
IL-2/CD25: A long-acting fusion protein that promotes immune 
tolerance by selectively targeting the IL-2R on regulatory T cells

Natasha C. Ward#*, Aixin Yu#*, Alejandro Moro*, Yuguang Ban†, Xi Chen†,‡, Sunnie Hsiung*, 
James Keegan*, Jaren M. Arbanas§, Martine Loubeau¶, Anil Thankappan¶, Aaron P. 
Yamniuk§, Jonathan H. Davis║, Mary Struthers¶, and Thomas R. Malek*,#

* Department of Microbiology and Immunology, Miller School of Medicine, University of Miami, 
Miami, FL 33136

† Sylvester Comprehensive Cancer Center, Miller School of Medicine, University of Miami, Miami, 
FL 33136

‡ Department of Public Health Sciences, Miller School of Medicine, University of Miami, Miami, FL 
33136

# Diabetes Research Institute, Miller School of Medicine, University of Miami, Miami, FL 33136.

§ Molecular Discovery Technologies, Bristol Myers Squibb, Route 206 & Province Line Road, 
Princeton NJ 08543.

¶ Discovery Biology, Bristol Myers Squibb, Route 206 & Province Line Road, Princeton NJ 08543.

║ Molecular Structure and Design, Bristol Myers Squibb, Route 206 & Province Line Road, 
Princeton NJ 08543.

# These authors contributed equally to this work.

Abstract

Low-dose IL-2 represents an immunotherapy to selectively expand regulatory T cells (Tregs) to 

promote tolerance in patients with autoimmunity. Here we show that a fusion protein (FP) of 

mouse IL-2 and mouse IL-2Rα (CD25), joined by a non-cleavable linker, has greater in vivo 

efficacy than recombinant IL-2 at Treg expansion and control of autoimmunity. Biochemical and 

functional studies support a model where IL-2 interacts with CD25 in the context of this FP in 

trans to form inactive head-to-tail dimers that slowly dissociate into an active monomer. In vitro, 

IL-2/CD25 has low specific activity. However, in vivo IL-2/CD25 is long-lived to persistently and 

selectively stimulate Tregs. In female NOD mice, IL-2/CD25 administration increased Tregs 

within the pancreas and reduced the instance of spontaneous diabetes. Thus, IL-2/CD25 represents 

a distinct class of IL-2 FPs with the potential for clinical development for use in autoimmunity or 

other disorders of an overactive immune response.
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Introduction

IL-2 is an extensively studied cytokine that regulates key aspects of the immune system. 

IL-2 was discovered as a potent T cells growth factor (1, 2) and many studies have focused 

on its role in promoting immune responses. In this regard, besides promoting clonal 

expansion of antigen-activated T cells, IL-2 drives development of CD4+ Th1 and Th2 cells, 

and terminally differentiated CD8+ CTLs, and also shapes T cell memory recall responses 

(3) while opposing development of CD4+ Th17 and T-follicular helper (Tfh) cells (4–6). 

Paradoxically, gene ablation of IL-2 or IL-2R subunits led to lympho-proliferation and rapid 

lethal systemic autoimmunity rather than to grossly impaired immune responses (7–10). 

This phenotype results from the loss of the essential role IL-2 plays in regulatory T cell 

(Treg) development and homeostasis (11–13), in part due to IL-2-dependent activation of 

STAT5 that directly promotes Foxp3 transcription (14).

Many clinical trials have been performed to harness the T cell activating properties of IL-2 

in the context of patients with cancer and HIV/AIDS by infusion of high doses of IL-2 

(typically > 500,000 units/kg, repeatedly) to boost T and NK cells. IL-2 was approved by the 

FDA for use in patients with melanoma and renal cell carcinoma as some (approximately 

5%) exhibited complete remissions. Not only were the response rates low in these and other 

cancers, but this therapy was also accompanied by severe toxicity (15). IL-2 was deemed to 

be not effective in promoting immunity in HIV/AIDS patients. The poor efficacy of high 

dose IL-2 in these settings is due in part to the accompanying expansion of Tregs (15, 16). 

More recently, preclinical studies showed that low IL-2R signaling selectively promoted key 

activities of Tregs but not T effector (Teff) cells and that treatment of mice with low levels of 

IL-2 prevented autoimmunity (17–19). Currently, a number of patients with hyperactive 

pathogenic immune responses have been treated with low-dose IL-2 (0.5–2 million units). 

The experience thus far showed that the therapy is safe, increases Tregs in nearly all patients, 

and leads to clinical improvement, with no indication of reactivation of auto-aggressive T 

cells (20–22). However, this treatment requires daily injections and dosing is limited by the 

observation of increases in pro-inflammatory cytokines and increases in non-Tregs

The IL-2R exists in two functional forms. The high affinity IL-2R, which is found at high 

levels on Tregs but lower levels on Teff cells, assembles when IL-2 is captured by the 

IL-2Rα (CD25) subunit that in turn drives additional IL-2 binding and subsequent signaling 

by the IL-2Rβ (CD122) and γc (CD132) subunits; the intermediate affinity IL-2R occurs 

when IL-2 binds to directly to CD122 and CD132, where these subunits are found on many 

antigen-experience CD8+ T cells and most NK cells (4). IL-2 has a very short half-life in the 

serum (<15 min) (23, 24). Treg-directed IL-2-based therapy will likely benefit from IL-2 

analogs that are longer-lasting with more selectively toward Tregs. Increased persistence of 

IL-2 molecules has been achieved by fusion of IL-2 to molecules such as immunoglobulins 

or albumin (25–27), but these molecules still have suboptimal pharmacokinetics and do not 

show selectivity for the high affinity IL-2R expressed by Tregs. IL-2 in complex with 

specific antibodies has demonstrated increased persistence and selectivity toward cells 

bearing the high affinity IL-2R (28). However, this represents a complicated approach that 

may present challenges in clinical development and material production. Alternatively, some 

identified mutations of IL-2 selectively interfere with the ability of IL-2 to bind to IL-2Rα or 
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IL-2Rβ, conferring selectivity toward activating cells bearing the intermediate affinity IL-2R 

or high affinity IL-2R, respectively (29–33). These molecules, however, still have a short 

half-life, similar to recombinant IL-2 without the mutations, limiting their use in in vivo 

settings.

To increase IL-2 activity in the tumor microenvironment and anti-tumor immunity, 

minimally active IL-2/CD25 FPs have also been developed (34). In these FPs, IL-2 is linked 

to CD25 with a protease cleavable linker such that the IL-2 moiety is released by 

endogenous proteases that are over-expressed by some tumor microenvironments (34). 

Although this approach improved anti-tumor responses, this design is unlikely to have 

optimal longevity to persistently stimulate Tregs because the released IL-2 would be rapidly 

cleared from the circulation, comparable to free IL-2.

To persistently and effectively stimulate T cells, we constructed an IL-2/CD25 FP that 

contains a non-cleavable linker between IL-2 and CD25. As shown herein, the non-cleavable 

IL-2/CD25 FP increased the persistence of available IL-2 in the circulation due to increased 

molecular mass. This design was anticipated to favor CD8 and NK activation by eliminating 

the role of cell surface CD25 for IL-2R signaling. IL-2 was expected to bind CD25 in cis 

within the FP, as previously reported (34), to directly present IL-2 to cells bearing the 

intermediate affinity IL-2R. However, unexpectedly, the molecule showed impressive 

selectivity for the high affinity IL-2R of Tregs both in vivo and in vitro. Contrary to a cis 

interaction between IL-2 and CD25 to form monomers in the cleavable IL-2/CD25 fusion 

protein (34), we found that our IL-2/CD25 FP formed dimers in trans that appear to 

periodically dissociate, thereby allowing IL-2 to signal through cell-associated IL-2R. The 

data herein demonstrate that the non-cleavable IL-2/CD25 FP is highly selective to Tregs 

and suppresses diabetes in NOD mice.

Material and Methods

Preparation, expression and purification of IL-2/CD25

Primers for PCR amplifications are shown in Supplemental Table 1. All PCR amplification 

utilized Q5 hot start high-fidelity DNA polymerase (NEB). The pCIneo vector (Promega) 

was linearized with Sal I and PCR-amplified using primers 1/2 (Supplemental Table 1) to 

generate a modified vector that encoded a Xho I site and Kozak sequence at the 5’ end and a 

Not I site, 2 termination codons, a 6×-His affinity tag and two Gly spacer residues at the 

3’end of the vector. After completion of the PCR, residual linearized unmodified vector was 

digested with Dpn I at 37°C for 45 min followed immediately by incubation at 80°C for 20 

min to inactivate Dpn I. The modified linearized vector was gel purified for down-stream 

applications.

Vectors containing full length mouse IL-2 (mIL-2), mouse CD25 (mCD25) and human 

CD25 (hCD25) were used to generate PCR fragments necessary to prepare the FPs. PCR of 

mIL-2 utilized primers 3/4, 3/5, 3/6, 3/7, and 3/8 whereas PCR of mCD25 utilized primers 

9/10, 9/11, 9/12, 9/13, and 9/14 to generate the fragments required to assemble FP with a 7 

amino acid Gly, or 12, 16, 20, and 25 amino acid Gly/Ser linkers. PCR of hCD25 used 

primers 15/16 to generate the fragment required for preparation of mIL-2/hCD25 FP. All 
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PCR fragments were gel purified. The resulting fragments were assembled by a one-step 

cloning reaction using the Gibson Assembly Master Mix (NEB), according to the 

manufacturer’s instructions, that ligated the appropriate IL-2 and CD25 PCR fragments in 

the desired orientation into the modified linearized pCIneo vector. After transformation of E. 

coli, individual clones containing FP inserts were selected and their DNA sequence was 

determined to verify each FP.

FPs cDNAs were cloned into pIRES-ZsGreen 1 vector (Clontech), which places the FPs 

upstream of the ZsGreen1 reporter to readily identify transfected cells. The modified pCIneo 

containing FP vectors were digested with Not I, heat inactivated, and the DNA ends were 

blunted using the Quick Blunting Kit (NEB, E1201). The digested DNA was purified using 

the QIAquick PCR Purification Kit (QIAGEN, 28104). The FP DNA fragments were 

released after digestion with Xho I and gel purified. The FP DNA fragments were ligated 

into Xho I and Sma I digested pIRES-ZsGreen 1. After transformation, the FP inserts were 

verified by DNA sequencing.

COS7 cells were cultured in RPMI 1640 complete medium containing 5% fetal calf serum, 

penicillin (100 U/ml), streptomycin (100 μg/ml), glutamine (30 μg/ml) and 2-

mercaptoethanol (5 × 10−5 M). FPs were transiently expressed in COS7 cells using the FP-

containing pCI-neo vector by transfection using the lipofectamine LTX reagent (Invitrogen) 

according to the manufactuer’s instructions. FreeStyle CHO-S cells (Invitrogen) were 

cultured in FreeStyle CHO Expression Medium (Invitrogen) supplemented with glutamine 

(8 mM), penicillin (50 U/ml) and streptomycin (50 μg/ml) and stably transfected using the 

FP-containing pIRES-ZsGreen 1 vector using the FreeStyle MAX Reagent (Invitrogen) 

according to the manufacturer’s instruction. 3–7 days after transfection, cells were selected 

in G418 (1 mg/ml). After selection and sufficient growth, high producing transfectants were 

selected by repeated cycles (5–6) of cell sorting for ZsGreen+ cells. The initial cycles 

isolated the 5–10% brightest cells whereas subsequent cycles isolated the 0.5–1% brightest 

cells.

To purify the FPs, culture medium from transfected CHO-S cells were dialyzed against PBS, 

pH 7.4. 1/10 volume of 500 mM sodium phosphate, 3 M NaCl, 200 mM imidazole buffer, 

pH7.4 was added to the culture supernatant. This material was passed over His60 Ni 

Superflow Resin (Clontech Laboratories) equilibrated in 50 mM sodium phosphate, 300 mM 

NaCl, 40 mM imidazole buffer, pH7.4 (wash buffer). The Ni column was then washed with 

at least 10 columns volumes of wash buffer. The FP was eluted in 1 ml fractions with 50 

mM sodium phosphate, 300 mM NaCl, 300 mM imidazole buffer, pH7.4. Protein fractions 

were identified by O.D. 280 nM (extinction coefficient: 0.82=1 mg Vml for mIL-2/mCD25 

and 0.85=1mg/ml for mIL-2/hCD25) and pooled. The FPs were then dialyzed against PBS 

pH 7.4, filtered sterilized, and stored in aliquots at −70°C.

IL-2 and Antibodies

Mouse IL-2 was purchased from ThermoFisher Scientic and human IL-2 (Aldesleukin/

Proleukin) was manufactured by Novartis and purchased through the pharmacy. A 

monovalent, hetero-Fc form of mFc-mIL2 was generated by co-expressing charge-charge 

paired heavy chain variants of mouse IgG1 (hinge-CH2-CH3). The Fc-mIL2 was produced 
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by co-expressing plasmids encoding for a positive charge mutant heavy chain linked at its 

carboxy-terminus to mIL2 (C160S) with the same region of a negative charge mutant heavy 

chain but lacking IL2. The Fc portion is a mouse IgG1 Fc with a D265A mutation to render 

it inert. Transient coexpression in HEK cells followed by protein A and size-exclusion 

purification steps, yielded heterodimeric protein containing a single mIL2. Identify of the 

monovalent Fc product was confirmed by a combination of mass spectrometry and multiple 

angle light scattering (MW = 72 kDa).

Donkey anti-rabbit IgG and rabbit anti-6× histidine tag were purchased from Abcam. Biotin 

and purified anti-mIL-2 (clone JES6–1A12), eFluorTM450 anti-mouse Foxp3 (clone 

FJK-16s), purified anti-mCD25 (clone PC61), and HRP-streptavidin were purchased from 

ThermoFisher Scientific. Antibodies to mouse Ki67 (Alexa Fluor700, clone B56) and 

phosphorylated mouse/human STAT5 (Alexa Fluor 488 and Alexa Fluor647, clone pY694) 

and hCD25 (PE and purified unconjugated antibody, clone MA251; PE, clone B56) were 

purchased from BD Biosciences. Antibodies to mouse CD4 (PE, clone RM4–5), mouse 

CD8α (PerCP/Cy5.5 and Alexa Fluor700, clone 56.6.7), mouse NK1.1 (PE, clone PK136), 

and mCD25 (PE, clone 3C7; PE and PE/Cy7, clone PC61) were purchased from Biolegend. 

Antibodies to mouse CD4 (FITC, clone GK1.5) and mIL-2 (purified antibody, clone S4B6) 

were prepared in house,

CD25 epitope analysis

Serial dilutions of mIL-2/mCD25 or mIL-2/hCD25, starting at 5 μg/ml, in sorter buffer were 

incubated for 30 min with a fixed concentration (500 ng/ml) of mAbs to mCD25 (PE-3C7, 

PE-7D4, or PE-PC61) or to hCD25 (PE-BC96 or PE-MA251) at a final volume of 50 μl. 

mCD25 transfected EL4 cells, EL4J-3.4 (35), or hCD25 transfected CHO cells (1–2 × 105), 

as appropriate, were added to the mixture of FP and anti-CD25 for 15 min. The cells were 

then washed once and then subjected to flow cytometric analysis.

IL-2 bioassay

IL-2 activity was assessed using the IL-2-dependent CTLL cell line (36) or anti-CD3 pre-

activated T cell blasts. For the latter, C57BL/6 spleen cells (2 × 106/well) were cultured with 

RPMI 1640 complete medium containing anti-CD3 (145–2C11, 5% culture supernatant) in 

24-well flat bottom tissue culture plates for 48 hr. After washing 3× with HBSS, the T cell 

blasts (2.5 × 104/well) were cultured in 96 well flat bottom plates with FPs samples for 24 

hr, where 3H-thymidine was added during the last 4 hrs of culture. mIL-2 and hIL-2 were 

used in these assays as a positive control.

FACS analysis and sorting

Single cell suspensions were prepared in HBSS containing BSA (2 mg/ml) and sodium azide 

(1 mg/ml) and stained with mAbs (see above). Cells were subjected to FACS analysis using 

a BD LSR-Fortessa-HTS analyzer or cell sorting using a BD FACSAria-II. For FACS 

analysis, typical 100,000 events/sample were analyzed. Treg were sorted based on 

expression of CD4 and the Foxp3/RFP-reporter and were >97% pure. All FACS data were 

analyzed using BD FACS Diva Software Version 8.0.1.
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Ex vivo or in vitro pSTAT5 Assay

For ex vivo pSTAT5 measurements, single cell suspensions were immediately prepared in 

ice cold complete RPMI 1640 media from the spleens of euthanized mice. The cell 

suspension (100–200 μl) was quickly transferred to a 10 × 75 mm tissue culture tube and 

fixed in 1.6% of paraformaldehyde at 37o for 10min. The fixed cells were permeabilized in 

95% methanol for 30 min on ice or overnight in a −20o freezer. For in vitro pSTAT5 

induction, spleen cells were cultured for 30 min at 37°C and then stimulated with IL-2 or 

FPs for 15 min at 37°C. The cells were then fixed and permeabilized as described above. 

The cells were then washed 2× with sorter buffer and then stained with appropriate mAbs.

Mice and in vivo treatment with IL-2/CD25

C57BL/6J, BALB/cJ and NOD-ShiLtJ, mice were purchased from Jackson Laboratories. 

C57BL/6-Foxp3/red fluorescent reporter (RFP) (37) and NOD-Foxp3/RFP(38) reporter mice 

were breed in our animal colony. All mice were 6–12 weeks of age when the experiments 

were initiated. All animal experiments were approved by the Animal Care and Use 

Committees at the University of Miami and Bristol Myers Squibb. mIL-2 (1 μg)/anti-IL-2 

(JES6–1A12, 5 μg) complexes were prepared as previously described (39). These 

complexes, IL-2, or FPs were administered to mice by intraperitoneal injections. To assess 

diabetes in NOD mice, urine and blood glucose levels were monitored at least twice a week; 

mice were considered diabetes when blood glucose levels were >250 mg/dl. Pancreas 

lymphoid cells from NOD mice were prepared as previously described (40).

ELISAs for IL-2/CD25 half-life determination and anti-FP antibodies

96-well high-binding flat bottom microtiter plates (Corning 3590, VWR) were coated 

overnight at 4°C with of anti-mCD25 (1 μg/ml of PC61.5) or anti-hCD25 (2 μg/ml of M-

A251) to measure IL-2/CD25 or with purified mIL-2/mCD25 (1 μg/ml) to measure anti-FP 

antibodies in 0.05M carbonate (Na2CO3)-bicarbonate (NaHCO3) coating buffer, pH9.6. 

Plates were washed (PBS containing 0.05% Tween-20) and then blocked at room 

temperature with PBS containing 1% BSA (Sigma-Aldrich) for 2 hr. Serial diluted samples 

in blocking buffer were added to the anti-CD25- or mIL-2/mCD25-coated plates and then 

they were incubated at room temperature 2 hr. To detect mIL-2/mCD25 or mIL-2/hCD25, 

these anti-CD25 coated plates were washed and then incubated with lab prepared biotin-

conjugated anti-mIL-2 (1.0 μg/ml of JES6–1A12,) at room temperature for 1 hr. To detect 

antibodies to the mouse FP, the mIL-2/mCD25 coated plates were washed and then 

incubated with goat anti-mouse IgG (H- +L-chain reactive) at room temperature for 1 hr. All 

plates were washed and then incubated at room temperature with HRP-conjugated 

streptavidin (ThermoFisher Scientific; 1:20,000 dilution) for 1 hr. Plates were washed and 

developed with OptEIA TMB substrate (BD Biosciences). The reaction was terminated 

using 1M HCl and read immediately at 450nm (BENCHMARK PLUS, Bio-Rad). mIL-2/

mCD25 and mIL-2/hCD25 concentrations were determined in comparison to a standard 

sample of purified FPs. Half-life of the FPs were calculated using the formulas: 

Kelim=ln(Cpeak)-ln(Ctrough)/tinterval and t½=0.693/Kelim where Kelim is the elimination rate 

constant, C is concentration and tinterval is the time interval from peak to trough. Anti-mouse 

FP concentrations were measured by extrapolation from the linear portion of a standard 
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curve that was generated based on the binding of known concentrations of anti-mouse IL-2 

(Jes-6.1) to the mIL-2/mCD25 coated plates.

Biochemical analysis

SDS-PAGE under reducing and non-reducing conditions and Western blot analysis under 

reducing condition were performed as previously described (41) using precast gel from 

Biorad. Proteins were visualized on SDS-PAG by staining with BlueBANBitTM stain and 

on Western blots by first using rabbit anti-6× His, followed by horseradish peroxidase 

conjugated donkey anti-rabbit IgG and then SuperSignal® West Pico Chemiluminescent 

Substrate (ThermoScientific). To deglycosylate mIL-2/mCD25, the purified FP (18 μg) was 

incubated with Deglycosylation Mix II (New England Biolabs Inc) according to the 

manufacturer’s instruction and then subjected to SDS-PAGE under reducing conditions.

Static and dynamic light scattering

The size and oligomeric state of the FPs were studied by size-exclusion chromatography 

coupled to an in-line multi-angle light scattering detector (SEC-MALS) and by dynamic 

light scattering (DLS). Samples were prepared by injecting 30 μg of stock sample (SEC-

MALS), or by analyzing 25 μl of stock solution by DLS in a low volume 384 well plate 

(3540, Corning, Inc). The mAb use as a marker protein was generated at Bristol Myers 

Squibb and lysozyme was a 0.5% solution generated from EMD Millipore (4403–1GM). 

Isocratic separations were performed on a Shodex KW803 (8 mm X 300 mm) column 

connected to a Prominence Shimadzu UFLC system consisting of a degasser, isocratic 

pump, chilled sample holder with injector, UV/vis detector, and column oven in buffer 

containing 200 mM K2HPO4, 150 mM NaCl (pH 6.8), and 0.02% Na azide (0.1 μm filtered) 

running at 0.5 ml/min for 40 min per injection. Samples were injected onto the column using 

a Shimadzu autosampler, and data were obtained from three online detectors connected in 

series: a Shimadzu SPD-20 dual wavelength UV/vis spectrophotometer set for collection at 

280 nm, followed by a Wyatt Technologies mini-Dawn TREOS three angle laser light 

scattering detector and then a Wyatt Optilab T-rEX interferometric refractometer. Data were 

collected and analyzed using Astra 6 (Wyatt) and LabSolutions Lite Postrun analysis 

(Shimadzu) software. DLS data were collected on a Wyatt DynaPro I plate reader at 25°C, 

using 10 acquisitions of 5 s each, and measurements were recorded in quadruplicate and 

averaged to give the reported values. Intensity autocorrelation functions were fitted using the 

“Regularization” algorithm in the Dynamics software (Wyatt Technologies).

Surface plasmon resonance

Surface plasmon resonance (SPR) studies were performed on a Biacore T100 and/or T200 

instrument (GE Healthcare) at 25°C. The binding of the FP analytes were tested in 10 mM 

NaPO4, 130 mM NaCl, 0.05% p20 (PBS-T) (pH 7.1) on surfaces consisting of a low density 

(~300RU) of biot-mCD25(22–186)-BioP-TVMV-His which had been His cleaved (mCD25) 

and captured on a streptavidin sensor chip (GE Healthcare) or mCD122(27–241)-hFc-D/

mCD132(23–263)-hFc-K heterodimeric Fc fusion (mIL-2-Rb/g) that had been captured via 

Protein A immobilized CM5 sensorchip surface using standard ethyl(dimethylaminopropyl) 

carbodiimide/N-hydroxysuccinimide chemistry, with ethanolamine blocking (GE 
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Healthcare). The protein analytes were injected in a titration series and regenerated back to 

baseline was performed by 2 X 8s injections of 10mM Glycine-HCL pH2.0 (mCD25 

surface) or 2 X 15s injections of 10mM Glycine-HCL pH1.5 (Protein A surface). The data 

were analyzed using the Biacore T-200 Evaluation software (GE Healthcare).

RNAseq

RNA was extracted from sorted Tregs using TRIzol Reagent (Thermo Fisher) and column 

purified using miRNeasy Micro Kit (Qiagen). RNA quality was assessed using an Agilent 

2100 BioAnalyzer and was quantified using Qubit RNA assay. RNA-seq libraries were 

prepared from 25 ng of total RNA using the KAPA’s RNA Hyperprep with RiboErase 

protocol and quantified using Qubit DNA and Kapa qPCR Library Quantification kit for 

Illumina (KapaBiosystems). Libraries were sequenced on a 75 bp paired-end run using a 

NextSeq 500 with a High Output Kit 150-cycle flow cell (Illumina) to generate 30 million 

reads per sample. Reads from RNA-seq were mapped to the Mus musculus genome 

GRCm38 using STAR (ver.2.5.0) aligner (42). Raw counts were generated on Ensembl gene 

(GENCODE M13) with featureCounts (ver.1.5.0) (43). Differential expressed genes in Tregs 

between the IL2/CD25 and PBS injected mice were identified using DESeq2 (44), and 

determined according to threshold of false discovery rate (FDR) <0.05. Pathway analysis 

was performed using QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN). Pathway 

network indicated by overlapped genes was analyzed using EnrichmentMap(45) and 

generated using Cytoscape (www.cytoscape.org). The RNAseq data are available from 

NCBI/GEO data base (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113951 ).

Statistical analysis

Data were analyzed using GraphPad Prism software. All data are expressed as mean ± SEM. 

The specific statistical analysis used are listed in the Figure legends.

Results

Development of IL-2/CD25

We molecularly engineered FPs consisting of the leader peptide and expressed coding 

sequence of mIL-2 that was linked by a variable sized sequence, i.e. G7, (G3S)3, (G3S)4, 

(G4S)4, and (G4S)5 to the extra-cytoplasmic region of mCD25 (Fig. 1A). A carboxyl 

terminal poly-histidine was added to facilitate purification of the FPs using nickel affinity 

chromatography. The FPs were first transiently expressed in COS7 and then tested for their 

ability to support proliferation of anti-CD3 pre-activated T blasts. All the FPs cells 

demonstrated similar bioactivity, where the highest activity was associated with 12 amino 

acid linker FP (Fig. 1B). This bioactivity was completely inhibited by addition of a 

monoclonal antibody to IL-2, confirming that IL-2 was the active component in the FP (Fig. 

1C). Based on this result, we chose to characterize in more detail IL-2/CD25s with the 12 

amino acid (G3S)3 linker. As mIL-2 weakly interacts to the human IL-2R (46), we also 

prepared a mouse/human chimeric FP (mIL-2/hCD25) (Fig. 1A), to test whether IL-2 

interacts with CD25 in the context of the FP. The cDNAs encoding mIL-2/mCD25 and 

mIL-2/hCD25 with the (G3S)3 12 amino acid linker were stably expressed in CHO cells that 
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were selected by sequential cell sorting 5–6 times based on expression of eGFP, which was 

encoded by an IRES downstream of the FPs sequences.

SDS-PAGE of these two IL-2/CD25 FPs under reducing conditions revealed a somewhat 

heterogeneous band of ~60 kDa, consistent with IL-2 (~15 kDa) linked to a glycosylated 

form of the extracellular region of CD25 (~45 kDa) (Fig. 1D). SDS-PAGE under non-

reducing condition revealed a similar pattern of mobility for most FPs, consistent with them 

as largely non-disulfide bonded proteins. One exception was some higher molecular weight 

material for mIL-2/hCD25 (30%), likely from an inter-chain disulfide bond through a free 

cysteine residue in the carboxyl region of CD25. Western blot analysis using an anti-6× His 

antibody to the FPs showed a single major band with the same size as the purified directly 

stained FPs (Fig. 1E). Treatment of mIL-2/mCD25 with a mixture of N- and O-glucosidases 

reduced the heterogeneity and size of this FPs to ~46 kDa, which approaches the predicted 

size (MW 43,579) of the protein backbone of mIL-2/mCD25 FP (Fig. 1F).

Epitope mapping and bioactivity of IL-2/CD25 FPs

Antibody blocking experiments were performed where mAbs to distinct epitopes of CD25 

were first mixed with the FPs and then used to assess mAb binding to cells expressing 

CD25. If the CD25 epitope on the FP was accessible to a particular anti-CD25 antibody, the 

mAb would bind to the FP and thus inhibit the binding of the mAb to cells that expressed 

CD25. mIL-2/mCD25 readily bound to the 7D4 and PC61 mAbs, which define non-ligand 

binding regions of mCD25 (47), but not to 3C7 mAb, which binds near the IL-2-binding site 

of mCD25 (Fig. 2A). The mIL-2/hCD25 FP readily bound to M-A251 mAb, directed to a 

non-ligand binding region of hCD25, but was much less reactive to BC96, which defines an 

epitope near the IL-2 binding region of CD25 (Fig. 2B), though the inhibition was not as 

complete as seen with 3C7 and mCD25. Thus, these results suggest that in the context of 

these FPs, mIL-2 occupies the ligand binding site of mCD25 and hCD25, respectively, and 

that the mIL-2/mCD25 interaction is more stable than that of mIL-2/hCD25.

Even though mIL-2 is positioned near the binding sites for both FPs, they exhibited 

markedly different bioactivity in vitro using the IL-2-dependent CTLL cell line. The 

bioactivity of purified mIL-2/mCD25 (Fig. 2C, left) was 42-fold lower than an equivalent 

amount of recombinant mIL-2. In contrast, mIL-2/hCD25 chimeric FP (Fig. 2C, right) 
exhibited bioactivity only 2.5-fold lower than for mIL-2. This observation, combined with 

the differential efficacy in the antibody block assay, supports the conclusion that mIL-2 

interacts less effectively with hCD25 in the context of the chimeric FP. Thus, the relatively 

low bioactivity of mIL-2/mCD25 is likely accounted for by an effective interaction of mIL-2 

with the IL-2 binding site in mCD25 in the fully mouse FP, which limits the ability of IL-2 

to interact with and stimulate the IL-2R associated with CTLL cells.

IL-2/CD25 forms stable dimers

Size exclusion high performance liquid chromatography of these FPs under native 

conditions using Sephacryl S-200 revealed that the bioactivity and detection (280 nm) of 

most FPs were resolved at a molecular weight greater than the marker protein aldolase (Mr 

158,000) (Fig. 3A). These data raise the possibility that the interaction of IL-2 with CD25 in 
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the context of the FP is more complex than a simple cis interactions as a monomer. The 

apparent molecular masses of the native FPs complexes were determined by SEC-MALS. 

This analysis showed that the WT and the chimeric FP were dimers, with no evidence for an 

IL-2/CD25 monomer (Fig. 3B). This analysis predicts a size of 111 kDa (76 kDa protein; 35 

kDa carbohydrate) for mIL-2/mCD25 or mIL-2/hCD25, which is twice the expected mass of 

approximately 55.5 kDa for the monomer, and is consistent with the formation of a dimer. 

DLS revealed that the hydrodynamic radius of these FPs were 5.6–5.8 nm (Fig. 3C). This 

size is much larger than expected for a 44 kDa non-glycosylated globular monomer protein 

(3.0 nm), but is consistent to what would be expected for a non-spherical glycosylated dimer. 

The hydrodynamic radius for the FPs was also shown to be comparable to that of a standard 

mAb and substantially larger than mIL-2 or mCD25 alone. Thus, we conclude that IL-2 

interacts with CD25 in trans to predominately produce non-covalent dimers and that such 

dimers are also formed by the chimeric mIL-2/hCD25 FP, despite the weaker interaction 

observed between mIL-2 and hCD25. A trans interaction could exist in two main forms. One 

is an inverted head-to-tail dimer (Fig. 3D). The other is a linear dimer. The inverted head-to-

tail dimer form will increase the avidity of the IL-2 interaction with CD25 and would favor 

production of stable dimer, which we observed in the biochemical analysis. Linear dimers 

are expected to be unstable, due to the fast-on fast-off rates associated with IL-2 binding to 

CD25, and should have produced a higher levels of FP monomers, if this was the operative 

model for IL-2/CD25.

Binding properties of IL-2/CD25 to purified IL-2R subunits

SPR was performed to measure the binding of the FPs to stably captured CD25 (IL-2Rα) 

and CD122/CD132 (IL-2Rβ/γc) heterodimers (Fig. 4A). As expected, mIL-2 readily bound 

to mCD25 (Kd 9.8 nM) and mIL-2Rβ/γc (Kd 0.4 nM) but less efficiently bound to hCD25 

(Kd ~234-fold weaker). The IL-2/CD25 FPs also exhibited similar differential response 

dependent on the target species, but with much lower affinities than IL-2 alone. Notably, the 

binding of mIL-2/mCD25 to mCD25 was not saturable at the top concertation of 4000 nM 

(Fig. 4A) and had an estimated apparent Kd 1000-fold weaker than mIL-2 to mCD25. 

Likewise, mIL-2/hCD25 bound to mCD25 more weakly than did free mIL-2, but with 10-

fold stronger affinity than the fully mouse FP. A direct comparison of the binding 

characteristics of these 3 proteins at similar concentration to mCD25 is shown in Fig. 4B. 

This apparent affinity difference between the FPs and mIL-2 is primarily due to their slower 

association to CD25. Neither of these FPs showed appreciable binding to hCD25.

The binding of mIL-2/mCD25 to mIL-2Rβ/γc was also not saturable up to the highest 

concentration tested, yielding an apparent Kd that was ~680-fold weaker than the binding of 

mIL-2 to mIL-2Rβ/γc (Fig. 4A). In comparison to mIL-2/mCD25, mIL-2/hCD25 bound 

with a stronger affinity to mIL-2Rβ/γc, but this binding was still 45-fold weaker than that 

observed for mIL-2. However, similar to IL-2, mIL-2/mCD25 and mIL-2/hCD25 bound 

more strongly to the immobilized intermediate affinity IL-2Rβ/γc than the low affinity 

IL-2Rα (CD25). Thus, the capacity of the FPs to form dimers due to a trans interaction with 

CD25 constrains the IL-2 moiety of the FP and hinders binding to the purified IL-2R 

subunits. This effect is more striking for mIL-2/mCD25, where mIL-2 binds more tightly to 

mCD25 than hCD25. The low specific activity of mIL-2/mCD25 in vitro (Fig. 2C) is likely 
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the result of slow dissociation of mIL-2 from mCD25, creating a low equilibrium 

concentration of available monomeric FP to provide IL-2 to the high affinity IL-2R of the 

CTLL cells. This dissociation of the dimer to the monomers is expected to occur more 

readily for mIL-2/hCD25, with a corresponding increase in the bioactivity of this FP, as 

observed.

IL-2/CD25 selectively activates the high affinity IL-2R

To test the reactivity of IL-2/CD25 to cells bearing the high and intermediate affinity IL-2R, 

we compared the capacity of mIL-2/mCD25, mIL-2/hCD25 FPs and mIL-2 to stimulate 

tyrosine phosphorylation of STAT5 (pSTAT5). When mouse spleen cells were cultured with 

mIL-2 or mIL-2/mCD25 for 15 min, Tregs, which constitutively express the high affinity 

IL-2R, were the main population that induced pSTAT5 (Fig. 5A). At a high dose of mIL-2, 

but not mIL-2/mCD25 or mIL-2/hCD25, pSTAT5 was induced in some CD8+ T and NK 

cells (Fig. 5B). Representative flow plots of these dose-response studies for C57BL/6 and 

NOD CD4+ Foxp3+ and CD4+Foxp3- T cells are shown in Supplemental Fig. 1. Thus, IL-2/

CD25 does not substantially bind and activate STAT5 in cells such as NK and CD8 T cells, 

which primarily express the intermediate affinity IL-2R, consisting of IL-2Rβ and γc. The 

inability to activate these cells at concentrations below 1 μM further indicates that the dimer 

of the FPs blocks not only IL-2 binding to CD25, but also reduced its binding to the 

intermediate affinity IL-2R. Quantifying the dose response data showed that Tregs were 555- 

and 76-fold less responsive to mIL-2/mCD25 and mIL-2/hCD25, respectively when 

compared to mIL-2 (Fig. 5C), consistent with the trends for the bioassay and SPR results. 

Similar results were seen for NOD Tregs (Supplemental Fig. 1). Overall, these data in 

conjunction with the biochemical, CTLL bioassay, and SPR binding data indicate that in the 

context of the FP, IL-2 interacts with CD25 to form IL-2/CD25 tight dimers, lowering its 

capacity to activate IL-2-dependent signaling in vitro while favoring selective 

responsiveness of Tregs to low-dose IL-2/CD25.

IL-2/CD25 is much more active than IL-2 in vivo

Initially, C57BL/6 mice received an equivalent number of mIL-2 and mIL-2/mCD25 

molecules and pSTAT5 of Tregs was assessed directly ex vivo. Thirty minutes post-

treatment, mIL-2 and mIL-2/mCD25 induced pSTAT5 in most Tregs. However, this response 

to mIL-2 quickly waned while that induced by mIL-2/mCD25 was sustained for at least 16 

hr (Fig. 5D). mIL-2/mCD25 also more persistently upregulated Foxp3 and CD25 in Tregs 

than mIL-2. Furthermore, mIL-2/mCD25 showed limited ability to activate CD4+ Foxp3-, 

CD8+, and NK cells (Fig. 5E). These cells initially showed only a minimal response that 

was substantially muted, particularly for the latter two cell populations. Therefore, in 

marked contrast to the in vitro activity of IL-2/CD25, these data indicate that mIL-2/mCD25 

is much more active than IL-2 in selectively stimulating Tregs in vivo.

We also compared mIL-2/mCD25 to mIL-2/hCD25 to activate pSTAT5 in vivo. These 

results showed that mIL-2/hCD25 was slightly more active than mIL-2/mCD25 initially, but 

the response of the former was less persistent (Fig. 5F). Thus, the tighter dimer formed by 

mIL-2/mCD25, which renders it less active in vitro, promotes sustained Treg activation in 

vivo.
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IL-2 has a serum half-life of <15 min (23), whereas, mIL-2/mCD25 showed much more 

robust pharmacokinetics with a half-life of approximately 16.2 hrs in C57BL/6 mice (Fig. 

6A). The shorter half-life of the chimeric mIL2/hCD25 FP (10h) relative to mIL-2/mCD25 

coupled with its lower overall exposure in the serum likely accounts for the less persistent 

activation of Tregs (Fig. 5F). Thus, the stronger associated of IL-2 to CD25 in dimeric 

mIL-2/mCD25 promotes the availability of IL-2 for a more extended period of time by 

slower dissociation of the dimer into a biological active monomer.

Additional in vivo studies focused on the homologous mIL-2/mCD25 FP. A time course 

study showed a substantial and maximal increase in the fraction and number of Tregs, which 

increased 4.8-fold, from the spleen of C57BL/6 mice 3 days post-treatment with mIL-2/

mCD25 (Fig. 6B) and these cells are proliferating based on expression of Ki67. A similar 

effect was noted for mice treated with IL-2/anti-IL-2 agonist complexes, although the 

increased in numbers was slightly less (3.9-fold). pSTAT5 (Fig. 6B), which peaked 24 hr 

post-treatment, CD25, and Foxp3 (Fig. 6C) were also upregulated in Tregs by these two 

agents. IL-2 as administered in this regimen had no effect on all these parameters. 

Importantly, CD4+ Foxp3- and CD8+ T cells were minimally affected when considering 

their proportions and numbers in the spleen (Fig. 6B), consistent with a selective effect on 

Tregs by mIL-2/mCD25 and IL-2/anti-IL-2 complexes.

When BALB/c mice received similar low doses of mIL-2/mCD25, Treg numbers increased 

approximately 5–6-fold for mIL-2/mCD25, but only approximately 4-fold for mFc-mIL-2 

(Supplemental Fig. 2A). Again, at these doses of the FP, changes in cell numbers were 

minimal for CD4+ and CD8+ conventional T cells and lower than observed for mice treated 

with mFc-mIL-2. At higher and more frequent dosing of mIL-2/mCD25 or mIL-2, Tregs 

increased much more robustly with mIL-2/mCD25 than mIL-2 such that Tregs proportions 

became substantially over-represented in relationship to conventional CD4+ and CD8+ T 

cells only for the mice treated with the FP (Supplemental Fig. 2B). However, the numbers of 

CD4+ and CD8+ T cells more markedly increased in these mice. Overall, these data 

illustrate that mIL-2/mCD25 is a long-lasting molecule in vivo with a greater capacity to 

selectively boost Tregs, when compared to mIL-2, mIL-2/anti-IL2 complexes or mFc-mIL-2.

IL-2/CD25 induced substantial genes activation in Tregs

To understand the molecular consequences after mIL-2/mCD25 stimulates Tregs, RNAseq 

was performed for Tregs that were purified from the spleens of C57BL/6 mice that received 

the mIL-2/mCD25 3 days previously, when Treg increases were maximal. A total of 20,240 

genes were detected and 5,032 of these were differentially expressed (DE) by 1.5-fold with 

false discovery rate q value (q) less than 0.05 (2,631, up-regulated; 2,400 down-regulated). 

Top 2,692 DE genes were selected with more stringent criteria (genes with more than 1.5-

fold change, p<10−5 and q<0.001) for further analysis with Ingenuity Pathway Analysis 

(IPA) to reveal their biological functional significance. IPA predicts activation status of a 

pathway (or up-stream regulator) using an activation z-score (z), with z>0 and q<0.05 

indicating that the mIL-2/mCD25 stimulation results an increasing activity of the pathway 

(or up-stream regulator). Bio-function analysis of the top DE genes showed activation of 

biological processes associated with cell proliferation (z=5.4, q<10−21); cell survival (z=5.2, 
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q<10−28) and cell viability (z=5.1, q<10−25). Canonical Pathway analysis (Fig. 7A) showed 

high concordance with the bio-function analysis revealing many inter-related pathways that 

control cell growth and signaling. Some pathways highly enriched and up-regulated include: 

estrogen-mediated S-phase entry (z=2.5; ratio: 65%; q<10−8), mitotic roles of Polo-like 

kinase (z=2.3, ratio: 44 %; q<10−8), cell cycle regulation by BTG family proteins (z=2.1; 

ratio: 40%; q<10−4); RhoA signaling (z=3.3; ratio: 23%; q=0.001), regulation of actin-based 

motility by Rho (z=3.1; ratio: 23%; q=0.007), and actin cytoskeleton signaling (z=1.1; ratio: 

21%; q=0.004). Regarding up-stream regulators of gene expression driving these pathways, 

Erbb2 (z=6.69; q<10−34), Myc (z=6.63; q<10−28) and the E2f family of transcription factors 

(z=5.6; q<10−22), were among the highest activated. These molecular data are consistent 

with the large increased in Treg numbers, which expressed the proliferative marker Ki67 

(Fig. 6B) and indicate that IL-2/CD25 acts as a Treg growth factor.

Genes involved in immune system processes were not enriched in mIL-2/mCD25-stimulated 

Tregs. However, several notable changes were associated with genes that are expected to 

enhance the Treg function (Fig. 7B). Notably, RNAs encoding molecules involved in Treg 

suppressive function (Gzmb, Il10, Fgl2, Ctla4) increased. Transcriptional regulators (Irf4, 

Myb, Prdm1) and surface molecule (Klrg1, Itgae, Tigit, Icos), associated with highly 

activated effector Tregs, were also upregulated by mIL-2/mCD25. Furthermore, molecules 

promoting migration to lymph nodes (CD62L, CCR7) decreased while chemokine receptors 

(Ccr2, Ccr4, Ccr5, Ccr10, Cxcr3) that favor trafficking of cells to inflamed tissues sites 

increased. As expected, Ki67 mRNA was highly increased, consistent with high 

proliferation of mIL-2/mCD25-stimuated Tregs. Thus, mIL-2/mCD25 is not just a Treg 

growth factor but also a molecule that appears to promote more activated and suppressive 

Tregs with an increased propensity to migrate into tissue-sites, favorable attributes to 

counteract an overactive immune response, especially one associated with inflamed tissues.

IL-2/CD25 promotes immune tolerance by increasing Tregs in autoimmune target tissue

A number of pre-clinical mouse studies have shown that low-dose IL-2 suppresses the 

development of autoimmunity, including diabetes in NOD mice (18, 19). To assess whether 

mIL-2/mCD25 might support tolerance, young 6 week old NOD mice were treated for 5 

weeks with two doses of mIL-2/mCD25. Diabetes development was significantly delayed 

only in the mice that received 4 μg of mIL-2/mCD25 administered every 3.5 days (Fig. 8A). 

When another cohort of mice received these doses of mIL-2/mCD25 for 2 weeks, Treg 

increases were noted in the spleen, pancreatic lymph node (PLN) and the pancreas 

stimulated with 4 μg, but not 1 μg, of mIL-2/mCD25 (Fig. 8B). The effect on the pancreas 

was particularly striking, supporting the idea that mIL-2/mCD25 promotes increases in 

Tregs in non-lymphoid tissue sites. These data establish that a 4 μg dose is the minimal 

required to boost Tregs and prevent autoimmunity.

Another cohort of NOD mice were similarly treated with an initial 4 μg dose of IL-2/CD25 

followed by twice weekly injections of the FP for 5 weeks, analogous to the therapeutic 

experiment. Serum from these mice was collected after this time to test whether repeated 

dosing of the FP elicited anti-FP antibodies. (Fig. 8C). The levels of such antibodies was at 

or lower than 1 μg/ml.
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To study the selectivity of the responses by Treg to the FP, ex vivo analysis of Treg and T 

conventional cells was evaluated. FACS plots to illustrate the gating for CD25 and Ki67 are 

shown in Supplemental Fig. 3A. When these cells were directly examined ex vivo 2 and 3 

days after the last administration of the FP, STAT5 was substantially activated in only Tregs 

(Fig. 8D). Correspondingly, the proportion of Tregs within total CD4+ T cells and Treg 

numbers increased that was particularly striking for the pancreas (Fig. 8E); these effects 

were accompanied by upregulation of CD25 and increases in the proliferative marker Ki67 

(Fig. 8E). Interestingly, maximal pSTAT5 and CD25 upregulation preceded the increase in 

Ki67 (Fig 8D, E), consistent with IL-2R signaling and gene activation promoting cell cycle 

progression of the Tregs.

With respect to CD4+ Foxp3- and CD8+ T cells, the proportion of CD4+ Foxp3- did not 

increase (Fig. 8F) and CD8+ T cells decreased (Fig. 8G). This lower fraction of CD8+ T 

cells in the pancreas was accompanied by fewer Ki67+ CD8+ T cells (Fig. 8G). The total 

number of CD4+ Foxp3- in the pancreas variably increased (Fig. 8F). In contrast to Tregs, 

this increased cellularity was not accompanied by activation of STAT5 (Fig. 8D) or more 

Ki67+ cell, and only a small fraction of CD4+ CD25- and CD8+ T cells in the pancreas 

showed increased expression of CD25 (Fig. 8F, G). Thus, the CD4+ CD25- and CD8+ T cell 

compartments did not show a profile of substantial response to IL-2 in the pancreas, the key 

site of inflammation.

We also assessed whether the small increase in absolute numbers of CD4+ Foxp3- T cells 

might be due to broad systemic activation of these cells. However, the proportion of 

activated CD44hi CD62Llo conventional CD4+ and CD8+ T cells did not increase after 

administering the FP for 5 weeks and a trend for a lower proportion of these activated CD8+ 

T cells was found for the pancreas (Fig. 8H; Supplemental Fig. 3B). Thus, these data, 

coupled with the lower proportion of CD8+ T cells with decreased Ki67 expression in the 

pancreas, raise the possibility that enhancing Tregs in NOD mice might act to directly 

suppress CD8+ T cells.

In a second therapeutic experiment, older 12 week old mice with more established disease 

receive IL-2/CD25. In this experiment the treatment period coincided with the onset of 

diabetes. Under these conditions, development of diabetes was also significantly prevented, 

an effect which persisted even when animals were no longer exposed to drug (Fig. 8I). 

Collectively, these data show that IL-2/CD25 selectively enhances Tregs, especially in the 

pancreas, the target tissue of autoimmunity, and delays the development of diabetes in NOD 

mice, including such mice with more established disease, without the generation of high 

anti-FP antibodies.

Discussion

In the present report we describe a new analog of IL-2, a FP of IL-2 linked to CD25 with a 

non-cleavable Gly/Ser linker. Although homologous mIL-2/mCD25 showed poor capacity to 

stimulate IL-2R-bearing T cells in vitro, it was highly active in vivo, especially to increase 

the frequency of Tregs. Molecular studies are consistent with a model where IL-2/CD25 

exists predominately as a stable dimer that slowly dissociates to IL-2/CD25 monomers, 
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which is the biologically active form of this FP. This mechanism of action is distinctive from 

a previous report where IL-2 was linked to CD25 using a protease cleavable linker (34), 

where the biologically active form is free IL-2 liberated from the FP protein by a protease. 

Moreover, this biologic is distinctive from other approaches to promote IL-2 selectivity and 

longevity in that we achieve these properties without the introduction of mutations in either 

IL-2 or CD25 or fusion to immunoglobulin. Thus, our approach minimizes immunogenicity, 

which is critical since low-dose IL-2 is likely to be a chronic therapy where even small 

changes in the cytokine or CDR3 of Ig might result elicit an immune response to lower or 

abrogate its activity.

Based on past work (34), we expected that IL-2 would interact in cis with CD25 to constrain 

the availability of IL-2 to cells expressing the IL-2R. One possibility was that IL-2 in the 

context of CD25 would present IL-2 to cells that express the intermediate affinity IL-2R, 

found on NK and CD8 memory cells, perhaps in a manner analogous to IL-15/IL-15Rα or 

IL-2 bound to certain anti-IL-2 mAbs (28, 48). Alternatively, IL-2 might transiently 

dissociate from CD25 to make IL-2 available to stimulate cells bearing the IL-2R, in a 

manner similar to free IL-2. In this scenario, IL-2 might stimulate cells expressing the high 

and intermediate affinity IL-2R, depending upon the levels of available IL-2. Indeed, this 

second possibility appears operative but not due to a cis interaction between IL-2 and CD25, 

but a trans interactions leading to IL-2/CD25 dimers as shown by sizing through SEC-

MALS, DLS and HPLC chromatography. SPR studies are consistent with an equilibrium 

that favors the dimer with a small percentage of the monomer, which is the active form that 

binds to the IL-2R (Fig. 9A). Correspondingly, to achieve equilivent bioactivity and direct 

binding in vitro to purified IL-2R subunits by SPR, much higher concentrations of IL-2/

CD25 were required when compared to recombinant IL-2. We cannot discriminate, however, 

whether IL-2/CD25 fully dissociates into monomers or whether one IL-2 moiety becomes 

transiently free from CD25 in the dimer to permit binding to cellular IL-2Rs (Fig. 9B). We 

believe this latter possibility is not the dominant mode of action as the other IL-2 moiety of 

the FP would still be bound the to CD25 in trans and reformation of the dimer complex 

would likely be favored over binding to cell surface IL-2R due to the close proximity of the 

FP-CD25 to transiently released IL-2.

We have two lines of evidence that IL-2 interacts with the ligand binding site of CD25. First, 

antibody blocking studies indicated that the 3C7 and BC96 mAbs, directed at the ligand 

binding sites of mouse and hCD25, respectively, could not bind to mIL-2/mCD25 or mIL-2/

hCD25. This finding is consistent with IL-2 binding to CD25 in the context of the FP, but 

this result might also simply reflect steric hindrance of antibody binding. However, second 

and more direct evidence is that mIL-2/hCD25 stimulated pSTAT5 activation and 

proliferation in vitro with greater potency than mIL-2/mCD25. mIL-2 interacts more weakly 

with hCD25 than with mCD25 (46). The higher activity of mIL-2/hCD25 is readily 

explained by enhanced dissociation of mIL-2 from hCD25 that increases the concentration 

of free monomers, facilitating stimulation of IL-2R bearing cells. We noted that mIL-2/

hCD25 was also detected as a dimer. Thus, even though the affinity of mIL-2 for hCD25 is 

relatively low, when mIL-2 is placed in tight proximity to hCD25, trans interactions between 

these two proteins readily occurs. In addition, the amino acid identity between the 

extracytoplasmic domains of mouse and hCD25 is 58% over 220 amino acids. Thus, the 
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capacity of the mIL-2/hCD25 chimeric FP to produce functional dimers and the similar 

activity in vitro of mIL-2/mCD25 with different linker lengths makes plain that considerable 

variation in the amino acid sequence in CD25 and the linker is permissive to produce an 

IL-2/CD25 dimer with an extend half-life in vivo. This observation suggests that CD25 

could be modified in homologous IL-2/CD25 FPs to yield variants that form dimers of 

distinctive stability and activity.

Our in vivo and in vitro studies clearly demonstrate that IL-2/CD25 is selective for Tregs. 

This is particularly striking when one considers the consistent increased proportion of Tregs 

relative to CD4+ and CD8+ T conventional cells by IL-2/CD25, which was more evident 

when compared to IL-2, Fc-IL-2, or IL-2/anti-IL-2 complexes. After treatment of mice with 

mIL-2/mCD25, only Tregs showed substantial activation of STAT5, upregulation of IL-2-

responsive CD25, and induction of proliferation based on Ki67 expression that was 

accompanied by a gene profile consistent with cycling T cells. At low doses, IL-2/CD25 led 

to a marked increased proportion and number of Tregs, but not CD4+ Foxp3- or CD8 T 

cells, in the spleen of several mouse strains and, similarly, the proportion and absolute 

numbers of Tregs were increased in the pancreas of NOD mice. In contrast to the robust and 

consistent Treg induction, IL2/CD25 induced only a modest increase in the total number, but 

not the proportion of, CD4+ Foxp3- T cells in the pancreas of NOD mice. Further, the 

proportion of CD8+ T cells decreased in the pancreas of FP-treated mice. These data are 

consistent with the FP to favorably amplify Tregs. This effect likely controlled diabetes in 

NOD mice, in part based on a greater capacity to suppress autoreactive T cells within the 

inflamed pancreas, and in part by the increased Tregs to more favorably compete for IL-2 

that may particularly lower responses of CD8+ Teff cells, as noted by others (49). The 

selectivity of the fusion protein toward Tregs is accounted for by a mechanism where the FP 

exists primarily as a persistent inactive dimer leading to low levels of active monomer (Fig. 

9). Accordingly, the levels of available IL-2 from the fusion protein are adequate to readily 

stimulate Tregs due to their high levels of the high affinity IL-2R but are not sufficient to 

substantially stimulate Teff cells with lower levels of the high affinity IL-2R or CD8+ T 

memory and NK cells that express the intermediate affinity IL-2R. Thus, homologous IL-2/

CD25 is endowed with a feature associated with several mutants of IL-2 (31, 32), i.e. 

selectivity toward the high affinity IL-2R and Tregs, that is absent for native recombinant 

IL-2.

Much interest has emerged in using low-dose IL-2 in the setting of autoimmunity, as it 

represents a direct approach to boost Tregs in many patients (22). Low-dose IL-2 has the 

potential to regulate the immune system to re-establish immune tolerance in a natural 

manner, in contrast to the typical current approaches that non-specifically block the immune 

system with immunosuppressive drugs that often exhibit toxic side-effects and leave patients 

vulnerable to infections. However, recombinant IL-2 has a short half-life in vivo which 

limits its practical use as a drug availability to stimulate Tregs. Indeed, to boost Tregs in this 

type of immunotherapy, IL-2 must be injected frequently to overcome its short half-life and 

the margin between effective stimulation of Tregs and that of undesired immune activation is 

low and may limit efficacy (20, 21). We found that the biological half-life of mIL-2/mCD25 

was 17–20 hrs. This increased pharmacokinetics of IL-2/CD25 is due to the increased size of 

approximately 110 kDa of the IL-2/CD25 dimer and the slow-release of active IL-2/CD25 
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monomer. Our in vivo studies showed increases in Tregs on a per molecule basis that was far 

superior to that achieved by recombinant IL-2 and comparable to agonist mIL-2/anti-mIL-2 

complexes. Moreover, mIL-2/mCD25 prevented the development of diabetes in NOD mice, 

illustrating that the Tregs induced by the FP are functional and capable of controlling 

autoimmunity. Although much more needs to be learned about the in vivo mechanism of 

action of IL-2/CD25 and its potency to mediate immune tolerance, these results demonstrate 

that IL-2/CD25 FP offers potential advantages over low-dose recombinant IL-2 to 

selectively and persistently boost Tregs. The in vivo activity of IL-2/CD25 FPs may surpass 

IL-2-immunoglobulin FPs and engineered IL-2 muteins that target the high affinity IL-2R 

due to the longer half-life and unique mode of action.

Supplementary Material
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DE differentially expressed

DLS dynamic light scattering

FP fusion protein

hCD25 human CD25

IPA Ingenuity pathway analysis

mCD25 mouse CD25

mIL-2 mouse IL-2

RFP red fluorescent protein

PLN pancreatic lymph node

pSTAT5 phosphotyrosine STAT5

SEC-MALS size-exclusion chromatography coupled to an in-line multi-angle 

light scattering detector

SPR surface plasmon resonance; red fluorescent protein

Teff T effector cell

Ward et al. Page 17

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Treg regulatory T cell

Tfh T-follicular helper cell
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Figure. 1. 
Characterization of IL-2/CD25. (A) Diagram of mIL-2/mCD25 and hybrid mIL-2/hCD25 

FPs. (B, C) Bioactivity of mIL-2/mCD25 with varied linker lengths. COS7 cells were 

transfected with cDNAs encoding mIL-2/mCD25 with different gly/ser linkers. 3 days after 

transfections supernatants were tested for IL-2 activity using anti-CD3 pre-activated T cells 

blasts in the B) absence or C) presence of anti-IL-2 (S4B6, 10 μg/ml) (D) SDS-PAGE of 

purified mIL-2/mCD25 and mIL-2/hCD25 (5 μg each) under reducing and non-reducing 

conditions and identified by Blue BANDit™ stain (AMRESCO). (E) Western blot analysis 

of purified mIL-2/mCD25 and mIL-2/hCD25 under reducing conditions and detection with a 

primary mAb to 6×-His. (F) SDS-PAGE under reducing conditions of purified mIL-2/

mCD25 after de-glycosylation using Protein Deglycosylation Mix II). IL-2/CD25s were 

detected using BlueBANBitTM stain.
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Figure 2. 
Epitope mapping and bioactivity of mIL-2/mCD25 and mIL-2/hCD25. (A,B) For epitope 

mapping, the indicated fluorescent-labeled mAbs were pre-incubated with various 

concentrations of purified mIL-2/mCD25 or soluble mCD25 (A) or mIL-2/hCD25 or soluble 

hCD25 (B) prior to incubation with mCD25 transfected EL4 cells (EL4J3.4) (A) or hCD25 

transfected CHO cells( B) Data are represented as the percent inhibition of cellular staining 

with fluorescent anti-CD25 mAbs alone. Results (mean ± SEM) represent 3 independent 

determinations for FPs and 2 for soluble CD25. (C) Bioactivity of mIL-2/mCD25 and 
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mIL-2/hCD25 relative to mouse and human IL-2 using the IL-2-dependent CTLL mouse cell 

line. The right bar graph depicts the activity of the indicated molecules to mIL-2, where the 

number of replicates are represents within each bar. Results represent the mean ± SEM. A 

two-sided one sample t-test was performed where the activity of mIL-2 was considered 1. 

The p value is listed above each bar. In some cases for the data in Fig. 2A and 2B, the error 

bars were too small to show relative to the symbols.
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Figure 3. 
Molecular characteristics of IL-2/CD25. (A) Size determination of IL-2/CD25 by HPLC. 

The indicated purified proteins were subjected to HPLC using Sephacryl S-200 HR. The 

elution profile (black line) by O.D. (280 nm) and bioactivity (blue lines) using CTLL cells 

are shown. The highest values for the O.D. or cpm for 3H-thymidine proliferation were 

normalized to 1. (B) UV tracing of elution profiles of SEC-MALS of mIL-2/mCD25 and 

mIL-2/hCD25. The inset plots the molar mass vs. time light scattering signal of the main 

peak. The predicted MW of the protein backbone and observed MW of the FPs (right), 

where Carb reflect the amount of glycosylation. (C) Dynamic light scattering histograms of 

mIL-2/mCD25 and mIL-2/hCD25, with recombinant mIL-2 and mCD25, lysosozyme, and 

antibody, serving as reference proteins. Rh refers to the hydrodynamic radius. D. Models of 

FP dimers.
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Figure 4. 
Binding properties of IL-2/CD25 FPs to captured IL-2R by Surface Plasmon Resonance 

(SPR). (A) Binding of mIL-2, mIL-2/mCD25, and mIL-2/hCD25 to captured mouse and 

human CD25 or mouse IL-2Rβ/γc heterodimers by SPR. The left shows representative 

binding sensograms and the right indicates the association and dissociation constants and the 

Kd for the binding of each protein to CD25 or IL-2Rβ/γc. The top concentrations for IL-2 

was 1000 nM for binding to captured CD25 or IL-2Rβ/γc, except for mIL-2 to mIL-2Rβ/γc, 

which was 111 nM and 4000nM for the FPs. (B) Direct comparison of the binding levels of 

the indicated proteins to captured mCD25, where the ligand concentrations are show in the 

graph.
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Figure 5. 
Activation of STAT5 by IL-2/CD25. (A) Representative FACS analysis of induction of 

pSTAT5 after incubation of spleen cells from female C57BL/6 mice with mIL-2 or mIL-2/

mCD25 for 15 min. (B) Dose-response curves of in vitro STAT5 activation (mean ± SEM) of 

the indicated cell populations in the spleen after incubation with IL-2 (n=3), mIL-2/mCD25 

(n=2), or mIL-2/hCD25 (n=2) for 15 min. (C) Representative normalized dose-responses 

curves (left) for CD4+ Foxp3+ Tregs; the EC50s (right) of each dose-response (n=5) were 

determined by non-linear regression analysis. Shown is the mean ± SEM, where the number 

in the graph represents the p values of an unpaired two-sided t-test. (D-F) Time-course of in 

vivo responsiveness of the indicated cells after injection of female C57BL/6 mice with IL-2 

(5 μg), mIL-2/mCD25 (20 μg), or mIL-2/hCD25 (20 μg). At the indicated time, spleen cells 

were harvested and immediately processed for ex vivo pSTAT5 staining or (D) FACS 

analysis for Foxp3 and CD25. Shown is the mean ± SEM. The number in each graph 

represents the p value for the analysis of mIL-2/mCD25 vs mIL-2 (D, E) or mIL-2/mCD25 
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vs.mIL-2/hCD25 (F) by two-way ANOVA using Tukey”s multiple comparison test. (D) 

Responses by Tregs to mIL-2 and mIL-2/mCD25. (E) Responsiveness by various cells 

populations to mIL-2 and mIL-2/mCD25. (F) Comparison of the responses by Tregs to 

mIL-2/mCD25 or mIL-2/hCD25. In some cases for the data in Fig. 4, the error bars were too 

small to show relative to the symbols.
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Figure 6. 
Pharmacokinetics and pharmacodynamics of IL-2/CD25. (A) Female C57/B6 mice were 

injected i.p. with 20 μg of mIL-2/mCD25 or mIL-2/hCD25. Serum was collected at the 

indicated time points and the levels of the FPs were determined by ELISA developed to 

specifically detect these molecules. Shown are the mean ± SEM where an unpaired two-

sided t-test was used to compare the half-life of the two FPs. (B, C) Male C57BL/6 mice 

received mIL-2/mCD25 (8 μg) and mIL-2 (1.0 μg)/anti-IL-2 (5 μg of JES6–12A1) (days 1, 3 

and 5) and hIL-2 (25,000 U) or PBS (daily for 5 days); the indicated cell populations from 
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the spleen was assessed 1, 3 and 7 days after the last injection. Shown is the mean ± SEM. 

The number in each graph represents the p value for the analysis of mIL-2/mCD25 (upper 

value) or mIL-2/anti-mIL-2 complex (lower values) to hIL-2 by two-way ANOVA using 

Tukey’s multiple comparison test. (B) Effect on the indicated parameter for Tregs and 

conventional CD4+ and CD8+ T cells. (C) The levels of CD25 and Foxp3 on Tregs. In some 

cases for the data in Fig. 5, the error bars were too small to show relative to the symbols.
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Figure 7. 
Molecular consequences of mIL-2/mCD25 on Tregs. Male C57BL/6-Foxp3/RFP mice 

received a single injection (i.p.) of mIL-2/mCD25 (20 μg) or PBS. 3 days later, Tregs were 

sorted from the spleens and RNA was isolated for RNAseq. (A) Enriched canonical 

pathways grouped according to overlapped top differentially expressed (DE) genes. The 

canonical pathways were selected with a p value <0.05 and adjusted p value < 0.25. Red 

indicates up-regulated versus down-regulated (blue), and undetermined (white). Thickness 

of edges (line) indicates the number of DE genes overlapped between the pathways. (B) 
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IL-2/CD25-dependent expression of selected immune related genes in Tregs. Error bars 

represent standard errors. Reference lines indicate fold-change of 0.5 and 2, respectively.
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Figure 8. 
The effect of IL-2/CD25 on diabetes in female NOD mice. (A) 6–7 week old female NOD 

mice received the indicate dose of mIL-2/mCD25 i.p. or PBS and diabetes instances were 

assessed until 30 weeks of age. Data were analyzed by Mantal-Cox log rank test. (B) Female 

NOD-Foxp3/RFP mice were injected (i.p.) twice per week 3.5 days apart with mIL-2/

mCD25 or PBS for 2 weeks. 3 days after the last injection the proportion of Tregs within the 

CD4+ T cell compartment was determined for the indicated tissues, where PLN refers to the 

pancreatic lymph node. Shown is the mean ± SEM, where the number of replicates is shown 
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within the bars of each graph. Data were analyzed by Kruskal-Wallis one-way ANOVA. (C-

H) A distinct cohort of 6–7 week old female NOD mice were treated twice per week 3.5 

days apart with PBS or mIL-2/mCD25 (4 μg) for 5 weeks. Two to 3 days after the last 

treatment, serum was collected, the mice were euthanized, the spleen and PLN were 

collected and lymphoid cells were isolated from the pancreas. (C) Levels of antibodies 

reactive to the FP (n=8). (D) In vivo pSTAT5 levels were assessed directly ex vivo for the 

indicated cell subsets by immediate fixation of the spleen cell suspension followed by 

staining and FACS analysis. (E-G) The cell number and phenotype of CD4+ Foxp3+ Tregs 

(E) and CD4+ Foxp3- (F) and CD8+ (G) T conventional cells were assessed for the 

indicated tissues. (H) The proportion of CD44hi CD62Llo activated T cells were determined 

for CD4+ Foxp3- and CD8+ conventional T cells, as indicated. Each time point (D-H) 

consisted of 5 mice/group. All data were assessed by a two-sided non-paired t-test and any p 

value <0.05 is shown in the graph when comparing FP vs the PBS control. (I) 12 week old 

female NOD mice were treated with PBS (n=11) or an initial 8 ug dose of mIL-2/mCD25 

(n=9). Subsequently, the mice received PBS or mIL-2/mCD25 (4 μg) every 3.5 days for 5 

weeks. Diabetes instances were assessed until 40 weeks of age. Data were analyzed by 

Mantel-Cox log rank test.
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Figure. 9. 
Models to generate biologically active IL-2 from dimers of IL-2/CD25. A) Dissociation of 

IL-2/CD25 dimers to monomer. B) Release of one IL-2 moiety from IL-2/CD25 dimers. The 

percentage of dimers (99%) at any one point in time is estimated from the reduced 

(approximately 40-fold) bioactivity of the FP and its decreased binding (approximately 

1000-fold) to immobilized CD25 or IL-2Rβ/γc when compared to recombinant IL-2.
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