-2 on Treg cells.
Low-dose IL-2 induces a selective, dose-dependent expansion of
CD4 CD25" Foxp3 " Tregs through engagement of the high-affinity IL-
2RaBy complex, with maximal response at approximately 1x10° IU.
Higher doses may activate conventional T (Tconv) and NK cells, there-
by diminishing Treg selectivity and shifting the immune balance to-
ward activation.
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This selective effect is mechanistically controlled by differ-
ential sensitivity to IL-2. Tregs, owing to their constitutive
expression of the high-affinity IL-2 receptor a-chain (CD25)
and a primed JAK-STAT signaling apparatus, activate STAT5
at concentrations 100- to 300-fold lower than those required
by Teffs [110-111]. Clinically, trials comparing 1 MIU versus 3
MIU dosing confirm this principle, demonstrating that a dose
of 1 MIU optimally expands Tregs and yields clinical improve-
ment with minimal adverse events, whereas a 3 MIU dose can
induce transient Teff activation and associated side effects
like fatigue [8, 10, 105, 112]. Importantly, pharmacodynamic
analyses further demonstrate that serum IL-2 concentrations
return to baseline within hours after Ld-IL-2 administration,
allowing physiologic cycling of Treg signaling without receptor
desensitization.

Longitudinal data reveal that the degree of Treg expansion is
a strong predictor of clinical efficacy, with patients achieving
a doubling (2200%) in Treg frequency typically exhibiting sus-
tained disease remission, supporting Treg frequency as a phar-



macodynamic biomarker for dose optimization [60, 71, 113].
These quantitative data provide a foundation for precision
dosing models integrating IL-2 pharmacokinetics, baseline
Treg status, and cytokine network feedback.

Clinical evidence across autoimmune diseas-
es

Systemic Lupus Erythematosus (SLE)

SLE represents the prototype disease in which Ld-IL2 therapy
has demonstrated consistent efficacy. Multiple open-label and
randomized trials have reported significant improvements in
SLEDAI scores accompanied by marked Treg expansion. In
our multicenter double-blind phase Ilb trial (NCT04077684),
patients receiving 1 MIU IL-2 for 5 consecutive days per cy-
cle showed a 2.2-fold increase in Treg frequency and a mean
4-point reduction in SLEDAI after 12 weeks [8, 60, 108, 114-
115]. Transcriptomic profiling revealed down-regulation of
type-l interferon-responsive genes and normalization of IL-21
and CXCL13 signatures, reflecting suppression of Tfh-driven
autoantibody production [72, 116]. The favorable safety profile
was confirmed, with only mild adverse events (fatigue, tran-
sient erythema < 5%) and no increased infection risk.

Primary Sjogren's Disease (SjD)

In Sjogren’s disease, Ld-IL-2 has shown promise as a dis-
ease-modifying therapy capable of restoring immune balance
and exocrine gland function. A prospective study in 30 patients
demonstrated that treatment significantly increased the Treg/
Th17 ratio and improved unstimulated salivary flow rates fol-
lowing two cycles [9]. Flow cytometric analysis showed prefer-
ential expansion of CCR4 * CXCR5 " Tregs and reduction of cir-
culating Tfh cells. These immunological changes were
associated with clinical benefit, as evidenced by a >3-point re-
duction in ESSDAI scores in 70% of participants. These find-
ings suggest that Ld-IL2 can effectively modulate the local im-
mune microenvironment in target tissues, consistent with
tissue-resident Treg accumulation observed in experimental
models. Importantly, the improvements in lacrimal and salivary
function were correlated with molecular signatures of reduced
IL-17 and BAFF pathways.

Relapsing Polychondritis (RP)

Relapsing polychondritis (RP), a rare autoimmune disorder
characterized by steroid-dependent cartilage inflammation,
presents a compelling target for Ld-IL-2 therapy [117]. In our
exploratory open-label trial (n = 9), 1 MIU IL-2 for 5 days per cy-
cle led to rapid symptom improvement within two weeks, with
normalization of C-reactive protein (CRP) levels and Relapsing
Polychondritis Disease Activity Index (RPDAI) scores in the
majority of patients. Immunological responses confirmed se-
lective Treg expansion and a concomitant reduction in activat-
ed CD4'CD69" T cells. These findings provide initial clinical
proof-of-concept that Ld-IL-2 can effectively control autoim-
mune-mediated cartilaginous inflammation without inducing
broad immunosuppression.

Type 1 Diabetes and Other Conditions
The application of Ld-IL-2 extends to other autoimmune con-
texts. In new-onset type 1 diabetes, therapy aims to preserve
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residual B-cell function, with studies showing that Ld-IL-2 can
increase Treg frequency and stabilize C-peptide levels [10,
118]. Promising pilot data in autoimmune vasculitis and hep-
atitis further underscore its potential as a broad-spectrum im-
munomodulator [119-120]. Collectively, across this spectrum
of diseases, Ld-IL-2 consistently achieves a quantifiable res-
toration of Treg populations (typically a 150-250% increase)
and delivers clinically meaningful disease amelioration with a
minimal toxicity profile.

Safety and tolerability profile

The collective safety data from over 600 patients treated with
Ld-IL-2 worldwide reveal an exceptionally favorable profile
(Table 2). The most common adverse events are mild and tran-
sient, including injection-site reactions, fatigue, and mild nau-
sea, with an incidence generally below 10%. Critically, no grade
>2 cytokine-release syndrome or treatment-related serious in-
fections have been consistently reported, and routine laborato-
ry parameters (e.g., hepatic and renal function) remain stable.
Immune monitoring confirms that Ld-IL-2 does not compro-
mise protective immunity, as evidenced by preserved antiviral
NK-cell function and vaccine responses [121]. These results
contrast with that of conventional immunosuppressants and
underscores the fundamental distinction between precise im-
mune recalibration and generalized immunosuppression.

Innovative formulations and delivery strate-
gies

Topologically engineered IL-2 variants

Advances in protein engineering have yielded a newly devel-
oped IL-2 variants designed to achieve superior cellular selec-
tivity [122-124]. These molecules are engineered by our group
to retain high affinity for the CD25 (IL-2Ra) subunit while atten-
uating binding to CD122 (IL-2RB), thereby favoring signaling
through the high-affinity receptor complex predominantly ex-
pressed on Tregs. This design not only enhances Treg selectiv-
ity but also often extends serum half-life, mitigating the need
for frequent dosing. Preclinical studies with such variants have
demonstrated sustained Treg expansion for over five days, po-
sitioning them as promising second-generation candidates for
long-acting immune recalibration.

Sustained-release biomaterial platforms

To address the inherently short plasma half-life of native IL-2,
significant efforts have been directed toward developing sus-
tained-release delivery systems. Biodegradable polylactic-acid
(PLA) microspheres can encapsulate IL-2 and provide con-
trolled release of the bioactive cytokine over 72 to 96 hours,
maintaining stable, physiologic concentrations and avoiding
the peaks associated with toxicity [125]. Further sophistication
is achieved by combining these microspheres with Treg-tar-
geting exosomes to create hybrid complexes, which can fa-
cilitate the targeted delivery of IL-2 to inflamed tissues such
as salivary glands or joints. This approach achieves localized
Treg reconstitution and tissue repair with negligible systemic
exposure. Pre-clinical data demonstrate marked reduction of
inflammatory cell infiltration and enhanced tissue integrity in
models of Sjogren-like syndrome and arthritis.
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Localized delivery and minimally invasive routes

Given the emerging importance of tissue-resident Tregs, lo-
cal subcutaneous or periglandular administration is being
explored. Preliminary clinical studies from our group indicate
that parotid region micro-injection achieves regional Treg
accumulation and amelioration of glandular inflammation in
SjD patients. Such approaches leverage physiological IL-2
gradients within tissue niches and hold the potential to reduce
systemic dose requirements. Together, these formulation and
delivery innovations represent the translational frontier of pre-
cision cytokine therapy.

Biomarkers and precision monitoring

The translational development of Ld-IL2 has been greatly facil-
itated by the evolution of quantitative immunomonitoring as-
says. Flow cytometric measurement of CD25*CD127'""
FOXP3* Tregs remains the gold-standard biomarker, but
emerging omics approaches providing unprecedented resolu-
tion [126-127]. Single-cell RNA and TCR sequencing have iden-
tified distinct Treg clonotypes expanding after therapy, while
epigenetic analyses of FOXP3 locus demethylation (e.g., TSDR
methylation status) allow for longitudinal tracking of Treg lin-
eage stability [128-130]. Circulating exosomal IL-2 and microR-
NA signatures (miR-155, miR-21) correlate with clinical re-
sponse and may serve as minimally invasive surrogate

biomarkers [131]. The integration of these multidimensional
data into Al-driven models is poised to enable personalized
dose optimization and prediction of long-term treatment effi-
cacy.

Comparative advantages over traditional immunosuppression
Ld-IL-2 possesses distinct mechanistic and clinical advantag-
es over conventional broad-spectrum immunosuppressants.
Unlike these agents, which non-specifically inhibit lymphocyte
activation or proliferation, Ld-IL-2 acts by selectively regulating
the immune system. This mechanistic precision underlies sev-
eral distinct clinical advantages as Ld-IL2 restored physiologi-
cal tolerance through a normalized Treg-to-effector T cell bal-
ance and preserved antimicrobial immunity stemming from
maintained NK and memory CD8" T cell activity. The re-estab-
lishment of a stable immune set-point underpins the potential
for achieving drug-free remission in certain individuals. These
distinctive properties collectively position Ld-IL-2 not as a
mere immunosuppressant, but as a pioneering agent for im-
mune reconstruction.

Future perspectives in translational design

The future trajectory of Ld-IL-2 therapy lies in the development
of integrated platforms that synergize engineered cytokine
variants, advanced biomaterial-based delivery systems, and

Table 2. Major clinical trials and observational studies of low-dose IL-2 in autoimmune diseases.

Disease Study Type / Year Sasrir;zle Dose (million 1U) / Schedule Clinical Outcome Safety Profile
Double-blind RCT [8] 1xevery other day for 2 i .
SLE (NCT02465580 and 60 weeks and followed bya 'mProved S;Et'e“ response L°Weirn'f"e‘é't‘?§2°e of
NCT02932137) 2-week break /cycle
Multicenter Phase Il RCT 1.5 daily x 5 days, then SLEDAI -5.1; reduced . . o
SLE [108] (NCT02955615) 100 weekly flares Transient fatigue (5%)
. 0.2-1 dose every other day
Ongoing Phase Il (Unpub- i
SLE lished: NCT04077684) 80 x 12 weeks, then weekly for Improved SRI-4 response Well tolerated
12 weeks
1xevery other day for 2 .
pSS Randomized trial [9] 30 weeks and followed by a ESSDAI -3 ll\lo ser.|o]:Js A.‘ES gnlt(:l
2-week break /cycle ower infection ris
Pilot RCT (Unpublished; o
RP NCT04077736) 10 1 x 5 days, then weekly RPDAI -9; No AEs
DILT1D trial 0.04x106 to 1.5x106 IU/m2  Increases in Treg fre-
T10M (NCT01827735)[112] 40 daily quencies None reported
Phase I/Il RCT (DILfrequency, 0.3-3 x 5 days, adaptive T B-cell function; | .
T1bM NCT01353833) [10] 24 dosing HbATc no serious AEs
GVHD open-label (NCT01517347) 90 1.0 x 106 IU/ m2 dailyx 14~ Minimal res@qal dis- None reported
[152] days ease-positive
observational cohort 0.3/1/3x 106 IU/ m2 x 8 preferential, sustained
GVHD (NCT00529035) [7] 29 weeks Treg cell expansion None reported
Alzhei-
) Phase 2a RCT
d‘rners (NCT06096090) [153] 38 1.0 x 106 1U/dayx21 weeks CSF AB42 levels T None reported
isease
Amyo-
trophic MIROCALS study A .
lateral (NCT03039673) [154] 304 2x 106 IU/dayx 5 days  Decrease in risk of death No serious AEs
sclerosis
Bullous . £ mill .
emphi- Perspective study 43 half million IU every other  Shorter disease control No serious infections
P goid (ChiCTR2000028707) [97] day x 8 weeks time
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digital immunomonitoring (Figure 3 and Table 3). Multi-omics
profiling can define patient-specific immune signatures that
predict responsiveness to IL-2. Strategic combinations of Ld-
IL-2 with other immunomodulators [75, 96, 132-134] including
JAK inhibitors, microbiome-derived metabolites, or belimumab
may achieve synergistic efficacy by concurrently targeting
complementary pathways. Ultimately, the goal is to develop
a personalized immunotherapy ecosystem where cytokine
dosing is dynamically optimized based on real-time immune
feedback, thereby transforming Ld-IL-2 from a disease-specific
intervention into a universal platform for restoring immune
homeostasis across autoimmunity, chronic inflammation, and
transplantation medicine.

Treg modification and clinical practice

Maintaining long-term Treg stability

The durability of Treg-mediated immune tolerance depends on
the sustained expression and epigenetic stability of FOXP3.
Under inflammatory or metabolic stress, Tregs can undergo
functional reprogramming—often termed "Treg plasticity"—
characterized by loss of FOXP3 expression and acquisition of
pro-inflammatory, effector-like properties [135-136]. In chronic
autoimmune diseases, pro-inflammatory cytokines such as IL-
6, IL-1B, and TNF-a contribute to this instability by disrupting
STATS5 signaling and modifying the chromatin landscape at
the FOXP3 locus, thereby impairing its transcription [137]. Con-
sequently, a subset of expanded Tregs may adopt pathogenic
effector or Th17-like phenotypes, ultimately compromising the
durability of therapeutic responses.

To address this challenge, several strategies are under explo-
ration. Optimized dosing regimens, such as periodic admin-
istration of Ld-IL-2, may better support Treg lineage stability
than continuous exposure, as intermittent pulses mimic
physiological cytokine exposure [8, 59, 70]. Combining Ld-IL-2

Table 3. Summary of engineered IL-2 variants and delivery systems.

https://doi.org/10.71321/xk8wzt47

Figure 3. Engineered IL-2 variants and targeted delivery strategies.
(A) Topological Engineered IL2 Variants. Rational IL2 mutation to
reduce IL-2RB affinity while preserving IL-2Ra binding, achieving
CD25-biased agonists with enhanced Treg selectivity, prolonged half-
life, and higher stability. (B) Targeted Delivery for Sustained Release.
A hybrid nanoparticle platform combining PLA microspheres and
exosomes enables designed for controlled IL-2 release, maintaining
therapeutic concentrations within the selective window. (C) Tissue-Se-
lective Immunomodulation. Local injection including salivary, gland
and joint concentrates IL-2 at sites of inflammation, maximizing Treg
enrichment and resulting in reduced inflammation with limited system-
ic toxicity.
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Approach Design Feature Mechanistic Advantage Pre-clinical Outcome Translational Potential *1
Topological engineered Reduced CD122 binding, Enhanced Treg Prolonged half-life Phase | preparation
IL-2 retained CD25 affinity selectivity (>48h) prep
PEGylated IL-2 [122] ~ PEG chain modification Reduced renal clearance Improved AUC x 3 Safety proven

Substitute amino acids
and implement site-di-
rected PEGylation

Transient complex with
anti-IL-2 mAb
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with therapies that reinforce FOXP3 stability—such as low-
dose rapamycin, histone deacetylase (HDAC) inhibitors, or
metabolic modulators targeting the AMPK-mTOR pathway—
has shown synergistic effects in preclinical studies. Advances
in synthetic biology also allow enforced FOXP3 expression or
CRISPR-mediated editing of important enhancer regions to
generate functionally stabilized Treg cells. These engineered
cellular therapies, while technically demanding, hold promise
for achieving durable immune tolerance that persists beyond
transient cytokine stimulation.

Inter-individual variability and biomarker-guided precision
dosing

Substantial inter-individual heterogeneity in response to stan-
dardized Ld-IL2 regimens has emerged as a key challenge
in the clinic. This variability is influenced by genetic and im-
munological factors, including polymorphisms in genes such
as IL2RA, STAT5B, and PTPN2, which can alter IL-2 receptor
sensitivity and downstream signaling fidelity [138-141]. Fur-
thermore, baseline immunological responses including the fre-
quency and activation state of regulatory T cells (Tregs) vary
considerably across different autoimmune diseases, contribut-
ing to divergent therapeutic outcomes [7, 106, 109].
Addressing this variability requires the development of quanti-
tative biomarkers for real-time dose adjustment. The Treg/Teff
ratio and absolute Treg counts serve as practical, short-term
pharmacodynamic markers. These include the analysis of
FOXP3 Treg-specific demethylated region (TSDR) methylation
status, measurement of serum IL-2 trough levels, and assess-
ment of phospho-STAT5 induction dynamics in responsive
cell populations. Integrating these measurements into algo-
rithm-driven dosing models could enable personalized treat-
ment cycles that maintain each patient within their optimal
“immune tolerance window.” Ultimately, artificial intelligence
platforms that synthesize longitudinal immunophenotyping,
cytokine pharmacokinetics, and clinical data are expected to
make precision dosing a practical reality.

Optimization of cytokine delivery and tissue targeting

The therapeutic application of native interleukin-2 (IL-2) is con-
strained by its rapid clearance from plasma, with a half-life of
merely 5-10 minutes, and its non-specific tissue distribution.
These properties limit its efficacy in autoimmune conditions
where pathology is confined to specific organs. A central ob-
jective in the field is, therefore, to achieve sustained, localized
cytokine exposure while minimizing systemic diffusion and
associated off-target effects. Innovative biomaterial-based
delivery systems offer a promising strategy to overcome these
limitations. Platforms such as poly (lactic acid) (PLA) micro-
spheres, hydrogel depots, and exosome-hybrid nanocarriers
are designed to provide controlled release of IL-2, thereby ex-
tending its in vivo bioavailability, reducing the frequency of ad-
ministration, and facilitating enhanced accumulation at target
sites [142-143].

A more advanced approach involves the development of for-
mulations engineered for local activity within particular organs
[144]. Periglandular injection of microsphere-encapsulated IL-2
has been shown to enrich Tregs locally and restore salivary
function in models of Sjogren's disease, while intra-articular
delivery holds potential for managing rheumatoid arthritis by
modulating the joint microenvironment [145-147]. Combining
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spatial targeting with molecular engineering like topological
IL-2 variants exhibiting selective CD25 binding could maximize
therapeutic precision and minimize systemic effects [124]. The
successful clinical translation of these sophisticated bio-engi-
neered biologics will be closely tied to the ongoing evolution of
regulatory frameworks tailored to assess their unique profiles.

Balancing immune tolerance and host defense

An inherent challenge of all immunomodulatory strategies is
preserving protective immunity while inducing tolerance. Al-
though clinical trials have not reported increased infection
rates with Ld-IL-2, long-term surveillance is warranted, particu-
larly in immunocompromised patients. Maintaining the func-
tional capacity of natural killer (NK) cell and memory CD8" T
cell activity is crucial for robust antiviral and anti-tumor surveil-
lance [76, 77, 82, 86]. Future therapeutic protocols could incor-
porate adaptive dosing strategies informed by real-time bio-
markers of these effector functions, such as NK cell
interferon-gamma (IFN-y) production or CD8' T cell granzyme
B levels, to dynamically ensure that host defense remains un-
compromised.

In parallel, the interplay between Ld-IL-2 and other immuno-
therapeutic modalities, such as vaccination and cancer immu-
notherapy, presents a compelling area for future investigation
[4]. Emerging evidence suggests that intermittent Ld-IL2 could
enhance vaccine responses by preserving immune memory,
while engineered IL-2 antagonists or dual-function molecules
may allow temporal toggling between tolerance and activation
depending on clinical context [124].

Integrating multi-omics and system immunology

The complexity of IL-2 signaling networks calls for compre-
hensive multi-omics approaches to fully delineate its impact
on the immune system. Single-cell transcriptomics, chromatin
accessibility mapping, and proteomics have already delineated
the cellular heterogeneity of Treg and Teff subsets responding
to Ld-IL-2 [148]. Integrating these datasets with metabolomic
profiles and microbiome analysis will yield a more holistic
understanding of the cytokine-induced remodeling of immune
homeostasis. Subsequently, systems immunology frameworks
can leverage this integrated information to identify predictive
molecular modules associated with clinical response and re-
sistance, thereby informing the development of rational combi-
nation therapies and novel biomarker discovery [149].

This systems-level insight paves the way for rationally de-
signed combination strategies. As co-administration of Ld-
IL-2 with microbiota-derived short-chain fatty acids, which
are known to promote Treg generation and function through
epigenetic and metabolic mechanisms, could synergistically
enhance immune tolerance [150]. Similarly, combining Ld-IL-2
with agents that neutralize type | interferon signaling may sup-
press the inflammatory condition that undermines Treg stabil-
ity in certain autoimmune diseases [151]. Such “rational com-
bination immunotherapies” embody the principle of precision
immunorebalancing, aiming to recalibrate entire pathological
networks rather than isolated targets.

Future design of next-generation IL-2 therapeutics

The future of IL-2-based therapy is set to be defined by the
convergence of advanced protein engineering, computational
design, and intelligent delivery. Next-generation IL-2 variants



are being engineered with structural modifications that pre-
cisely control receptor subunit bias—favoring CD25 for Treg
selectivity—while simultaneously improving pharmacokinetic
profiles and enabling effective signaling at near-physiological
concentrations. Conjugation with antibody fragments or Fc
domains may extend half-life, while fusion with targeting moi-
eties (e.g., chemokine receptors, integrins) could direct cyto-
kine activity to inflamed tissues.

Beyond protein modifications, novel delivery platforms using
programmable RNA or DNA vectors encoding the IL-2 se-
quence present a transformative approach. These systems
could enable endogenous, in vivo production of the cytokine
under the regulation of tunable promoters, offering a pathway
for sustained yet reversible immune modulation. The ultimate
integration of these sophisticated molecular tools with bio-
compatible delivery systems and real-time immune monitoring
is poised to give rise to a new class of "smart cytokines," capa-
ble of dynamically adapting their activity to the evolving immu-
nological state of the patient.

Conclusion

Low-dose IL-2 has transformed from a conventional cytokine
into precision immunomodulation, demonstrating that immune
responses can be selectively and restoratively recalibrated
rather than broadly suppressed. The coming decade will likely
see this approach mature into a mainstream clinical modality.
Its sustained success will rest on three critical pillars: a deep-
ening mechanistic understanding of Treg biology, relentless
technological innovation in cytokine design and delivery, and
the implementation of data-driven personalization strategies.
By systematically addressing the remaining challenges includ-
ing stability, variability, and precise tissue targeting, Ld-IL-2 has
the potential to evolve from a promising biological therapy into
a cornerstone of immune-tolerance medicine, reshaping ther-
apeutic strategies across autoimmunity, transplantation, and
chronic inflammatory diseases.

Abbreviation

Tregs: Regulatory T cells; pTregs: peripherally induced Tregs;
TR-Tregs: Tissue-resident Tregs; Ld-IL-2: low-dose interleukin-2;
NK cell: natural killer cell; Th17: T helper 17; Tfh: T follicular
helper; Teffs: effector T cells; SLE: Systemic lupus erythemato-
sus; Bcl-2; B cell lymphoma 2; TSDR: Treg-specific demethylat-
ed region; DNMT: DNA methyltransferase; OXPHOS: oxidative
phosphorylation; AMPK: AMP-activated protein kinase; ROS:
reactive-oxygen-species; SAM: S-adenosylmethionine; EVs: ex-
tracellular vesicles; IFN-y: interferon-gamma; APC: antigen-pre-
senting cell; RP: Relapsing polychondritis; CRP: C-reactive pro-
tein; RPDAI: Relapsing Polychondritis Disease Activity Index;
PLA: polylactic-acid; HDAC: histone deacetylase.
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