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Abstract 

Regulatory T cell (Treg)-based therapeutics are receiving increased attention for their potential to 

treat autoimmune disease and prevent transplant rejection. Adoptively transferred Tregs have 

shown promise in early clinical trials, but cell-based therapies are expensive and complex to 

implement, and ―off-the-shelf‖ alternatives are needed. Here, we investigate the potential of 

artificial antigen presenting cells (aAPCs) fabricated from a blend of negatively charged 

biodegradable polymer (poly(lactic-co-glycolic acid), PLGA) and cationic biodegradable 

polymer (poly(beta-amino ester), PBAE) with incorporation of extracellular protein signals 1 and 
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2 and a soluble released signal 3 to convert naïve T cells to induced Foxp3+ Treg-like suppressor 

cells (iTregs) both in vitro and in vivo in a biomimetic manner. The addition of PBAE to the 

aAPC core increased the conjugation efficiency of signal proteins to the particle surface and 

resulted in enhanced ability to bind to naïve T cells and induce iTregs with potent suppressive 

function. Furthermore, PLGA/PBAE tolerogenic aAPCs (TolAPCs) supported the loading and 

sustained release of signal 3 cytokine TGF-β. A single dose of TolAPCs administered 

intravenously to C57BL/6J mice resulted in an increased percentage of Foxp3+ cells in the 

lymph nodes. Thus, PLGA/PBAE TolAPCs show potential as an ―off-the-shelf‖ biomimetic 

material for tolerance induction. 

 

Keywords: artificial antigen presenting cell, immunotherapy, regulatory T cell, tolerance, 

bioengineering, immunoengineering 

Statement of Significance 

Regulatory T cells (Tregs) are promising for basic research and translational medicine as they can induce 

tolerance and have the potential to treat autoimmune diseases such as type 1 diabetes and multiple 

sclerosis. As cell-based therapies are expensive and difficult to manufacture and implement, non-cellular 

methods of engineering endogenous Tregs are needed.  The research reported here describes a new 

type of biomimetic particle, tolerogenic artificial antigen presenting cells (TolAPCs) fabricated from a 

blend of negatively charged biodegradable polymer, poly(lactic-co-glycolic acid), and positively charged 

biodegradable polymer, poly(beta-amino ester),  along with key biomolecular signals: extracellularly 

presented protein signals 1 and 2 and a soluble released signal 3. These TolAPCs bind to naïve T cells and 

induce Foxp3+ Treg-like suppressor cells with potent suppressive function. In both in vitro and in vivo 

studies, it is shown that this non-cellular approach is useful to induce tolerance. 

 

1. Introduction 

Interest in regulatory T cells (Tregs) for antigen-specific immunotherapy stems from the 

discovery that a CD4+ CD25+ subset of T cells had the ability to suppress other cell types in 

response to self and non-self antigens.[1] As primary mediators of peripheral tolerance, Tregs 

work to regulate the immune system through several mechanisms targeting effector T cells and 

APCs. They are capable of directly destroying effector cells via cytolysis and suppressing 

effector cells through release of inhibitory cytokines, including TGF-, IL-10, and IL-35, or 
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metabolic disruption via IL-2 starvation, transfer of cyclic adenosine monophosphate (cAMP), 

and adenosine release.[2, 3] Tregs can also inhibit dendritic cell maturation and induce dendritic 

cells to release indoleamine 2,3-dioxygenase (IDO) to suppress effector T cells. Because of their 

ability to induce tolerance through a variety of mechanisms, a growing number of therapies are 

being designed to target Tregs to establish tolerance toward specific antigens of interest. 

However, low autologous Treg numbers and defective function have been shown to contribute to 

a variety of autoimmune diseases, including type 1 diabetes (T1D), multiple sclerosis (MS), and 

systemic lupus erythematosus (SLE).[4] Strategies to increase Treg populations include 

expansion of Tregs, or de novo peripheral induction of Tregs from naïve T cells.  

Although adoptive transfer of polyclonal Tregs shows promise in early-phase clinical trials for 

graft-versus-host disease[5, 6], organ transplantation,[7] and autoimmune disease,[8, 9] the rarity 

of Tregs in peripheral blood presents a major challenge to obtaining enough cells for transfer.[2] 

In vitro Treg expansions rely on high doses of IL-2 and have used antigen resenting cells (APCs) 

or anti-CD3/anti-CD28 beads.[10-12] However, Tregs are difficult to expand and may only be 

transiently functional following adoptive transfer, and strategies to directly modulate them in 

vivo are needed.  Particle-based approaches are particularly versatile in their ability to deliver 

immunomodulatory factors and antigen specific signals in a targeted fashion to promote Tregs in 

vivo.[13] For example, Tostanoski et al. showed that biodegradable microparticles loaded with 

rapamycin and a myelin-derived peptide were shown to ameliorate experimental autoimmune 

encephalomyelitis (EAE) and reprogram the immune system toward a regulatory phenotype 

following a single injection into the inguinal lymph nodes of diseased mice.[14] Additionally, 

metallic nanoparticles functionalized with MHC Class I or II complexes show promise in 

reversing T1D and EAE in mice by expanding suppressive CD4+ and CD8+ T cells.[15] 

In cases where preexisting Tregs are nonexistent or impaired, Treg induction has the potential to 

restore numbers and function and may be a more promising strategy than expansion of existing 

Tregs. However, there is a lack of effective technologies for antigen-specific Treg induction, 

particularly those that can be used to induce Tregs in vivo. Naïve T cells can be converted to 

Tregs by providing co-stimulation and TGF-β, the latter essential for transition to a regulatory 

phenotype.[4, 16] However, systemic administration of TGF-β causes significant off-target 

effects, necessitating localized delivery to T cells. Yang et al. demonstrated that tethering TGF-β 

to the surface of beads and natural APCs promotes Treg induction.[17] McHugh et al. showed 

that local TGF-β and IL-2 release in a controlled paracrine fashion from nanoparticles generated 

induced Tregs (iTregs) from naïve CD4+ T cells that were both functional and stable over 

time.[18] Controlled protein release to modulate T-cell responses has recently been explored in 

the context of artificial antigen presenting cell (aAPC) design to allow for precise modulation of 

T cell subsets coupled with presentation of essential T cell activation signals.[18-21] The term 

―aAPC‖ has been applied in many instances to describe a variety of cellular and acellular 

systems both specific and nonspecific, and synthesized from a variety of nondegradable and 

biodegradable materials.[22] We use the term aAPC from a reductionist standpoint—a 3D 

platform providing the minimum signals required to induce a T cell response. While newer 

generation aAPCs are being used to activate T cells, limited research has been conducted to 

design aAPCs to induce Tregs to promote immune tolerance.  
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One promising area of research is the use of different biodegradable polymers for the rigid aAPC 

core to increase their potency and ―off-the-shelf‖ potential.[21] Although nondegradable 

materials have been investigated for ex vivo aAPC applications and poly(lactic-co-glycolic acid) 

(PLGA) is most commonly used as a biodegradable material for aAPCs construction, other 

biodegradable materials may possess beneficial properties for the fabrication of aAPCs. One 

important parameter governing T-cell activation is the surface density of signal proteins.[23] 

Close spacing is optimal but can be difficult to achieve with PLGA particles due to the low 

efficiency of certain conjugation strategies. To generate enhanced aAPCs, we utilize a novel core 

material consisting of a blend of PLGA and a hydrophobic poly(beta-amino ester) (PBAE). Rigid 

particles composed of a PLGA/PBAE blend have previously been used for intracellular nucleic 

acid delivery to immune cells [24], but have not been explored as a core material for aAPC 

technologies. Incorporating a hydrophobic, cationic polymer into the core of aAPCs has the 

potential to increase protein binding to the surface of the particles.[25] The addition of PBAE 

may enhance aAPC function and make it sufficiently potent for direct in vivo administration 

while also maintaining the advantages of PLGA in terms of biodegradability and 

biocompatibility.  

Here, we investigated the ability of a biomimetic, biodegradable tolerogenic aAPC composed of 

a PLGA/PBAE blend to induce a population of Foxp3+ regulatory cells (iTregs) in vitro and in 

vivo. PLGA/PBAE aAPCs improved iTreg induction in vitro over PLGA aAPCs, showing the 

importance of biomaterial chemistry in aAPC design. iTregs were able to suppress the 

proliferation of naïve T cells. Finally, PLGA/PBAE aAPC loaded with TGF- (TolAPC) 

promoted a regulatory T cell phenotype in vivo. These results demonstrate the effectiveness of 

PLGA/PBAE-based aAPC over PLGA aAPC for enhanced iTreg induction in vitro and the 

potential of a new TolAPC biomaterial system to improve T-cell polarization toward a regulatory 

phenotype in vivo. 

 

2. Materials and Methods 

2.1 Poly(beta-amino ester) synthesis and characterization 

Poly(beta-amino ester) (PBAE) was synthesized using a two-step procedure. First, an acrylate-

terminated base polymer was prepared through the Michael addition of 4,4’-

trimethylenedipiperidine to 1,4-butanediol diacrylate at a 1.2:1 monomer ratio. The monomers 

were reacted neat and with stirring at 90°C for 24 hours to generate the base polymer. Next, the 

base polymer was dissolved in anhydrous tetrahydrofuran (THF) and reacted with an excess of 

end-capping monomer 1-(3-aminopropyl)-4-methylpiperazine at room temperature for 1 hour. 

The resulting end-capped PBAE polymer was purified with hexane, dried under vacuum, and 

stored at -20°C under nitrogen gas. The molecular weight of the PBAE was determined through 

gel permeation chromatography using an Ultrastyragel column with a molecular weight range of 

500-30 kDa (Waters; Milford, MA) and a mobile phase of THF with 5% DMSO and 1% 

piperidine. 

2.2 Tolerogenic artificial antigen presenting cell synthesis and characterization 
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2.2.1 Particle fabrication 

Microparticles were made from poly(lactic-co-glycolic acid) (PLGA, acid-terminated, 50:50 

lactide:glycolide ratio, MW 34,000-58,000 Da), purchased from Sigma Aldrich (St. Louis, MO), 

or a 75:25 w/w blend of PLGA and PBAE. To synthesize blank particles, 100 mg of polymer 

was dissolved in 5 mL dichloromethane (DCM) and homogenized into a 50-mL solution of 1% 

poly(vinyl alcohol) (PVA) by a T-25 digital ULTRA-TURRAX IKA tissue homogenizer at a 

speed of 5,000 rpm (IKA Works; Wilmington, NC). The resulting microparticle emulsion was 

then added to 100 mL of 0.5% PVA. To synthesize TGF-β-releasing particles for in vivo 

experiments, 50 mg of polymer was dissolved in 1 mL DCM. A 17.5 µL solution containing 2.5 

µg recombinant mouse TGF- and 1 mg bovine serum albumin (BSA) was added into the 

polymer solution and emulsified using a Misonix S-4000 probe sonicator operating at 12 W 

power 20% amplitude for 20 seconds (Qsonica; Newtown, CT). The resulting TGF-β/polymer 

emulsion was homogenized into 50 mL of 1% PVA 5,000 rpm, and the final emulsion was added 

into 100 mL of 0.5% PVA with stirring. The particles were allowed to harden for at least 4 

hours. Particles were then washed three times in water with centrifugation at 3,000  g, frozen, 

and lyophilized for later use. 

2.2.2 Functionalization 

PLGA and PLGA/PBAE microparticles were functionalized with proteins of interest using 

EDC/NHS chemistry, which couples primary amines on proteins of interest to carboxylic acid-

terminated PLGA. Lyophilized particles were resuspended in 0.1 M MES buffer at pH 6.0 at a 

concentration of 2 mg/mL. An EDC/NHS solution consisting of 40 mg/mL EDC and 48 mg/mL 

NHS was added to each 2-mg batch of particles. Particles were activated at room temperature for 

30 minutes. Following activation, particles were centrifuged at 5,000  g for 5 minutes and 

resuspended in PBS at 2 mg/mL. Anti-mouse (clone: 145-2C11) or anti-human CD3 (clone: 

OTK3) (Biolegend; San Diego, CA) and CD28 (Bio X Cell; West Lebanon, NH) monoclonal 

antibodies were added at the following amounts, expressed as the mass of anti-CD3/anti-CD28 

per mg of particles: 0.8 µg/ 1 µg (1/5); 4 µg/ 5 ug (1); and 20 µg/ 25 ug (5). Particles were 

incubated with the protein overnight at 4°C to synthesize aAPCs. The following day, particles 

were washed 3 times with PBS and used immediately. 

2.2.3 Characterization 

Microparticles were imaged and sized using scanning electron microscopy (SEM). Lyophilized 

particles were spread onto aluminum tacks mounted with double-sided carbon tape. Excess 

particles were removed from the tack with an air gun. Samples were sputter-coated with a 20-nm 

layer of gold/palladium and imaged on a LEO FESEM (Zeiss). Particle size was measured by 

image analysis in ImageJ. Zeta potential was measured using a ZetaSizer (Malvern). 

To assess TGF-β release from PLGA and PLGA/PBAE microparticles, lyophilized particles 

were resuspended in PBS at 10 mg/mL and incubated at 37°C. Supernatants were collected at 

various timepoints by centrifuging samples at 5,000  g and were replaced with fresh PBS. TGF-

β in the supernatant was measured using a sandwich ELISA (Biolegend). 
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To quantify the amount of protein on the surface of aAPCs, particles were conjugated with 1/5, 

1, or 5 AlexaFluor 488-labeled anti-CD3 (clone: 145-2C11) and allophycocyanin-labeled anti-

CD28 (clone: 37.51) using EDC/NHS chemistry as described above. After conjugation, aAPCs 

were washed three times with PBS, and fluorescence was evaluated using a BioTek Synergy 2 

plate reader (Biotek; Winooski, VT). Particles were conjugated under sterile conditions prior to 

use in vitro and in vivo, and all reagents used in particle synthesis and preparation were tested for 

endotoxin. The mass of protein on the particle was calculated against a standard curve generated 

from known amounts of labeled protein to evaluate protein conjugation efficiency. To measure 

surface protein retention over time, aAPCs were incubated in PBS at 37°C for 7 days. 

Supernatants were collected at various timepoints and analyzed via plate reader. 

2.3 Isolation of Naïve CD4+ CD25- T cells 

All mice were maintained according to the Johns Hopkins University Institutional Animal Care 

and Use Committee. Male C57BL/6J mice aged 8-12 weeks were sacrificed, and their spleens 

were dissected and homogenized though a cell strainer. CD4+ CD25- cells were isolated using a 

CD4+ T-cell isolation kit (Miltenyi Biotec; Auburn, CA). Briefly, cells were incubated with a 

cocktail of biotin-conjugated antibodies to deplete non CD4+ T cells, and a biotinylated anti-

mouse CD25 monoclonal antibody (clone: PC61; Biolegend) was added at 1 µL per 10
7
 cells to 

deplete CD25+ cells. Cells were then labelled with anti-biotin-conjugated magnetic micro-beads 

and magnetically separated to obtain an enriched population of CD4+ CD25- T cells. 

2.4 in vitro aAPC/T-cell binding assay 

PLGA and PLGA/PBAE microparticles were synthesized as previously described except the 

initial DCM solution also included 10 µg of Vybrant DiD Cell-Labeling Solution (Thermo Fisher 

Scientific; Waltham, MA). Control PLGA and PLGA/PBAE aAPCs were surface-conjugated 

with an anti-human CD3 monoclonal antibody (clone: OTK3; Biolegend). C57BL/6J splenocytes 

or CD4+ T cells were labeled with Vybrant Cell Tracker carboxyfluorescein succinyl ester 

(CFSE) (Life Technologies; Grand Island, NY) dye according to the manufacturer's protocol. 

Cells were incubated with aAPCs at a concentration of 0.05 or 0.01 mg aAPCs/50,000 cells for 1 

hour at 37°C. Prior to confocal imaging the cells were gently washed 3 times with PBS to 

remove unbound particles. Confocal micrographs were obtained using a Zeiss 710 LSM (Carl 

Zeiss Microscopy; Jena, Germany). aAPC/T-cell binding was assessed on an Accuri C6 Flow 

Cytometer (BD Biosciences; San Jose, CA). Splenocyte samples were also stained with Brilliant 

Violet 421-labelled anti-CD3 (clone: 145-2C11; Biolegend). CFSE and DiD double-positive 

events were considered instances of binding. DiD geometric mean fluorescence intensity (MFI) 

of CFSE+ cells was also used to evaluate the extent of aAPC binding to cells. DiD MFI values 

were normalized to control samples with cells and unconjugated particles to account for 

differences in fluorescence between PLGA and PLGA/PBAE particles. 

2.5 in vitro aAPC-mediated iTreg induction 

C57BL/6J cells were incubated with aAPCs at 1, 0.1, 0.01, or 0.001 mg/mL in RPMI media 

supplemented with L-glutamine, non-essential amino acids, vitamin solution, sodium pyruvate, 

β-mercaptoethanol, 10% FBS, ciprofloxacin, and 400 U/mL human IL-2. TGF-β was added at 5 
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ng/mL. After five days, cells were stained with CFSE according to the manufacturer's protocol. 

CFSE-labeled cells were then fixed, permeabilized, and stained for Forkhead Box Protein 3 

(Foxp3) using a Foxp3 staining kit (Thermo Fisher Scientific). Foxp3 expression was assessed 

through flow cytometry analysis on an Accuri C6 Flow Cytometer. For additional phenotype 

studies, cells were also stained with antibodies against CD4 (RM4-5) – AF 488, CD25 (PC61) - 

PE, Foxp3 (FJK-16s) – Pacific Blue, CD39 (Duha59) - APC, and CD73 (TY/11.8) – APC/Fire 

750. For human iTreg induction studies, naïve CD4+ human T cells were purchased 

commercially (Zen-Bio; Research Triangle Park, NC) and incubated with aAPCs as previously 

described. After five days, cells were stained for CD4 (SK3) – PE, CD25 (M-A251) – PE/Cy7, 

and FOXP3 (PCH101) – Pacific Blue and analyzed using flow cytometry. 

2.6 Cytokine secretion analysis 

iTregs were induced with PLGA/PBAE aAPCs in the presence or absence of exogenous TGF-β 

as previously described. Culture supernatants were harvested and relative levels of cytokines 

were determined using a Proteome Profiler Mouse Cytokine Array Kit (R&D Systems; 

Minneapolis, MN). ImageJ was used to analyze the pixel density in spots of the array, and the 

averaged background signal from negative control spots was subtracted. 

2.7 Quantification of foxp3  

iTregs were induced with PLGA/PBAE aAPCs in the presence or absence of exogenous TGF-β. 

Cells were then harvested and DNA was extracted and sent to EpigenDx (Hopkintown, MA) for 

pyrosequencing to determine percent methylation of various CpG motifs within the foxp3 locus. 

2.8 iTreg stability assay 

iTregs were induced with PLGA/PBAE aAPCs in the presence or absence of exogenous TGF-β. 

After induction, cells were washed and plated at 100,000 cells/ well in media with 40 U/mL IL-

2. Media was changed every two days, and on Days 2 and 7 cells were stained for CD4, CD25, 

and Foxp3 and analyzed using flow cytometry. 

2.9 In vitro induced-iTreg suppression assay 

The functionality of induced iTregs was verified through their ability to suppress the 

proliferation of naïve CD4+ T cells. iTregs were induced for five days with 0.1 mg/mL PLGA or 

PLGA/PBAE aAPCs in the presence of TGF-β (5 ng/mL) and IL-2 (400 U/mL), or with 

cytokines only as a negative control. After five days, suppressor populations were harvested. The 

responder population consisted of CD4+ CD25- T cells isolated from Thy1.1 C57BL/6J mice 

and labeled with CFSE as previously described. Suppressor and responder populations were 

mixed at 1:1, 1:2, 1:4, 1:8 or 0:1 ratios in a 96-well plate (50,000 responder cells per well). Anti-

CD3/anti-CD28 Dynabeads were added to each well at a 1:2 bead/responder cell ratio. After 3 

days, cells were stained for Thy1.1 (OX-7) – APC and analyzed using flow cytometry. 

Proliferation of responder cells was assessed through CFSE dilution. Since the CFSE dye is 

diluted in half with each cell division, each generation of cells is defined by a distinct peak on 

the CFSE histogram. To calculate the percent suppression, the division index (DI), or the average 

number of divisions undergone by responder cells, was calculated in FlowJo, then the following 
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equation was used: 100 – (DIsample / DIcontrol) x 100, where the control is proliferation of 

responder cells in the absence of suppressors.[26]  

2.10 In vivo TolAPC-mediated iTreg induction 

The effectiveness of TGF-β-loaded TolAPCs at polarizing CD4+ T cells toward a regulatory 

phenotype in vivo was investigated. TGF--releasing TolAPCs were injected intravenously into 

C57BL/6J mice. Control mice received either TGF-β-loaded, unconjugated PLGA/PBAE 

particles or no treatment. After five days, mice were sacrificed and their spleens were harvested 

and lymph nodes (inguinal, axillary, and cervical) were harvested and pooled. Single cell 

suspensions were generated through cell straining, and cells were stained for CD4 and Foxp3. 

Following staining, cells were analyzed using flow cytometry.  

2.11 Statistical Methods 

Multiple comparisons were made using one-way or two-way ANOVA with Tukey’s or Sidak’s 

post-tests when comparing across groups. Two-tailed Student’s t tests were used when 

comparing two groups. All graphs show mean and error bars that represent SEM. All n values 

are shown in graphs or present within figure legends. For data in Figure 1, the Mann-Whitney 

Test was used to compare two groups, because sample sizes were insufficient to determine 

normality. All statistical analysis was performed using GraphPad Prism software.  

 

3. Results 

3.1 aAPC fabrication and characterization 

After synthesis via two sequential Michael addition reactions (Figure 1A), the resulting PBAE 

had a number average molecular weight (Mn) of about 28 kDa and weight average molecular 

weight (Mw) of about 137 kDa. PLGA or PLGA/PBAE aAPCs were surface-functionalized with 

anti-CD3 as signal 1 and anti-CD28 for co-stimulation. We evaluated PLGA and PLGA/PBAE 

aAPC size and morphology using SEM. SEM images revealed that PLGA and PLGA/PBAE 

particles were spherical (Figure 1B). Through image analysis, PLGA and PLGA/PBAE particles 

were determined to be similar in size, with an average diameter of approximately 3 µm (Figure 

1C). This size enables aAPCs to mimic the biological length scale of the natural APC/T cell 

interaction while being small enough for systemic administration without pulmonary embolism. 

PLGA and PLGA/PBAE particles also had similar zeta potentials of -2.47 ± 2.84 and -2.77 ± 

2.61 mV, respectively (Figure 1D). 

aAPCs functionalized with anti-CD3 and anti-CD28 nonspecifically stimulate T cells, so TGF-β 

must be added exogenously or loaded into the particle core to fabricate tolerogenic aAPCs 

(TolAPCs) to polarize CD4+ T cells toward a regulatory phenotype in vivo. TGF- release over 

time was quantified using an ELISA. PLGA and PLGA/PBAE particles degraded over the course 

of a month. Total TGF- release from PLGA and PLGA/PBAE particles was 1.5 and 0.26 ng/mg 

particles, respectively (Figure 1E).  
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We compared the surface protein content of PLGA and PLGA/PBAE aAPCs across three 

different doses of anti-CD3 and anti-CD28 added into the conjugation media. Fluorescently 

labeled anti-CD3 and anti-CD28 were conjugated to the surface of particles, and the fluorescence 

intensity measurements were used to quantify the protein on the surface of newly synthesized 

aAPCs. PLGA/PBAE aAPCs were found to have significantly more bound anti-CD3 and anti-

CD28 than PLGA aAPCs when 1/5, 1, or 5 protein doses were added to the conjugation media 

(Figure 1F-G). Conjugated protein is also stably presented on aAPCs, with 86% protein 

remaining on PLGA/PBAE and 67% on PLGA APCs after particles were incubated for 7 days in 

PBS at 37°C (Figure 1H-I). Since PLGA/PBAE particles conjugate protein more efficiently than 

PLGA particles, less protein is needed to synthesize PLGA/PBAE aAPCs. 

3.2 PLGA/PBAE aAPCs bind more frequently to naïve CD4+ T cells 

aAPC function is based on the synthetic particle’s ability to target and interact efficiently with 

biological T cells to present the necessary activation signals. T-cell activation is dependent on 

aAPC binding and signal presentation across the particle/cell interface. We compared the ability 

of PLGA and PLGA/PBAE aAPCs to bind target cells. A hydrophobic dye was encapsulated in 

the core of aAPCs during particle synthesis to generate fluorescent aAPCs. Fluorescent PLGA 

and PLGA/PBAE aAPCs were functionalized according to the previously described methods. 

Control aAPCs were surface-functionalized with anti-human CD3 antibody with no specific 

binding to the mouse TCR. PLGA and PLGA/PBAE aAPCs were incubated with CFSE-labeled 

CD4+ CD25- T cells at 37°C for one hour. Binding was visualized using confocal microscopy 

(Figure 2A). Images show that PLGA/PBAE aAPCs bind to T cells more frequently than PLGA 

aAPCs and control aAPCs. The fraction of bound cells was determined by flow cytometry by 

gating on CFSE and DiD double-positive events, which indicate colocalization of aAPCs and T-

cells (Figure 2B-C). Background signal was determined from samples of blank PLGA and 

PLGA/PBAE particles and cells and was subtracted from calculated binding values. No 

significant binding of control aAPCs with surface-bound anti-human CD3 was observed. The 

percentage of T cells bound to PLGA/PBAE aAPCs was 30 ± 2 %, compared to 8 ± 2 % bound 

to PLGA aAPCs at the highest particle dose tested (Figure 2B). The MFI of PLGA/PBAE aAPC 

binding events was 4.5-fold higher than that of PLGA aAPC binding events, indicating a higher 

average number of bound particles per T cell (Figure 2D-E). We also investigated the binding 

specificity of PLGA and PLGA/PBAE aAPCs for CD3+ T cells using flow cytometry 

(Supplementary Figure 1). PLGA/PBAE aAPCs show significantly higher binding to CD3+ T 

cells over CD3- splenocytes and increased binding to CD3+ T cells compared to PLGA aAPC. 

Relatively low binding of PLGA aAPCs to CD3+ and CD3- splenocytes and modest specificity 

for CD3+ cells was observed (Supplementary Figure 1). 

3.3 PLGA/PBAE aAPCs induce more iTregs in vitro 

We tested the potential of our PLGA and PLGA/PBAE aAPCs to convert iTregs from naïve 

CD4+ cells in vitro. PLGA and PLGA/PBAE aAPCs with 1/5, 1, and 5 surface-bound signal 

protein densities were incubated with CD4+ CD25- T cells for 5 days in the presence of TGF-β 

and IL-2 and then analyzed for iTreg induction by flow cytometry. We sought to optimize the 

surface protein density and aAPC dose for maximum conversion to the iTreg phenotype and 

                  



11 
 

compare the ability of PLGA/PBAE and PLGA aAPCs to induce iTregs. We observed dose-

dependent iTreg induction after incubation with aAPCs (Figure 3). PLGA/PBAE aAPCs with all 

three tested surface protein densities outperformed PLGA aAPCs, generating significantly larger 

percentages of Foxp3+ cells at 1, 0.1, and 0.01 mg/mL aAPC doses. The greatest separation 

between PLGA and PLGA/PBAE aAPC performance occurred at a 0.1 mg/mL dose with aAPCs 

conjugated with 1 surface protein, so we used this protein density and aAPC dose for later 

experiments. We also used PLGA and PLGA/PBAE aAPCs surface-conjugated with anti-human 

CD3 and CD28 antibodies to induce a CD25+ Foxp3+ population from naïve human CD4+ T 

cells in the presence of exogenous TGF-β and IL-2 (Supplementary Figure 2A). We found that 

PLGA and PLGA/PBAE aAPC were able to induce about 35% and 40% human CD25+ 

FOXP3+ cells, respectively, at a 0.1 mg/mL dose. PLGA/PBAE aAPCs were more efficient than 

PLGA at a 0.01 mg/mL dose, inducing about 31% CD25+ FOXP3+ cells compared to 20.0% 

(Supplementary Figure 2B). PLGA/PBAE also increased CD25 expression compared to PLGA 

aAPCs at both doses tested (Supplementary Figure 2C).  

3.4 iTregs exhibit a suppressive phenotype 

Tregs are characterized by their potent suppressive capabilities. One important mechanism of 

Treg-mediated suppression is the production adenosine, which downregulates NF-κB activation 

in effector T cells and acts on Tregs to further enhance their immunosuppressive capacity. CD39 

and CD73 are involved in the conversion of ATP to adenosine and are highly expressed on the 

surface of Tregs.[27-29] We thus sought to characterize CD39 and CD73 expression on iTregs. 

We induced iTregs using PLGA or PLGA/PBAE aAPCs in the presence or absence of 

exogenous TGF-β. Representative flow plots reveal that in the absence of TGF-β, about 97% of 

PLGA/PBAE TolAPC-induced cells were CD25+, while only 34% of PLGA TolAPC-induced 

cells were CD25+ (Figure 4A). In the presence of TGF-β, PLGA/PBAE aAPCs were quite 

efficient at generating iTregs, as evidenced by over 70% of the cells expressing CD25 and 

Foxp3, while PLGA aAPCs were less efficient, only inducing about 13% CD25+Foxp3+ cells 

(Figure 4B-C). In the presence of TGF-β, a majority of iTregs co-expressed CD39 and CD73, 

with PLGA/PBAE aAPC-induced iTregs demonstrating the highest levels of co-expression 

(Figure 4D). PLGA/PBAE aAPC-induced iTregs exhibited significantly higher CD39 expression 

compared to PLGA aAPC-induced iTregs and CD25+ cells induced in the absence of TGF-β, 

and both PLGA and all iTregs showed higher levels of CD73 expression compared to control 

CD25+ cells (Figure 4E-F). To further investigate the signature of iTregs compared to activated 

CD4+ T cells, we also analyzed cytokine secretion of iTregs and control T cells induced by 

PLGA/PBAE aAPCs in the presence or absence of TGF-β using a Proteome Profiler Mouse 

Cytokine Array Kit. We found that iTregs secreted lower amounts of several inflammatory 

cytokines compared to control T cells (Supplementary Figure 3). 

3.5 iTregs have a partially demethylated Foxp3 locus and are relatively unstable in vitro  

Demethylation of the Foxp3 locus leads to stable Foxp3 expression in Tregs. It has been shown 

that Tregs induced by TGF-β in vitro have a highly methylated Treg-cell-specific demethylated 

region (TSDR) despite high Foxp3 expression.[30] Despite this typical signature of methylated 

TSDRs in Tregs induced in vitro, we found reduced methylation of the TSDR in T cells induced 
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with PLGA/PBAE aAPCs supplemented with exogenous TGF-β compared to those induced 

without TGF-β (Supplementary Figure 4). We also evaluated the stability of iTregs induced by 

PLGA/PBAE aAPCs in the presence or absence of exogenous TGF-β. After induction, induced 

populations were cultured for an additional 7 days with 40 U/mL IL-2. In agreement with 

others,[31, 32] we found that Foxp3 expression in iTregs decreases over time following 

induction, with about 20% Foxp3+ cells remaining after 7 days. Foxp3 expression remains quite 

low for populations induced in the absence of TGF-β (Supplementary Figure 5). 

3.6 iTregs suppress proliferation of CD4+ T cells 

We investigated the ability of iTregs to suppress T-cell proliferation in order to verify the 

suppressive potential of our aAPCs. First, iTreg induction was carried out over five days as 

previously described, using PLGA and PLGA/PBAE aAPCs at a 0.1 mg/mL dose. After the 

induction period, the suppressor populations were harvested and incubated at titrated doses with 

CFSE-labeled Thy1.1+ responder cells and anti-CD3/anti-CD28 Dynabeads for three days. On 

the third day, samples were analyzed using flow cytometry (Figure 5A). Foxp3 expression in the 

suppressor population was assessed before incubation with responder cells (Figure 5B). Dose-

dependent suppression of responder T cells was observed for aAPC-induced iTregs (Figure 5C), 

with significantly less responder proliferation in the presence of PLGA/PBAE aAPC-induced 

suppressor populations than in the presence of PLGA aAPC-induced suppressor populations 

(Figure 5D).  

3.7 PLGA/PBAE TolAPCs increase Foxp3+ levels in vitro and in vivo 

We sought to evaluate the potential of aAPCs to polarize the endogenous T-cell repertoire 

towards a regulatory phenotype in vivo. We encapsulated TGF-β in the core of PLGA and 

PLGA/PBAE aAPCs to generate TolAPCs. TolAPCs were first used to induce Tregs in vitro for 

4 days in the presence of IL-2. (Figure 6A). PLGA/PBAE TolAPC induced more iTregs than 

PLGA TolAPC at a 0.5 mg/mL dose. A 2 mg dose of TGF--loaded TolAPCs or TGF-β-loaded 

unconjugated particles was administered intravenously to mice. Five days later, animals were 

sacrificed and T cells from the spleens and lymph nodes were stained for CD4 and Foxp3 

expression (Figure 7A). Cells were analyzed using flow cytometry, and Foxp3+ cells were 

quantified as a percentage of CD4+ cells (Figure 7B). Administration of PLGA/PBAE TolAPCs 

led to Foxp3+ populations of 14.8 ± 2.4 % within the CD4+ population in the spleen and 14.1 ± 

1.1 % in the lymph nodes, the latter a 20 % relative increase over control mice (Figure 7C-D).  

4. Discussion 

Treg-based therapies are a promising approach to treat autoimmune disease and prevent 

transplant rejection, although a major barrier to their use is the lack of efficient expansion and 

induction techniques.[2] Particle-based systems represent an ―off-the-shelf‖ approach to 

establishing immune tolerance, and may be more easily translated than cell-based therapies. 

Recent advancements highlight the potential of biomimetic and biodegradable artificial antigen 

presenting cells (aAPCs) as a clinical immunotherapy. However, they are typically used in the 

context of adoptive transfer and have not been used to directly stimulate the endogenous T-cell 

repertoire. Furthermore, their application for immune tolerization is limited. The purpose of this 
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work is to evaluate the ability of aAPCs constructed from a novel hybrid polymeric core material 

to induce a population of suppressor cells that can suppress an immune response for 

immunomodulatory or immune tolerance applications. 

Here, we have developed and characterized a tolerogenic aAPC with a novel core material that 

enhances surface protein presentation and supports the incorporation of a third 

immunomodulatory signal, and used these TolAPCs to convert naïve T cells into iTregs. Related 

PLGA-based aAPCs have been shown to effectively stimulate T cells against tumor-specific 

antigens in adoptive transfer cancer models, and their potential has been demonstrated through 

their ability to encapsulate and release cytokines in a controlled manner due to their 

biodegradability.[18, 20] We blended PLGA with an additional polymer, PBAE, to enhance 

extracellular protein presentation and aAPC potency. T-cell activation is dependent on surface 

protein spacing, with close packing of signaling ligands being optimal. A density of 1,000 anti-

CD3 molecules/µm
2
 has previously been shown to better activate CD4+ T cells compared to 

lower densities.[33] We showed that the addition of PBAE to the aAPC core allowed protein 

addition to the particle surface at a higher density than PLGA alone. Protein presentation was 

shown to be stable, with over 80% protein retention on the surface of PLGA/PBAE aAPCs after 

7 days. The incorporation of PBAE, a hydrophobic and cationic polymer, may increase 

nonspecific adsorption of protein to the polymer surface, as it has been previously shown that 

protein can coat the surface of hydrophobic polystyrene particles in the absence of other 

chemically active reagents.[25] Increased surface coating and improved protein retention may 

allow PLGA/PBAE particles to achieve a more optimal surface protein density than that of 

PLGA particles. 

Incorporation of PBAE in the aAPC core also enhanced aAPC binding to naïve CD4+ T cells, 

another critical aspect determining aAPC efficacy.[34] PLGA/PBAE aAPCs bound a higher 

percentage of CD4+ T cells than PLGA aAPCs and control aAPCs displaying an anti-human 

CD3 antibody. PLGA/PBAE aAPCs also showed enhanced binding and greater specificity for 

CD3+ cells within a mixed splenocyte population. More frequent binding events for 

PLGA/PBAE may potentially be attributed to the increased signal protein density on 

PLGA/PBAE aAPCs, since higher densities correlate to increased binding to T cells.[34]  

PLGA/PBAE aAPCs were further able to robustly induce iTregs from naïve CD4+ splenocytes 

in vitro, outperforming PLGA aAPCs and soluble factors over a range of surface-bound signal 

protein densities tested. These effects are likely due in part to increased surface protein on 

PLGA/PBAE aAPCs. Induction levels were highest when a 1 protein dose (4 µg anti-CD3 and 

5 µg anti-CD28 per mg particles) was conjugated to PLGA/PBAE particles during aAPC 

synthesis, compared to a 5 or 1/5 dose (Figure 3). Meanwhile, low levels of induction were 

observed for PLGA aAPCs, and the best performance was observed at a 5 protein dose. 

Increased protein density correlates with improved iTreg induction potential. For PLGA/PBAE 

aAPCs, a high protein dose during conjugation (20 µg anti-CD3 and 25 µg anti-CD28 per mg 

particles) may be too immunostimulatory, thereby decreasing the efficiency of iTreg induction. 

In addition to altering the overall surface protein density, robust stimulatory capacity of 
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PLGA/PBAE aAPCs can potentially be modulated by increasing the ratio of signal 1 to signal 2 

proteins to favor iTreg formation. 

To demonstrate feasibility and translatability of our approach, we also showed that PLGA and 

PLGA/PBAE aAPCs can be used to induce a CD25+ FOXP3+ population from naïve human 

CD4+ cells (Supplementary Figure 2). PLGA and PLGA/PBAE aAPCs induced relatively 

similar levels of FOXP3+ cells at a 0.1 mg/ mL dose, although the same dose added to murine 

cells typically leads to a large difference in the efficacy of PLGA and PLGA/PBAE aAPCs. At a 

tenfold lower dose, PLGA/PBAE aAPC treatment resulted in significantly more FOXP3+ cells 

compared to PLGA aAPCs. Future studies should optimize aAPCs and TolAPCs for human 

iTreg induction, evaluate the extent of activation induced FOXP3, and investigate the 

suppressive capacity of iTregs to demonstrate the therapeutic potential of aAPCs.  

After inducing iTregs from mouse naïve CD4+ T cells, we performed additional phenotypic 

analysis. PLGA/PBAE aAPC-induced iTregs showed increased co-expression of CD39 and 

CD73 compared to PLGA aAPC, two receptors involved in the conversion of ATP to adenosine 

(Figure 4). Adenosine downregulates NF-κB activation in effector T cells and acts on Tregs to 

further enhance their immunosuppressive capacity. CD4+ T cells activated by aAPCs in the 

absence of TGF-β showed little Foxp3, CD39, and CD73 expression, high levels of CD25, and 

increased secretion of several inflammatory cytokines compared to iTregs (Figure 4, 

Supplementary Figure 3). Notably, PLGA/PBAE aAPCs induced much higher levels of CD25 

than PLGA aAPCs regardless of TGF-β, likely due to the higher density of anti-CD3 and anti-

CD28 on the surface of PLGA/PBAE aAPCs compared to PLGA aAPCs.  

Typically, Tregs induced in vitro typically have a high degree of Foxp3 methylation, and are 

widely accepted as fairly unstable and plastic.[35, 36] We found iTregs contained a partially 

demethylated Foxp3 locus, and observed about 20% Foxp3+ cells remaining after 7 days in 

culture following induction (Supplementary Figures 4-5). Stability of iTregs is an important 

challenge that should be addressed to maximize the therapeutic potential of these cells. However, 

it has been shown that Treg induction in vivo can lead to more stable Tregs compared to in vitro 

induction.[35, 37] Additionally, administration of IL-2 in vivo following adoptive transfer of 

Tregs induced in vitro can stabilize Foxp3 expression and preserve suppressor function, which is 

a promising way to address the inherent instability of iTregs.[31] 

aAPC-induced suppressor populations were able to suppress the proliferation of naïve CD4+ T 

cells in vitro in a dose-dependent manner. Significantly less responder proliferation was 

observed in PLGA/PBAE conditions compared to PLGA at the three highest suppressor: 

responder ratios tested (Figure 6D). PLGA/PBAE aAPC-induced suppressor populations almost 

completely suppressed the proliferation of responder cells when cultured at a 1:1 ratio, while 

populations induced by PLGA aAPCs or soluble cytokines demonstrated less potent suppressive 

activity. 

Finally, we sought to study the effectiveness of PLGA/PBAE aAPCs at inducing iTregs directly 

in vivo. We have previously demonstrated that PLGA micro-aAPC have a half-life of 11.6 

minutes in circulation, and can be detected in the spleen at least 48 hours after systemic 
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administration.[38] Since TGF-β is necessary for the development of the iTreg phenotype, we 

encapsulated it within our aAPCs to achieve sustained, local release. Local release of TGF-β has 

previously been shown to mediate more effective iTreg conversion than equivalent soluble 

concentrations.[18] We synthesized TolAPCs loaded with TGF-β and demonstrated sustained 

release from PLGA and PLGA/PBAE TolAPCs and iTreg induction in vitro (Figure 1, Figure 6). 

A single dose of PLGA/PBAE TolAPCs administered intravenously was sufficient to modestly 

bias the T-cell repertoire in the lymph nodes toward a regulatory phenotype in vivo compared 

mice receiving no treatment (Figure 7). The same trend was observed in the spleen. PLGA 

TolAPCs were unable to significantly bias the repertoire towards iTregs despite their ability to 

release more TGF-β than PLGA/PBAE TolAPCs.  

Together these results demonstrate that the addition of PBAE to the aAPC core confers superior 

properties to the aAPC, including increased surface protein density, enhanced binding to naïve T 

cells, and more efficient T-cell activation and polarization, as illustrated by their ability to more 

effectively induce conversion of naïve T cells to iTregs. Biodegradable PLGA/PBAE particles 

that incorporate both extracellular presented proteins as well as soluble released proteins may be 

promising for multiple immunomodulation applications. 

 

5. Conclusions 

We have developed a biomimetic biodegradable polymeric artificial antigen presenting cell 

capable of polarizing T cells toward a regulatory phenotype. The addition of PBAE to the core 

material of PLGA-based aAPCs increases protein conjugation efficiency to particulate cores and 

enhances the ability of aAPCs to interact with T cells and convert them to functional iTregs in 

vitro. These biodegradable aAPCs support the sustained release of signal 3 cytokine TGF-β. 

TGF-β-loaded PLGA/PBAE TolAPCs were shown to increase the frequency of iTregs in vivo 

following a single intravenous injection. PLGA/PBAE may be a promising material for the 

construction of aAPC with potent immunomodulatory capacity when administered directly in 

vivo.  
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FIGURES 

Figure 1 

 

Figure 1: aAPC synthesis and characterization. A) PBAE was synthesized through two 

sequential Michael Addition reactions. First, a diacrylate-terminated base monomer was reacted 

in excess with a hydrophobic diamine-terminated side chain monomer to generate a diacrylate-

terminated PBAE. The base PBAE polymer was then endcapped with a small amine-terminated 

molecule. B) SEM images of PLGA (left) and PLGA/PBAE (right) microparticles reveal similar 

size and spherical morphology. C) PLGA and PLGA/PBAE microparticles have similar size 

distributions. D) PLGA and PLGA/PBAE microparticles have slightly negative zeta potentials. 

E) TGF- β release from PLGA and PLGA/PBAE particles. F-G) Protein conjugation to PLGA 

and PLGA/PBAE particles. PLGA/PBAE aAPCs conjugate significantly more F) α-CD3 and G) 

α-CD28 to their surface compared to PLGA aAPCs across a range of protein doses added during 

conjugation. H) Surface protein stability. PLGA/PBAE aAPCs retain significantly more surface-

bound α-CD3 and α-CD28 over a 7-day period compared to PLGA aAPCs. Error bars may be 

smaller than symbols. I) Average percent of surface protein remaining on aAPCs after 7 days. 

PLGA/PBAE retain 86 % stable protein presentation on their surface after 7 days at 37°C while 

PLGA aAPCs retain 67%. Error bars are the SEM of 3-8 technical replicates and may be smaller 

than symbols. (**=p<0.01, ****=p<0.0001). 
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Figure 2 

 

Figure 2: PLGA/PBAE aAPCs interact more with naïve CD4+ T cells compared to PLGA 

aAPCs. A) Confocal images of fluorescent PLGA and PLGA/PBAE aAPC binding to 

fluorescently labelled naïve CD4+ T cells. Blue arrows indicate binding events. B) 

Representative plots of flow cytometric analysis of aAPC/ T cell binding. C) Significantly more 

naïve CD4+ T cells bind to PLGA/PBAE aAPCs compared to PLGA aAPCs at a 0.05 mg D) 

0.01 mg doses. E) Mean fluorescence intensity of PLGA/PBAE aAPC/ cell complexes is 

significantly higher than PLGA aAPC/ cell complexes, indicating that cells contain higher 

numbers of bound aAPCs at a 0.05 mg dose and F) 0.01 mg dose. Error bars are the SEM of 

three technical replicates. (***=p < 0.001, ****=p < 0.0001). 
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Figure 3 

 

Figure 3: PLGA/PBAE aAPCs induce significantly more iTregs compared to PLGA aAPCs. A) 

Representative flow plots. PLGA and PLGA/PBAE aAPCs conjugated with B) 1/5x C) 1x and 

D) 5x signal protein densities were incubated with naïve CD4+ T cells in the presence of TGF-β 

and IL-2 for five days, and then stained for Foxp3 (FJK-16s) – APC. Enhanced induction 

efficacy of PLGA/PBAE aAPCs was seen over a range of aAPC doses. Error bars are the SEM 

of three technical replicates. (**=p < 0.01, ***=p < 0.001, ****=p < 0.0001). 
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Figure 4 

 

Figure 4. TGF-β is required for PLGA and PLGA/PBAE aAPC-mediated Treg induction. A) 

PLGA and PLGA/PBAE aAPCs were incubated with naïve T cells for 5 days with IL-2 ± TGF-

β, then stained for CD4 (RM4-5) – AF 488, CD25 (PC61) - PE, Foxp3 (FJK-16s) – Pacific Blue, 

CD39 (Duha59) - APC, and CD73 (TY/11.8) – APC/Fire 750. PLGA/PBAE aAPC mediate 

enhanced iTreg induction compared to PLGA aAPCs as evidenced by increased Foxp3 

expression. B) PLGA/PBAE aAPC-treated CD4+ T cells show increased levels of CD25 and 

Foxp3 compared to PLGA aAPC-treated cells. C) PLGA/PBAE aAPC treatment increases the 

percentage of CD25+ Foxp3+ iTregs compared to PLGA in the presence of TGF- β. E) CD25+ 

Foxp3+ iTregs induced by PLGA/PBAE aAPCs and TGF-β show increased levels of CD39 and 

CD73 expression compared to CD25+ cells induced in the absence of TGF- β. F) PLGA/PBAE 

aAPC treated CD4+ T cells co-express CD39 and CD73 when cultured in the presence of TGF-

β. Error bars are the SEM of five technical replicates. (*=p < 0.05, **=p < 0.01, ***=p < 0.001, 

****=p < 0.0001).  

                  



24 
 

Figure 5 

 

Figure 5: Cell populations induced by PLGA/PBAE aAPCs more effectively suppress 

proliferation of naïve CD4+ T cells compared to those induced by PLGA aAPCs. A) Gating 

strategy for in vitro suppression assay. CFSE-labelled responder cells were stained for Thy1.1 

(OX-7) – APC. CFSE dilution peaks were used to ascertain the fractions of proliferating and 

nonproliferating Thy1.1+ responder cells. B) Foxp3 expression in suppressor populations after a 

five-day induction period with PLGA aAPCs, PLGA/PBAE aAPCs, or cytokines TGF-β and IL-

2 only. C) CFSE dilution peaks of responder population at various suppressor/responder ratios. 

Less proliferation is seen in responder populations incubated with PLGA/PBAE aAPC-induced 

suppressor populations. D-E) Suppressor populations induced with PLGA/PBAE aAPCs 

significantly suppress responder proliferation compared to those induced by PLGA aAPCs or a 

cytokine control at multiple suppressor-to-responder ratios based on the percentage of D) 

proliferating CFSE+ responder cells or E) percent suppression calculated using the division 

index. Error bars represent the SEM of three technical replicates and may be smaller than 

symbols. (*=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001). 
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Figure 6 

 

Figure 6. PLGA/PBAE loaded with TGF- β generate iTregs. Naïve CD4+ T cells were 

incubated with TolAPCs and IL-2 for 4 days, then stained for CD4, CD25, and Foxp3. A) Flow 

cytometry plots showing CD25 and Foxp3 fluorescence within the CD4+ T cell population. B) 

PLGA/PBAE TolAPC induce Foxp3+ Tregs in a dose-dependent manner and are superior to 

PLGA TolAPC at a dose of 0.5 mg/mL. Error bars represent the SEM of three technical 

replicates (****=p < 0.0001). 
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Figure 7 

 

Figure 7: PLGA/PBAE TolAPCs more effectively induce Tregs in vivo. A) TolAPCs were 

injected retroorbitally into C57BL/6J mice. After 5 days, the spleens and lymph nodes were 

harvested and stained for CD4 and Foxp3 expression. Representative flow plots showing CD4+ 

cells from B) spleens and C) lymph nodes of mice. D) Spleens and E) lymph nodes of C57BL/6J 

mice injected with PLGA/PBAE TolAPCs contained more Foxp3+ cells than those injected with 

PLGA TolAPCs, and significantly increase the percentage of Foxp3+ cells compared to 

untreated mice in the lymph nodes. Error bars represent the SEM with n = 5 animals per 

condition. D) is significant based on an ANOVA, p < 0.5. (*=p < 0.05, only conditions marked 

with (*) are significant and all other comparisons were performed and found to be not 

significant.) 

                  


