
Weekly injection of IL-2 using an injectable hydrogel reduces 
autoimmune diabetes incidence in NOD mice

Nadine Nagy1, Gernot Kaber1, Michael J. Kratochvil1,2, Hedwich F. Kuipers1, Shannon M. 
Ruppert1, Koshika Yadava1, Jason Yang1, Sarah C. Heilshorn2, S. Alice Long3, Alberto 
Pugliese4, Paul L. Bollyky1

1.Division of Infectious Diseases and Geographic Medicine, Department of Medicine, Stanford 
University School of Medicine, Stanford, CA, USA

2.Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA

3.Benaroya Research Institute, Seattle, WA, USA

4.Diabetes Research Institute, Leonard M. Miller School of Medicine, University of Miami, Miami, 
FL, USA

Abstract

Aims/hypothesis—IL-2 injections are a promising therapy for autoimmune type 1 diabetes but 

the short half-life of this cytokine in vivo limits effective tissue exposure and necessitates frequent 

injections. Here we have investigated whether an injectable hydrogel could be used to promote 

prolonged IL-2 release in vivo.

Methods—Capitalising on the IL-2-binding capabilities of heparin, an injectable hydrogel 

incorporating clinical-grade heparin, collagen and hyaluronan polymers was used to deliver IL-2. 

The IL-2-release kinetics and in vivo stability of this material were examined. The ability of 

soluble IL-2 vs hydrogel-mediated IL-2 injections to prevent autoimmune diabetes in the NOD 

mouse model of type 1 diabetes were compared.

Results—We observed in vitro that the hydrogel released IL-2 over a 12-day time frame and that 

injected hydrogel likewise persisted 12 days in vivo. Notably, heparin binding potentiates the 

activity of IL-2 and enhances IL-2- and TGFβ-mediated expansion of forkhead box P3-positive 

regulatory T cells (FOXP3+ Tregs). Finally, weekly administration of IL-2-containing hydrogel 

partially prevented autoimmune diabetes while injections of soluble IL-2 did not.
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Conclusions/interpretation—Hydrogel delivery may reduce the number of injections required 

in IL-2 treatment protocols for autoimmune diabetes.
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Introduction

Type 1 diabetes is characterised by the progressive immune cell-mediated destruction of 

pancreatic beta cells and the failure of regulatory mechanisms that normally prevent this, 

including regulatory T cells (Tregs) (1).

One critical factor that governs Treg function is the cytokine IL-2 (2). The potential role of 

low-dose IL-2 in type 1 diabetes is a subject of active exploration and a frontier in the 

treatment and prevention of autoimmunity (3). Low-dose IL-2 affects two critical cell 

populations of the immune system: T cells and natural killer (NK) cells. However, IL-2 has a 

short half-life, depending on the route of administration, from 7 min for i.v. to several hours 
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for i.p. and s.c. administration (4, 5). In addition, the dosing protocols vary depending on the 

disease. Cancer treatment usually requires daily dosing (6), whereas autoimmune disease 

protocols are variable, with some calling for administration of doses spaced at as much as 5 

day intervals (6, 7). It would be desirable to extend the effective half-life of IL-2 to 

administer as few injections as possible.

One matrix component that has been used to bind and deliver cytokines in a sustained 

manner is heparin (8). Heparin binding also influences the bioactivity of many cytokines, 

including IL-2 (9-12), although effects on Tregs have not been previously examined.

We hypothesised that it would be possible to adapt a heparin-based hydrogel for the 

sustained and localised release of IL-2 to reduce autoimmune diabetes in the NOD mouse 

model of type 1 diabetes.

Methods

Mice

All animals were bred and maintained under specific pathogen-free conditions with free 

access to food and water in the vivarium at Stanford University (Stanford, CA). Female 

NOD and C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA). All experiments and animal use procedures were approved by the Animal Care & Use 

Committee of Stanford University. The animal assignment to experimental groups was 

performed randomly. Due to multiple different treatments during the course of the 

experiments, the experimenters were not blinded to group assignments, but experimenters 

were blinded for analysis.

Weight and diabetes monitoring

Beginning at 4 weeks of age, mice were weighed and bled weekly to measure their blood 

glucose levels. When two consecutive blood glucose readings of 13.87 mmol/l or greater 

were recorded, mice were considered diabetic.

Hydrogels

The hydrogel system is made up of thiolated hyaluronan/heparin/collagen components 

crosslinked with polyethylene glycol diacrylate. The heparin is a low-molecular-weight, 

clinical-grade product. The hyaluronan is a standardised, clinical-grade 500 kDa product. 

The collagen is type 1 collagen and is also clinical grade. These gel components together 

make up 1% weight/volume of the hydrogel. The Extracel and Extracel-HP are 

commercially available preparations that have been widely reported in the literature (13-15). 

Extracel (hyaluronan/collagen) and Extracel-HP (hyaluronan/heparin/collagen) hydrogels 

(BioTime, Alameda, CA, USA) were generated as per the manufacturer’s instructions. To 

assess the stability of these in vivo, 200 μl hydrogel incorporating an Alexa Fluor 790 

fluorescent tag (Thermo Fisher, Waltham, MA, USA) were injected s.c. or i.p. into mice and 

allowed to polymerise in situ. Residual hydrogel mass was assessed at multiple days post 

injection using an IVIS 100 in vivo imaging system (Perkin Elmer, Waltham, MA, USA). A 

fibrin hydrogel was formulated by cleaving 5 mg/ml salmon fibrinogen (SeaRun Holdings, 
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Freeport, ME, USA) with 2 U/ml salmon thrombin (SeaRun Holdings) in Extracel. A 

matrigel hydrogel (Corning, Corning, NY, USA) was prepared according to manufacturer’s 

instruction.

IL-2

The IL-2 used in this study was Proleukin (aldesleukin; Clinigen, PA, USA). It is a human 

recombinant IL-2 product, a highly purified protein with a molecular weight of 

approximately 15,300 Da. This is a clinical-grade product that has been used widely for over 

20 years in numerous animal models and human clinical trials (6, 16).

IL-2 in vivo studies

For one set of experiments, 6-week-old NOD mice were treated with either 25,000 IU IL-2 

once weekly or the same amount of IL-2 delivered in the context of a single hydrogel 

injection, or PBS injections as a negative control. After 1 month, mice were killed, 

mesenteric lymph nodes (LNs) were collected, and populations of lymphocytes were 

assessed by flow cytometry. For another set of experiments the above-mentioned treatment 

was administered to mice from 6 to 21 weeks of age. The mice were subsequently monitored 

for diabetes onset until 33 weeks of age.

Measurement of IL-2 release from hydrogels

Hydrogels were cast into a 96 well plate, 100 μl per well. After the hydrogels were formed, 

200 μl of 1600 IU IL-2/ml PBS was added per well and incubated overnight. The loading 

solution was collected for later analysis. Release was conducted by incubating the samples 

in 200 μl of PBS, which was collected and replaced at the specified time points. IL-2 

concentration was measured using an IL-2 ELISA (BioLegend, San Diego, CA, USA).

IL-2 proliferation assay

CTLL2 cells (ATCC, Manassas, VA, USA), were cultured for 48 h in the context of 

increasing concentrations of IL-2 with or without heparin. Proliferation was measured using 

a resazurin-based Reliablue Cell Viability Reagent (ATCC, Manassas, VA, USA).

Isolation and analysis of leucocyte populations

Total leukocytes were isolated from lymph nodes from 10-week-old NOD mice, as 

previously described (17). CD4+ T cells were isolated from the pooled cell suspensions 

using an EasySep Mouse CD4+ T Cell Isolation Kit (Stemcell, Vancouver, BC, Canada), 

following the manufacturer’s instructions. For T cell activation and forkhead box P3-positive 

(FOXP3+) induction studies, cell culture plates (96-well) were coated overnight with 5 μg/ml 

anti-CD3 antibody (catalogue no. 145-2C11; BD Biosciences, San Jose, CA, USA) and 2.5 

μg/ml anti-CD28 antibody (catalogue no. 37.51; BD Biosciences). Subsequently, 1×105 cells 

were cultured with or without soluble 100 IU/ml IL-2 (Proleukin [aldesleukin]; Clinigen) 

and 50 ng/ml TGFβ (catalogue no. 21C11; BioLegend), as indicated using previously 

published protocols (18). Cells were stained and flow cytometry was performed as 

previously described (17). Analysis was done on an LSR II instrument (BD Biosciences) in 
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the Stanford Shared FACS Facility (Stanford, CA, USA). Analysis was carried out on 

Flowjo v10 (Ashland, OR, USA).

Statistical analysis

Data are expressed as means ± SEM of n independent measurements. A p value of <0.05 

was considered significant. Significance of the difference between the means of two or three 

groups of data was evaluated using a two-tailed t test or one-way ANOVA with Šidák’s 

multiple comparisons post-test.

Results

Heparin potentiates IL-2 Treg induction

While heparin is reported to enhance the activity of IL-2, we investigated whether heparin-

bound IL-2 likewise potentiates the effects of the cytokine on Tregs. In vitro we observed 

that proliferation with heparin complexed with IL-2 was more than twofold that with IL-2 

alone (Fig. 1a). We then sought to determine whether heparin complexed with IL-2 likewise 

enhances the impact of IL-2 on Treg induction from CD4+GFP/FOXP3− conventional T 

cells (Tconv) precursors activated with anti-CD3 and anti-CD28 in the presence of TGFβ 
and IL-2 (Fig. 1b) (19). The presence of heparin and IL-2 greatly increased Treg induction in 

this assay (Fig. 1c).

Heparin- and IL-2 containing hydrogels potentiates Treg induction

We next studied whether heparin in the context of a hydrogel also potentiates the effects of 

IL-2 on Treg induction. To this end, we coated tissue culture plates with a commercially 

available hyaluronan/heparin/collagen hydrogel preparation (Fig. 1d) and used the same 

induction protocol (Fig. 1e). In the presence of IL-2, the hyaluronan/heparin/collagen 

hydrogel significantly increased Treg induction vs the non-hydrogel-containing condition 

(Fig. 1f). Notably, repeating the experiment with a hyaluronan/collagen hydrogel lacking the 

heparin component, a fibrin hydrogel or a matrigel hydrogel did not potentiate Treg 

induction (data not shown).

Together, these data indicate that heparin potentiates the effects of IL-2 on Treg expansion, 

and that this stimulus can be delivered as a hydrogel.

Hydrogels release IL-2 in a sustained manner

We next sought to quantify the capacity of hydrogels to bind and slowly release IL-2 over 

time. The hyaluronan/heparin/collagen hydrogel eluted IL-2 through day 12, while the 

hyaluronan/collagen hydrogel eluted IL-2 through day 7 (Fig. 1g, h). These data indicate 

that hydrogels retain IL-2, releasing it over time, and that heparin enhances this.

Hydrogel persists in vivo

To determine whether the hyaluronan/heparin/collagen hydrogel is stable when injected in 

vivo, the hydrogel was delivered via s.c. and i.p. injection and allowed to polymerise in situ. 

Residual hydrogel mass in the mice was then assessed using the IVIS in vivo imaging 

system at 1, 5 and 12 days post hydrogel injection (Fig. 1i-k). Injection of the hydrogel s.c. 

Nagy et al. Page 5

Diabetologia. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resulted in longer persistence, which was still clearly seen at day 12 post injection (Fig. 1k). 

In general, hydrogel introduced via i.p. injection did not show a strong signal using the IVIS 

in vivo imaging (Fig. 1i-k). These data demonstrate that a hyaluronan/heparin/collagen 

hydrogel polymerises in vivo and is stable for up to 12 days.

Hydrogel-mediated IL-2 delivery is associated with an in vivo Treg increase

To investigate whether hydrogel-mediated IL-2 delivery could be used to promote Treg 

expansion in vivo, NOD mice were treated by once weekly i.p. injection of 25,000 IU IL-2 

either in its soluble form or in a hyaluronan/heparin/collagen hydrogel. After 1 month of 

treatment, the mice were killed and T cell populations in the mesenteric LNs were then 

assessed via flow cytometry. We observed that the percentage of CD3+CD4+ T cells and 

CD3+CD8+ T cells in the LNs was significantly decreased in the IL-2 hydrogel treatment 

group (Fig. 2a, b). The percentage of CD3+CD4+FOXP3+ Tregs was significantly increased 

in the setting of the IL-2 hydrogel group (Fig. 2c), while the FOXP3 mean fluorescence 

intensity (MFI) was unchanged by either treatment (Fig. 2d). Together, these data indicate 

that hydrogel-mediated IL-2 delivery increases Tregs in vivo.

IL-2 delivery via hydrogel reduces the incidence of diabetes onset in NOD mice

In parallel to studying the effects of the IL-2 hydrogel on Treg expansion, we also 

investigated whether this treatment regimen could prevent autoimmune diabetes in NOD 

mice.

NOD mice were i.p. injected once weekly with 25,000 IU IL-2 either in its soluble form or 

in a hyaluronan/heparin/collagen hydrogel. This treatment was administered to 6-week-old 

mice for 15 weeks, a Kaplan–Meier curve shows the percentage of non-diabetic mice in the 

different treatment groups over time (Fig. 2e). Three months later, at 33 weeks of age, all 

mice in the control group, eight out of ten in the IL-2 group, and five out of ten in the IL-2 

hydrogel group were diabetic (Fig. 2f). At 33 weeks of age, the blood glucose values of the 

control mice were >33.33 mmol/1, ~27.75 mmol/l for the IL-2 treatment group and ~20.53 

mmol/l for the IL-2 hydrogel group (Fig. 2g). These data suggest that once weekly hydrogel 

delivery of IL-2 could partially prevent autoimmunity in this animal model.

Discussion

We report that once weekly injections of a hydrogel containing heparin and IL-2 promote 

Treg expansion and partially prevent autoimmunity in the NOD mouse model of type 1 

diabetes. In contrast, the same IL-2 regimen injected without hydrogel did not. Other groups 

have used protocols in which IL-2 was administered daily or several times a week (20-23); 

these different treatment regimen make it difficult to compare data between studies. Our data 

suggest that it may be possible to reduce the likelihood of onset of autoimmune diabetes 

with less frequent injections using IL-2-releasing hydrogel preparations. Currently, IL-2 use 

alone cannot be used in humans to prevent autoimmune diabetes; we used an exploratory 

approach in our heparin- and IL-2-containing hydrogel study.

We have demonstrated that heparin delivered in diverse ways, alone or in the form of a 

hydrogel, amplifies the impact of IL-2 on multiple cell types. We report that a hydrogel 
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containing heparin can release IL-2 over time using an assay performed in the absence of 

cells that does not therefore involve cellular responses to IL-2. Thus, we conclude that 

heparin has effects both on the potency of IL-2 as well as its sustained release from a 

hydrogel over time. We believe that enhanced IL-2 activity, as well as the extended release 

of IL-2 through very slow diffusion and degradation of the hydrogel itself, contribute to the 

effects reported here.

This hydrogel may have potential in treating other autoimmune disorders that are responsive 

to IL-2 (24), perhaps particularly autoimmune diseases of the skin. However, the safety and 

tolerability of hydrogel materials in the context of IL-2 will need to be examined (25, 26). 

Moreover, it would be important to evaluate the performance of these hydrogel materials 

over a range of IL-2 concentrations and formulations. Based on our findings, we conclude 

that hydrogel-mediated IL-2 delivery may be a useful approach for delivering IL-2 

therapeutically.
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Fig. 1. 
Hydrogels release IL-2 in a sustained manner and potentiate Treg induction in the presence 

of heparin (HI). (a) CTLL2 cells were cultured in the presence of increasing concentrations 

of IL-2 with or without HI. Proliferation was measured by resazurin incorporation and 

expressed as arbitrary units (AU). Data are shown for triplicate wells per condition. (b) 

Schematic of CD4+GFP/FOXP3− T cells isolated from healthy (non-diabetic) mice, cultured 

in the setting of anti-CD3 and anti-CD28, TGFβ and IL-2 in the absence or presence of HI. 

(c) Percentage of CD4+ T cells that were FOXP3+ from experiment described in (b). 

Quantification of n=3 identical experiments. Data represent mean ± SEM; *p<0.05 as 

determined by a two-sided t test. (d) Schematic of hydrogel composition. (e) Schematic of 

CD4+GFP/FOXP3− T cells, isolated from healthy (non-diabetic) mice cultured in the setting 

of anti-CD3/-CD28, TGFβ and IL-2 in the absence or presence of HI and hydrogel. COL, 

collagen; HA, hyaluronan. (f) Percentage of CD4+ T cells that were FOXP3+ from 

experiment described in (e). Quantification of n=3 identical experiments. Data represent 

mean ± SEM; *p<0.05 as determined by a two-sided t test. (g) Hydrogel IL-2 release curve 

for different hydrogel compositions (HA, HI, COL and/or IL-2). (h) IL-2 release from 

hydrogels measured by IL-2 ELISA at day 7. Data represent mean ± SEM; *p<0.05 as 

determined by ANOVA followed by Šidák’s multiple comparisons test. Data in (g) and (h) 

are shown for the mean of triplicate wells per condition. (i–k) Hydrogels of 50 μl volume 

incorporating an Alexa Fluor 790 fluorescent tag were injected into mice s.c. and i.p. and 

allowed to polymerise in situ. Residual hydrogel mass was then assessed at 1 (i), 5 (j) and 12 

days (k) post injection using an IVIS in vivo imaging system. Data are representative of 

three independent experiments
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Fig. 2. 
In vivo heparin (HI) hydrogels are associated with an increase in FoxP3+ Tregs and reduce 

diabetes onset in NOD mice. (a–d) Six-week-old NOD mice were treated with either 25,000 

IU IL-2 once weekly or the same amount of IL-2 delivered in the context of a single 

hydrogel injection, or PBS injections as a negative control. After 1 month, mice were killed, 

mesenteric LNs were collected, and populations of lymphocytes were assessed by flow 

cytometry. In particular, the percentage of CD3+CD4+ T cells (a), the percentage of 

CD3+CD8+ T cells (b), CD3+CD4+FOXP3+ Tregs (c) and FOXP3 mean fluorescence 

intensity (MFI) (d) were assessed. Data are representative of two independent experiments; 

n=5 mice per group. Data represent mean ± SEM; *p<0.05 as determined by ANOVA 

followed by Šidák’s multiple comparisons test. (e) Starting at 6 weeks of age, NOD mice 

received either 25,000 IU IL-2 once weekly, or the same amount of IL-2 delivered in the 

context of a once a week hydrogel injection. PBS injections served as negative controls. 

Mice were then monitored weekly for diabetes onset. This treatment was administered to 

mice from 6 to 21 weeks of age and mice were subsequently monitored until 33 weeks of 

age. (f, g) Number of diabetic mice per group (f) and blood glucose (g) at 33 weeks of age, 3 

months after treatment ended. Data represent mean ± SEM, n=10 mice per group. *p<0.05 

as determined by ANOVA followed by Šiák’s multiple comparisons test
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