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Selectively depleting the pathogenic T cells is a fundamental strategy for the treatment of allograft rejection and autoimmune disease since it retains the overall immune function of host. The concept of killer artificial antigen-presenting cells (KaAPCs) has been developed by co-coupling peptide–major histocompatibility complex (pMHC) multimer and anti-Fas monoclonal antibody (mAb) onto the polymeric microparticles (MPs) to induce the apoptosis of antigen-specific T cells. But little information is available about its in vivo therapeutic potential and mechanism. In this study, polyethylenimine (PEI)-coated poly lactic-co-glycolic acid microparticle (PLGA MP) was fabricated as a cell-sized scaffold to covalently co-couple H-2Kb-Ig dimer and anti-Fas mAb for the generation of alloantigen-presenting and apoptosis-inducing MPs. Intravenous infusions of the biodegradable KaAPCs prolonged the alloskin graft survival for 43 days in a single MHC-mismatched murine model, depleted the most of H-2Kb-alloreactive CD8+ T cells in peripheral blood, spleen, and alloskin graft in an antigen-specific manner and anti-Fas-dependent fashion. The cell-sized KaAPCs circulated throughout vasculature into liver, kidney, spleen, lymph nodes, lung, and heart, but few ones into local allograft at early stage, with a retention time up to 36 h in vivo. They colocalized with CD8+ T cells in secondary lymphoid organs while few ones contacted with CD4+ T cells, B cells, macrophage, and dendritic cells, or internalized by phagocytes. Importantly, the KaAPC treatment did not significantly impair the native T cell repertoire or non-pathogenic immune cells, did not obviously suppress the overall immune function of host, and did not lead to visible organ toxicity. Our results strongly document the high potential of PLGA MP-based KaAPCs as a novel antigen-specific immunotherapy for allograft rejection and autoimmune disorder. The in vivo mechanism of alloinhibition, tissue distribution, and biosafety were also initially characterized, which will facilitate its translational studies from bench to bedside.
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INTRODUCTION

Selectively depleting antigen-specific T cells is one of the fundamental strategies to treat allograft rejection and autoimmune disorders because it prevents intact immune impairment, the major drawback of current immunosuppressive agents (1–3). Killer antigen-presenting cells (KAPCs) thus have been developed by genetically engineered to express the Fas ligand (FasL) onto B cell lines (4), dendritic cells (DCs) (5) or macrophages (6) to induce peripheral antigen-specific apoptosis of T cells (7–14). Although the promising results in the treatment of chronic infections (15, 16), allograft rejection (8, 10, 17), or autoimmune diseases (9) in murine or human models, cell-based FasL-expressing KAPCs still suffer from several significant problems related to their cellular nature: the risk of infection, tumorigenicity or immunogenicity raised by live cells, the time consuming, and cost-intensive generation when scaled, large batch-to-batch variability of FasL expression (18), mature killer DCs may highly express B7.1 or B7.2 and weakly express FasL (19), thereby eliciting vigorous T cell responses toward other antigens and massive neutrophil infiltration (20), and the sensitivity to their in vivo and in vitro environments due to the activity of cytotoxic T cells, which can lead to KAPC depletion or unwanted changes in cell-cell signaling (21).

To overcome the restrictions associated with cellular KAPCs, attention has shifted toward the acellular killer artificial antigen-presenting cells (KaAPCs), in light of that peptide–major histocompatibility complex (pMHC) multimers can selectively target antigen-specific T cells in vitro (22) and in vivo (23, 24). In 2008, Schutz et al. developed the first polymeric KaAPCs by covalently coupling pMHC multimer and apoptosis-inducing anti-Fas monoclonal antibody (mAb) onto cell-sized magnetic beads and documented their ability to selectively deplete antigen-specific T cells in static 96-well plates from T-cell populations with diverse antigen specificities in a Fas/FasL-dependent manner (25). Furthermore, their therapeutic potential has been presented by our previous in vivo testing. The latex bead-based KaAPCs could selectively deplete 60% alloreactive T cells after two intravenous injections and prolong alloskin survival for 6 days in a full MHC-mismatched murine model, without the loss of overall immune responsiveness (26). However, despite the encouraging results, the use of magnetic or latex beads as an acellular scaffold may evoke concerns regarding biosafety and organ toxicity for the putative clinical use. Therefore, a biodegradable, non-toxic, and biocompatible platform should be further developed.

Poly lactic-co-glycolic acid (PLGA) is a biocompatible and biodegradable polymer approved by the United States Food and Drug Administration (FDA) and has been widely used for delivering small molecule drugs, proteins, and macromolecules in research and clinical settings (27–29). Thus more recently, we generated the antigen-presenting killer PLGA microparticles (MPs) by covalently co-coupling H-2Kb-Ig dimers and anti-Fas mAbs on the surface of cell-sized and polyethylenimine (PEI)-coated PLGA-MPs. OVA antigen-presenting killer PLGA-MPs could significantly deplete OVA257–264-specific CD8+ T cells in an antigen-specific manner and Fas/FasL-dependent fashion, both in vitro and in OT-1 mice (30). In this study, the promising capability of poly lactic-co-glycolic acid microparticle (PLGA MP)-based KaAPCs to treat alloskin rejection has been validated in a single MHC-mismatched murine model, which can maximally reveal the therapeutic effects of H-2Kb alloantigen-targeted KaAPCs for alloskin rejection, without the interference from the alloantigen responses against other mismatched MHC between donor and recipient. More importantly, the in vivo mechanisms of alloinhibition, tissue distribution, and the effects of KaAPC administration on diverse immune cells, overall immune function, and organ toxicity in recipient mice have been characterized. These new evidences strongly suggest the potential of this biodegradable KaAPCs as a novel antigen-specific immunotherapy for allograft rejection and autoimmune disease.

MATERIALS AND METHODS

Mice and Cell Lines

The bm1 (B6.C-H2bm1/ByJ) mice were purchased from the Jackson Laboratory (Sacramento, CA, USA) and bred in-house. Male C57BL/6J (H-2Kb) and BALB/c (H-2Kd) mice were purchased from the Comparative Medicine Center of Yangzhou University (Yangzhou, China). All mice were maintained in the specific pathogen-free Laboratory Animal Centre of Southeast University (Nanjing, China) and used in experiments at 8–10 weeks of age. Animal welfare and experimental procedures were performed in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) and the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and were approved by the Animal Ethics Committee of Southeast University. B16F10 and Yac-1 cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA).

Fabrication of PLGA MPs and ICG-Encapsulated PLGA MPs (ICG-MPs)

Poly lactic-co-glycolic acid microparticles and indocyanine green (ICG)-encapsulated PLGA MPs were prepared using a double-emulsion solvent evaporation method and coated by PEI as described in our previous report (30). The resulting MPs were characterized using scanning electron microscopy (SEM, ZEISS EVO 18, Oberkochen, Germany). The size distribution was analyzed using dynamic light scattering (BI-90 Particle Sizer, Brookhaven Instruments Corporation, Holtsville, NY, USA). The zeta potential of MPs was measured using the Zeta PALS instrument (Brookhaven Instruments Corporation).

Generation of KaAPCs, ICG-Encapsulated KaAPCs, and R-Phycoerythrin (PE)-Labeled KaAPCs

For KaAPCs and ICG-encapsulated KaAPCs generation, PLGA MPs or ICG-MPs (1 × 108) were co-incubated with H-2Kb-Ig dimer (BD Biosciences, Franklin Lakes, NJ, USA) (10 μg) and anti-Fas mAbs (clone Jo2, BD Biosciences) (10 μg) in sterile 0.1 M PBS at 4°C for 24 h on a rotator and followed by another 24-h incubation in blocking buffer (10% mouse serum in 0.1 M PBS). R-phycoerythrin (PE)-labeled KaAPCs (PE-KaAPCs) were prepared by co-incubating H-2Kb-Ig (10 μg), anti-Fas mAbs (10 μg), and PE-streptavidin (BD Biosciences) (15 μg) with MPs (1 × 108) in a similar manner. In parallel, anti-Fas-MPs were generated by coupling anti-Fas mAb onto MPs. Blank-MPs were prepared by blocking MPs with bovine serum albumin (BSA).

For phenotype analyses, KaAPCs and control MPs were stained with PE-labeled anti-H-2Kb mAbs (clone AF6-88.5, BD Biosciences) and fluorescein-5-isothiocyanate (FITC)-labeled anti-hamster IgG (binds to Fc domain of anti-Fas mAb, clone G192-1, BD Biosciences) for 30 min at 4°C and imaged through confocal laser scanning microscopy (Olympus, Center Valley, PA, USA) and also acquired on a FACSCalibur flow cytometer (BD Biosciences, San Diego, CA, USA). The data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA). Each batch of KaAPCs and control MPs was routinely evaluated in this manner prior to use.

Skin Transplantation and Treatment with KaAPCs

Skin transplantation was performed as described by Garrod and Cahalan (31) with minor modifications. Briefly, dorsal tissue of ear was prepared from male C57BL/6J mice and then grafted onto the dorsal flank area of male bm1 mice under anesthesia. BAND AID® styptic plaster was placed over the grafts, and an adhesive bandage was applied for 7 days. Each grafted mouse was then housed individually. After removing the styptic plaster, all of the recipients for which the operation was successful were randomly assigned to one of three groups and injected (via tail vein) with KaAPCs, anti-Fas-MPs or sterile 0.1 M PBS on days 9, 11, and 13 posttransplantation (1 × 107 MPs/mouse/time point). The signs of allograft rejection were monitored daily. Photographs of alloskin graft were taken every 2 days. Grafts were defined as rejected when less than 10% of the graft remained viable.

Histological and Immunohistochemical Analyses of Alloskin Graft

Full-thickness alloskin grafts were dissected from recipients on day 20 after transplantation and embedded in paraffin. Sections were prepared with the thickness of 10 μm and incubated with H-2Kb-Ig dimer, rat anti-mouse CD4 (clone GK1.5, eBiosciences, San Diego, CA, USA), rat anti-mouse CD8 (clone H35-17.2, eBiosciences), or rat IgG2b/mouse IgG1 isotype control (eBiosciences) at 4°C overnight and further incubated with biotinylated mouse anti-rat IgG (eBiosciences) or biotinylated rat anti-mouse IgG1 (clone A85-1, BD Biosciences) for 1 h at RT. After washing, the sections were visualized using the ABC kit (Boster Biological Technology, Ltd., Wuhan, China). Hematoxylin and eosin (H&E) was also carried out routinely. Each section was scanned under the microscope (Nikon). The mean percentage of positive-staining cells was obtained by counting five separated fields (200×) using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).

Detection of Alloantigen-Specific CD8+ T Cells

Peripheral blood was collected from orbital veins of bm1 recipient mice on days 8 and 15 posttransplantation and processed into a lymphocyte suspension. Splenocytes were also collected on day 15 from bm1 recipient mice. Cells were then blocked with anti-mouse CD16/CD32 (clone 2.4G2, BD Biosciences) (1 μg/106 cells) for 30 min followed by incubation with the mixture of peptide-unloaded H-2Kb-Ig dimer and PE-anti-mouse IgG1 (clone A85-1, BD Biosciences) for 1 h at 4°C. After washing, FITC-anti-mouse CD8a (clone 53-6.7, eBiosciences) and allophycocyanin (APC)-labeled anti-mouse CD3e (clone 145-2C11, eBiosciences) were added for further 30-min incubation. Finally, cells were analyzed by flow cytometry as described.

In Vivo Fluorescence Imaging

The KaAPCs, anti-Fas-MPs, and Blank-MPs that were encapsulated with ICG were injected via the tail vein into the grafted bm1 mice (1 × 107 MPs/mouse), respectively, on day 9 after skin transplantation. The mice were then anesthetized by isoflurane inhalation and imaged using the Maestro in vivo fluorescence imaging system (Cri Inc., Woburn, MA, USA) at various time points. Images were captured at an excitation wavelength of 635 nm and at an emission wavelength of 665–695 nm with an exposure time of 40 s. At 2 h after injection, the heart, liver, kidneys, lungs, spleen, and lymph nodes (LNs) were surgically dissected for ex vivo imaging.

Tissue Distribution of KaAPCs and Histological Analyses

The KaAPCs were injected via the tail vein into the grafted bm1 mice (1 × 107 MPs per mouse) on day 9 after skin transplantation. 30 min later, peripheral blood was collected from orbital venous followed by Wright’s staining. At 1 h after injection, spleen and LNs were collected from the mice, processed into cell suspensions, and followed by Wright’s staining. In parallel, various organs and the full-thickness alloskin graft were dissected at 1-h time point and embedded in paraffin. Sections were then prepared with the thickness of 6 μm followed by H&E staining. Finally, the KaAPCs were visualized under optical microscope.

Colocalization of KaAPCs with CD8+ T Cells In Vivo

Killer artificial antigen-presenting cells coupled with PE-streptavidin (PE-KaAPC) were injected (via tail vein) into recipient mice on days 9, 11, and 13 posttransplantation as described. Spleen and LNs were collected at 12 h after the final injection. Each spleen was cut in half. The LNs and half of spleen were processed into cell suspensions and acquired on a FACSCalibur flow cytometer (BD Biosciences).

Another half of spleen was embedded in freezing medium (O.C.T., Sakura Finetek Inc., Torrance, CA, USA), snap-frozen in liquid nitrogen and stored at −80°C until use. About 10 μm-thickness sections were prepared and incubated with FITC-anti-mouse CD8a (1:150 dilution) for 1 h at RT and stained with DAPI (Sigma-Aldrich) for 5 min followed by imaging under confocal laser scanning microscopy (Olympus).

Mixed Lymphocyte Reaction (MLR) and T-Cell Proliferation Assay

Splenocytes were prepared from recipient bm1 mice on day 20 posttransplantation, labeled with carboxyfluorescein succinimidyl ester (CFSE, Sigma-Aldrich), and seeded into round-bottom 96-well plates (BD Falcon) as responder cells (1 × 105 cells/well), then co-incubated with stimulator splenocytes, pretreated with Mitomycin C (Sigma-Aldrich), from donor C57BL/6J mice (1 × 105 cells/well). Cells were cocultured in complete RPMI 1640 medium (Gibco BRL) at 37°C, 5% CO2, and humidified conditions for 7 days, then stained with APC-anti-mouse CD3e for 30 min at 4°C, and analyzed by Flow cytometry. A total of 2 × 105 events were counted for each sample. Cell divisions were demarcated according to CFSE-staining brightness. A third-party MLR was also performed in a similar manner with the stimulator splenocytes from BALB/c mice (H-2Kd) rather than C57BL/6J mice.

Analysis of T Cells Apoptosis

Splenocytes were prepared from recipient mice on day 15 posttransplantation, incubated with APC-anti-mouse CD3e or APC-anti-mouse CD8a (clone 53-6.7, eBiosciences) for 30 min at 4°C and then stained with Annexin V and propidium iodide (PI) according to the manufacturer’s protocol (Dead Cell Apoptosis Kit, Invitrogen, Carlsbad, CA, USA) and analyzed by flow cytometry as described.

Enumeration of Various Immune Cells in Spleen and Peripheral Blood

Splenocytes were harvested from recipient mice on day 15 posttransplantation and stained with APC-anti-mouse CD3e, FITC-anti-mouse CD8a, PE-labeled anti-mouse CD4 (clone GK1.5, eBiosciences), FITC-anti-mouse CD19 (clone MB19-1, Biolegend, San Diego, CA, USA), and FITC-anti-mouse NK1.1 (clone PK136, Biolegend), respectively, for 30 min at 4°C. After washing with PBS, cells were analyzed by flow cytometry as described. In parallel, peripheral blood was collected from orbital venous of recipient mice on days 11, 13, 15, and 45 after transplantation, blood cells were enumerated routinely by automated hematology analyzer (Sysmex XE-2100, Kobe, Japan).

For the detection of regulatory T cells (Tregs), spleen and LNs of recipient mice were collected on day 20 posttransplantation and processed into cell suspensions. Tregs were detected according to the protocol of Mouse Regulatory T Cell Staining Kit (eBiosciences) and analyzed by flow cytometry.

Tumor Cells Challenge

On day 3 post-skin transplantation, the recipient bm1 mice were inoculated s.c. in the right groin with B16F10 melanoma cells at a dose of 1 × 106 cells/mouse. Then, the mice were randomly assigned to one of three groups and administered (via tail vein) with KaAPCs, anti-Fas-MPs, or PBS on days 9, 11, and 13 after transplantation (1 × 107 MPs/mouse/time point). Tumor size was measured daily using a caliper, and the products of perpendicular diameters were determined. Mice were sacrificed when tumor size reached to 250 mm2.

Cytotoxicity Assay of NK Cells

Splenocytes were prepared from recipient mice on day 15 posttransplantation. A total of 1 × 107 cells were labeled with CFSE as described and used as effector cells. Yac-1 cells were used as target cells. Effector cells were cocultured with target cells (2 × 105 cells/well) at indicated ratios of effector to target in round-bottom 96-well plates in complete RPMI 1640 medium at 37°C, 5% CO2, and humidified conditions for 5 h, then harvested and analyzed by flow cytometry after staining with 7-amino-actinomycin D (7-AAD, eBiosciences). NK activity was calculated as the percentage of 7-AAD-positive cells within CFSE-negative cell population.

Evaluation of Organ Toxicity

Peripheral blood was collected from orbital venous of recipient mice on days 15 and 45 after transplantation, the routine biochemical parameters evaluating liver function and kidney function were detected by automated biochemistry analyzer (Dimension Vista 1500, Siemens Healthcare Diagnostics Inc., Newark, DE, USA). In parallel, heart, liver, spleen, lung, and kidney were collected from recipient mice on days 15, 30, and 45 after transplantation, fixed in 4% formaldehyde and embedded in paraffin. Sections were prepared with the thickness of 6 μm followed by H&E staining routinely.

Statistical Analyses

Statistical analyses were performed using the GraphPad Prism 6.0 (GraphPad, La Jolla, CA, USA). To determine the graft survival curve, a Kaplan–Meier graph was constructed, and a log-rank comparison of the groups was used to calculate the p values. The tumor sizes were analyzed using the Wilcoxon signed rank test. For other experiments, a two-tailed unpaired Student’s t-test was used to determine significant differences across groups. All data are presented as the mean ± SD. p Values < 0.05 were considered significant.

RESULTS

Characterization of PLGA MPs and Phenotypic Analyses of KaAPCs

The PLGA MPs generated here displayed a spherical shape with a smooth surface morphology (Figure 1A). Size analysis showed a diameter range from 1 to 10 μm, and most of these MPs were 4–5 μm in diameter (Figure 1B). The mean zeta potential was 60.6 ± 5.9 mV as detected by the PALS zeta instrument (data not shown). As detected by flow cytometry, the KaAPCs displayed both H-2Kb-Ig and anti-Fas signals immobilized onto the PEI-coated PLGA MPs, whereas the anti-Fas-MPs only showed anti-Fas signal (Figure 1C). Furthermore, confocal images also confirmed the correct phenotype of KaAPCs and anti-Fas-MPs (Figure 1D). Each batch of KaAPCs and control MPs was routinely evaluated in a same way to confirm the immobilization of two signals prior to use. According to the dot plots of KaAPCs stained by PE-anti-H-2Kb (or APC-anti-mouse IgG1) and FITC-anti-hamster IgG, nearly 70% KaAPCs showed double-positive staining (Figure S1 in Supplementary Material).
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FIGURE 1 | Generation and characterization of poly lactic-co-glycolic acid microparticles (PLGA MPs) and killer artificial antigen-presenting cells (KaAPCs). (A) Representative scanning electron microscopy image of PLGA MPs. (B) Size distribution of PLGA MPs. After staining with R-phycoerythrin (PE)-anti-H-2Kb and fluorescein-5-isothiocyanate (FITC)-anti-hamster IgG (binds to anti-Fas) monoclonal antibodies, KaAPCs and anti-Fas-MPs were analyzed by flow cytometry (C) and confocal laser scanning microscope (D).



KaAPCs Treatment Markedly Prolongs Alloskin Graft Survival and Reduces Local Allorejection Reaction

C57BL/6J mice (H-2Kb) and bm1 mice (H-2Kbm1) were used as donor and recipient, respectively, to establish transplant model of alloskin graft and followed by intravenous injections of KaAPCs, anti-Fas-MPs, or PBS on days 9, 11, and 13 after transplantation. As shown in Figure 2A, the infusions of H-2Kb alloantigen-presenting KaAPCs (Kb-KaAPCs) prolonged allograft survival for 43 days with a median survival time (MST) of 63.5 days. In contrast, the MST of anti-Fas-MPs and PBS group was 22 and 20.5 days, respectively. The differences between the KaAPC group and control groups presented p values less than 0.001 as determined by the log-rank test. More importantly, the H-2Kd alloantigen-presenting KaAPCs (Kd-KaAPCs), which displaying a non-cognate alloantigen in this transplantation model, did not prolong alloskin survival, with an MST of 21 days (Figure 2A). Meanwhile, a third-party alloskin murine model was established by grafting the ear skin from BALB/c mice (H-2Kd) onto bm1 mice in a same manner. The Kb-KaAPCs administration did not lead to an obvious extension of alloskin survival as compared with the control groups in the third-party model (Figure 2B). Representative pictures for alloskin grafts of each group were shown in Figure 2C. There was no rejection occurring in the bm1 autograft transplantation group (Figure 2C, bottom row). The representative pictures of alloskin grafts in the third-party model were presented in Figure S2 in Supplementary Material.
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FIGURE 2 | Killer artificial antigen-presenting cells (KaAPCs) prolong alloskin graft survival and reduce local allograft rejection. Ear dorsal tissues of C57BL/6J (B6) mice were grafted onto the dorsal of bm1 mice and followed by i.v. injection of Kb-KaAPCs, Kd-KaAPCs, anti-Fas-MPs (1 × 107 MPs/mouse/time point), or PBS on days 9, 11, and 13 posttransplantation. (A) Kaplan–Meier survival plots for alloskin grafts in the bm1 mice grafted with ear skin of B6 mice in each treatment group. Kb-KaAPCs mean the poly lactic-co-glycolic acid microparticles (PLGA MPs) co-displaying H-2Kb-Ig dimers and anti-Fas monoclonal antibodies (mAbs); Kd-KaAPCs mean the PLGA MPs co-displaying H-2Kd-Ig dimers and anti-Fas mAbs; anti-Fas-MPs mean the PLGA MPs displaying only anti-Fas mAbs. (B) Kaplan–Meier survival plots for alloskin grafts in the bm1 mice grafted with ear skin of BALB/c mice, a third-party alloskin transplant model followed by treatment as described on days 5, 7, and 9 days posttransplantation. (C) Representative pictures of alloskin grafts on the indicated days in the KaAPC group and control groups. The bm1 autograft transplantation was performed to assure a correct transplant procedure.



Alloskin specimens were collected from each group on day 20 posttransplantation (7 days after the final injection of KaAPCs). As indicated by H-2Kb-Ig dimer in situ staining, a remarkable reduction of H-2Kb alloantigen-reactive T cells was observed in the alloskin sections from the KaAPCs group (Kb-KaAPCs), compared to the control groups (Figure 3A). The local infiltration of CD8+ T cells, but not CD4+ T cells, in allograft was relatively decreased after KaAPCs treatment (Figure 3A). Similarly, only weak inflammatory infiltration was found in the alloskin sections from the KaAPCs group while a strong local inflammation appeared in the control groups (Figure 3B).
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FIGURE 3 | Killer artificial antigen-presenting cells (KaAPCs) reduce the local infiltration of alloreactive T cells and inflammatory cells in allograft. On day 20 posttransplantation (7 days after the final treatment), alloskin grafts were collected from recipients in each treatment group and embedded in paraffin. Allograft sections were prepared. (A) IHC analyses. Sections were incubated with H-2Kb-Ig dimer, anti-mouse CD4, anti-mouse CD8, or IgG2b/isotype control monoclonal antibodies (mAbs) and then stained with biotinylated secondary antibodies followed by visualization using an ABC kit. (B) Hematoxylin and eosin staining. The IHC images were presented at 200× magnifications. Representative sections were selected from three to five individual mice. KaAPCs mean the Kb-KaAPCs co-displaying H-2Kb-Ig dimers and anti-Fas mAbs. **p < 0.01, ***p < 0.001.



KaAPCs Selectively Deplete H-2Kb Antigen-Alloreactive CD8+ T Cells In Vivo

The frequencies of H-2Kb antigen-alloreactive CD8+ T cells in the peripheral blood and spleen of recipients were detected by H-2Kb-Ig dimer staining plus flow cytometry. Representative dot plots were presented in Figure 4A. The proportion of H-2Kb-alloreactive CD8+ T cells in CD8+ T cell population of peripheral blood was 8.46 ± 0.61% on day 8 (before treatment) but markedly reduced to 1.45 ± 0.57% (a 83% decrease) on day 15 (after treatment) in the KaAPCs group. In contrast, the frequencies of H-2Kb-alloreactive CD8+ T cells in the anti-Fas-MPs group or PBS group did not show significant changes before and after treatment (Figure 4B). Consistently, about 80% reduction of H-2Kb-alloreactive CD8+ T cells was also found in the CD8+ T cell population from splenic cell suspension on day 15 in the KaAPCs group, as compared with the control groups (Figure 4C). Notably, the mean percentage of H-2Kb-alloreactive CD8+ T in the CD8+ T cell population of peripheral blood mononuclear cells (PBMCs) showed no statistical increase on days 8 and 15 in the PBS group and was similar to that in the CD8+ T cell population of spleen cells (SPCs) in PBS group.
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FIGURE 4 | Killer artificial antigen-presenting cells (KaAPCs) deplete alloreactive T cells in vivo and inhibit the anti-donor alloreactivity of recipient T cells. Recipient bm1 mice were treated with KaAPCs, anti-Fas-MPs, or PBS on days 9, 11, and 13 after transplantation. Peripheral blood was collected on day 8 (1 day before treatment) and day 15 (2 days after treatment), and spleens were also collected on day 15. (A–C) H-2Kb-Ig dimers staining and flow cytometry. The representative dot plots were presented in panel (A) and were gated on CD8+ T cell population. Infusions of KaAPCs resulted in a marked reduction of H-2Kb-alloreactive CD8+ T cells in the CD8+ T cell populations from peripheral blood (B) and spleen (C). (D,E) Anti-donor mixed lymphocyte reaction assays. Splenocytes from the recipient bm1 mice in each treatment group were labeled with carboxyfluorescein succinimidyl ester (CFSE) and cocultured with mitomycin C-treated splenocytes, which derived from donor C57BL/6J mice, in 96-well microplates for 7 days. The proliferation percentage of recipient CD3+ T cells was determined according to cell divisions (D). KaAPCs treatment inhibited the anti-donor alloreactivity of recipient CD3+ T cells (E). n = 4–6 mice in each group. ***p < 0.001.



In addition, PBMCs of naïve bm1 mice before transplantation were also stained by the H-2Kb-Ig dimer to detect the frequency of H-2Kb-alloreactive T cells. As shown in Figure S3 in Supplementary Material, H-2Kb-Ig dimer mainly stained with CD8+ T cells with a percentage of 0.75 ± 0.24% in CD3+ T cell population or 3.01 ± 0.73% in CD8+ T cell population, and very weak staining with CD4+ T cells (CD8-/CD3+) could be found (0.16 ± 0.07% in CD3+ T cell population). This frequency of H-2Kb-alloreactive CD8+ T cells in naïve bm1 mice was nearly 2.8-fold lower than that after transplantation (8.46 ± 0.61% on day 8). As a negative control of H-2Kb-Ig dimer staining, PBMCs of naïve C57BL/6 mice (H-2b+) were also stained by H-2Kb-Ig dimer, but only background staining with CD8+ T cells was found.

Consistent with the nearly 80% reduction of H-2Kb-alloreactive CD8+ T cells in the spleen of recipient mice, the ex vivo alloreactivity of recipient T cells was also markedly decreased in an MLR assay. Representative histograms of cell divisions were exhibited in Figure 4D. As shown in Figure 4E, the recipient CD3+ T cells from the KaAPCs group showed nearly 76% reduction of proliferation in response to donor splenocytes, relative to the recipient T cells from the control groups. Furthermore, the reduction of allo-proliferation was mainly contributed to the recipient CD8+ T cells, not CD4+ T cells (Figure S4 in Supplementary Material).

To elucidate the mechanism by which KaAPCs reduced H-2Kb-alloreactive CD8+ T cells, the apoptosis of CD8+ T cells in peripheral blood and spleen was analyzed on day 15 (2 days after the final injection of KaAPCs). As shown in Figure 5, the mean percentage of apoptotic CD8+ T cells increased from 5.8 ± 0.6 to 9.2 ± 0.4% in peripheral blood and from 10.5 ± 1.3 to 15.8 ± 1.8% in spleen (>50% elevation) as compared with the Blank-MPs group. In contrast, the non-cognate Kd-KaAPCs only showed little higher apoptosis of CD8+ T cells than the Blank-MPs group without significant difference. As a non-targeting killer MPs control, anti-Fas-MPs also led to the increase of apoptotic CD8+ T cells with a frequency similar to the KaAPCs group (Figure 5B) but did not result in obvious decrease of H-2Kb-alloreactive CD8+ T cells when compared with the PBS group (Figures 4A–C).
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FIGURE 5 | Killer artificial antigen-presenting cells (KaAPCs) induce apoptosis of CD8+ T cells in vivo. Grafted bm1 mice were injected via the tail vein with Kb-KaAPCs, Kd-KaAPCs, anti-Fas-MPs, or Blank-MPs on days 9, 11, and 13 after transplantation. Peripheral blood and spleen were collected on day 15 and processed into single cell suspensions followed by allophycocyanin-anti-mouse CD8a and Annexin V/propidium iodide (PI) staining for apoptosis analyses. (A) The representative dot plots for apoptosis of CD8+ T cells in peripheral blood mononuclear cells (PBMCs) and spleen cells (SPCs) of each group. (B) The frequencies of apoptotic CD8+ T cells in PBMCs and SPCs of each group. Data were displayed as the mean ± SD. n = 3–4 mice in each group. *p < 0.05, **p < 0.01.



In Vivo Tracking and Tissue Distribution of KaAPCs

To determine the fate of KaAPCs in vivo after i.v. administration, grafted bm1 mice were injected via the tail vein with ICG-encapsulated KaAPCs, anti-Fas-MPs, or Blank-MPs. Whole-body fluorescence imaging showed that fluorescent KaAPCs rapidly and selectively accumulated in the liver, spleen, kidney, lung, LNs, and heart. The fluorescent intensity in mice was the strongest 2–4 h after injection, with a retention time up to 36 h (Figure 6A, upper panel). As controls, both ICG-anti-Fas-MPs and ICG-Blank-MPs showed the in vivo trafficking similar to KaAPCs, but a shorter retention time (30 h) (Figure 6A, middle and down panels). At 2-h time point after injection, the KaAPCs mainly accumulated in liver, spleen, and kidney as displayed by the ex vivo imaging of excised organs (Figure 6B). Of note is that no or very weak fluorescent signal of KaAPCs was observed in the location of alloskin graft at 2-, 4-, and 6-h time points after KaAPCs i.v. injection (Figure 6C), suggesting that most of the cell-sized KaAPCs could not go into the alloskin graft through vascular circulation at least during the early 6 h.
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FIGURE 6 | In vivo tracking and tissue distribution of killer artificial antigen-presenting cells (KaAPCs). Grafted bm1 mice were injected via the tail vein with indocyanine green-encapsulated KaAPCs, anti-Fas-MPs, or Blank-MPs. Fluorescence images were then acquired using the Maestro in vivo imaging system at different time points. (A) Whole-body fluorescence images for in vivo tracking of KaAPCs and the control microparticles (MPs). (B) Distribution of KaAPCs and control MPs in the excised organs 2 h after injection as displayed by ex vivo imaging. (C) Few KaAPCs circulated into the location of alloskin graft at 2-, 4-, and 6-h time points, as analyzed by whole-body fluorescence imaging. (D) Wright’s staining for peripheral blood cells and spleen cells (SPCs). KaAPCs were observed in the blood cells suspension at 30-min time point and in the SPCs’ suspension at 1-h time point after i.v. injection in the KaAPCs group. Meanwhile, no KaAPC was found in the PBS injection group. White arrows point at the KaAPCs.



Furthermore, the no-ICG KaAPCs or PBS was injected i.v. into the grafted bm1 mice on day 9 after skin transplantation. Wright’s staining showed that the KaAPCs were present in the cell suspensions of blood at 30-min time point and spleen at 1-h time point in the KaAPCs group (Figure 6D, lower panel), and absent in the cell suspensions of blood and spleen of the PBS group, a negative control (Figure 6D, upper panel). No KaAPCs were found in the LN cell population at 1-h time point after KaAPCs injection (data not shown). In parallel, histological analyses also displayed the presence of KaAPCs in the sections of liver, kidney, spleen, lung, and heart, but not alloskin graft at 1-h time point after i.v. injection (Figure S5 in Supplementary Material).

KaAPCs Colocalize with CD8+ T Cells In Vivo

Phycoerythrin-coupled KaAPCs were prepared (Figure 7A) and injected into grafted bm1 mice on days 9, 11, and 13 after transplantation. A visible percentage of PE-KaAPCs was detected 12 h after the final injection, in the cell suspensions of spleen and LNs from recipients by flow cytometry (Figure 7B). Representative dot plots were showed in Figure 7C. The LN cells were a mixture of inguinal, axillary, and brachial LNs. Furthermore, PE-KaAPCs were found in the spleen tissue section and could colocalize with CD8+ T cells as revealed by confocal images (Figure 7D).
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FIGURE 7 | Killer artificial antigen-presenting cells (KaAPCs) circulate into secondary lymphoid organs and colocalize with CD8+ T cells. KaAPCs were coupled with R-phycoerythrin (PE)-labeled streptavidin and characterized by flow cytometry (A) and then injected i.v. into recipient bm1 mice on days 9, 11, and 13 after transplantation as described. At 12 h after the final injection, spleen and lymph nodes (LNs) were harvested from recipients. LNs and half of spleen were processed into single cell suspensions and freshly detected by flow cytometry without any staining. (B) A visible population of PE-KaAPCs was found in spleen and LNs, respectively. n = 3 mice in each group. Representative dot plots for flow cytometry analyses were presented in panel (C). Another half of spleen was embedded into O.C.T. followed by frozen section preparation and IHC staining with fluorescein-5-isothiocyanate (FITC)-labeled-anti-mouse CD8a and DAPI. Confocal photomicrographs of PE-KaAPCs and CD8+ T cells in spleen section were presented in panel (D), at 100× magnification. ***p < 0.001.



To ascertain this colocalization, another independent experiment was carried out. PE-KaAPCs were injected i.v. into the grafted bm1 mice on day 9, and then spleens were collected 4 h later followed by the preparation of frozen sections and immunohistochemical staining. As shown in Figure 8, many CD8+ T cells, macrophages, and DCs could be observed in the marginal zone and red pulp of spleen while most of CD4+ T cells and B cells were absent in marginal zone. PE-KaAPCs mainly distributed in the red pulp and marginal zone and presented many co-localizations with CD8+ T cells, but much fewer co-localizations with CD4+ T cells, B cells, macrophage, and DCs. Also, no visible internalization or engulfment by macrophage and DCs was displayed in the spleen sections. These results may suggest the direct contacts of KaAPCs with CD8+ T cells in secondary lymphoid organ.
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FIGURE 8 | Confocol fluorescence imaging of killer artificial antigen-presenting cells (KaAPCs) with CD8+ T cells, CD4+ T cells, B cells, macrophages, and dendritic cells (DCs) in spleen section. R-Phycoerythrin (PE)-coupled KaAPCs were injected i.v. into the grafted bm1 mice on day 9, and spleens were collected 4 h later for the preparation of frozen sections. CD8+ T cells, CD4+ T cells, B cells, macrophage, and DCs were then stained by fluorescein-5-isothiocyanate (FITC)-labeled monoclonal antibodies (mAbs), respectively, and followed by confocol imaging in the marginal zone, red pulp, or white pulp of spleen section at 400× magnification. Many CD8+ T cells, macrophages, and DCs distributed in the marginal zones and red pulps, but most of B cells and CD4+ T cells could be observed in red pulps. Meanwhile, the PE-KaAPCs were mainly found in the marginal zones and red pulps.



KaAPCs Treatment Does Not Produce Obvious Bystander Killing to Immune Cells

On day 15 (2 days after the final injection of KaAPCs), infusion of KaAPCs did not lead to the obviously increased apoptosis in the T cell repertoires, but the percentage of apoptotic T cells in anti-Fas-MPs group was statistically higher than the KaAPCs group and PBS group (Figures 9A,B). Meanwhile, KaAPCs treatment did not result in the significant reduction of CD3+ and CD4+ T cells (Figure 9C), B cells and NK cells (Figure 9E) but elicited an obvious decrease of CD8+ T cells (Figure 9D) in the SPC suspensions. As a non-targeting control, the three infusions of anti-Fas-MPs caused a remarkable decrease of CD3+ T cells, CD4+ T cells, and B cells (Figures 9C–E). Representative flow cytometric diagrams of B cell and NK cell staining were presented in Figure S6 in Supplementary Material. Accordantly, on day 9, 13, and 15 (2 days after each injection), the numbers of lymphocytes, monocytes, and neutrophils in peripheral blood did not remarkably decreased in the KaAPCs group as detected by automated hematology analyzer but reduced in the anti-Fas-MPs group at some time points (Figures 9F–H). Furthermore, to get the results at longer time point, blood routine tests were performed on days 15 and 45 (2 and 32 days after the final injection) in another independent experiment. No obvious bystander killing to eight populations of non-pathogenic immune cells was found in vivo after KaAPCs treatment (Figure S7 in Supplementary Material). Notably, on day 20 (7 days after the final injection), a statistically higher proportion of CD4+/CD25+/Foxp3+ Tregs was found in LNs, but not in spleen, in the KaAPCs group as compared to the two control groups (Figure S8 in Supplementary Material).
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FIGURE 9 | Killer artificial antigen-presenting cells (KaAPCs) do not produce obvious bystander killing to immune cells. After treatment with KaAPCs, anti-Fas-MPs, or PBS on days 9, 11, and 13 after transplantation, spleens were harvested on day 15, and peripheral blood was collected on days 11, 13, and 15 from recipients. Apoptosis of T cells was analyzed by Annexin V/PI staining. A variety of immune cells were enumerated by flow cytometry or automated hematology analyzer. The representative dot plots for apoptosis of T cells from spleens in each treatment group were presented (A). KaAPCs treatment did not lead to obviously higher percentage of apoptosis in the T cell populations than the PBS treatment, but the percentage of apoptotic T cells in anti-Fas-MPs group was statistically higher than the KaAPCs group and PBS group (B). In spleen cell suspensions, the percentages of CD3+ and CD4+ T cell populations (C), CD8+ T cell populations (D), and B cell and NK cell populations (E) in each treatment group were presented. In peripheral blood, injections of KaAPCs did not obviously decrease the amounts of lymphocytes (F), monocytes (G), and neutrophils (H) 2 days after each injection. n = 4–6 mice in each group at each time point. *p < 0.05, **p < 0.01.



KaAPCs Treatment Does Not Cause Impairment of Overall Host Immune Function and Observable Organ Toxicity

The antitumor effect and reactivity against alloantigen could be used as surrogate markers for retention of overall host immune function (32). Here, the recipient T cells from the KaAPCs group and PBS group presented comparable proliferation levels in response to the SPCs from naïve BALB/c mice (Figures S9A,B in Supplementary Material), suggesting that the native T cell repertoires of recipient mice retained the third-party reactivity after KaAPCs treatment. In parallel, the similar cytolysis levels of recipient NK cells against Yac-1 lymphoma cells (Figure S9C in Supplementary Material) and comparable tumor growth in the B16 melanoma challenge (Figure S9D in Supplementary Material) were found in the KaAPCs group and PBS group.

The functions of liver and kidney of recipient mice were monitored at 2 and 32 days after the final injection of KaAPCs by routine biochemical tests. No significant impairment was found as compared with the two control groups (Figure S10 in Supplementary Material). Meanwhile, the histological H&E staining confirmed that KaAPCs treatment did not lead to visible pathological injuries in liver (Figure S11 in Supplementary Material), spleen (Figure S12 in Supplementary Material), kidney, heart, and lung (Figure S13 in Supplementary Material) on days 2, 17, and 32 after the final injection.

DISCUSSION

In this study, PEI-coated PLGA MPs were employed as cell-sized scaffold to co-present alloantigen and apoptosis-inducing molecule to alloreactive T cells for the treatment of alloskin rejection. After i.v. injection, the KaAPCs could circulate throughout vasculature into spleen, LNs, liver, kidney, lung, and heart, but most of KaAPCs did not go into the local allograft during the early 6 h; they could colocalize with CD8+ T cells along with few contacts with other immune cells and minor internalization by phagocytes in secondary lymphoid organ. The KaAPCs markedly depleted H-2Kb alloantigen-specific CD8+ T cells in bloodstream and spleen thereby leading to the decreased local infiltration of H-2Kb alloantigen-specific CD8+ T cells and inflammatory cells in alloskin graft, thus consequently prolonged allograft survival.

To define the possible mechanism by which KaAPCs deplete target T cells, apoptosis of CD8+ T cells was detected. In our previous works, OVA257–264-specific CD8+ T cells were used as target cells since their high frequency in transgenic OT-1 mice. Two infusions of the KaAPCs co-coupling H-2Kb/OVA257–264 dimer and anti-Fas onto PLGA MPs led to 70% increase of apoptotic CD8+ T cells and around 60% reduction of OVA257–264-specific CD8+ T cells in OT-1 mouse. Conversely, the non-cognate PLGA-MPs co-presenting H-2Kb/TRP2257–264 dimer and anti-Fas, OVA-MPs presenting only H-2Kb/OVA257–264 dimer, and anti-Fas-MPs presenting only anti-Fas did not result in obviously increased apoptotic CD8+ T cells and reduced OVA257–264-specific CD8+ T cells (30). These data clearly document that the KaAPCs can physically deplete antigen-specific T cells mainly in an anti-Fas-dependent manner and an antigen-specific fashion either in vivo or in vitro. In the present study, the low-frequency H-2Kb-alloreactive CD8+ T cells in the grafted bm1 mice were also markedly reduced (>80%) along with more than 50% increase of apoptotic CD8+ T cells after three infusions of H-2Kb-targeted KaAPCs. In contrast, the non-cognate Kd-KaAPCs only showed little higher apoptosis of CD8+ T cells than the Blank-MPs group. In addition, the Kd-KaAPCs, anti-Fas-MPs, and a third-party alloskin transplantation model did not lead to a prolonged allograft survival. Thus far, both our previous work and the present data suggest the apoptosis-inducing and antigen-specific killing of KaAPCs to target cells. But we cannot eliminate the possibility of other immunoregulatory mechanisms occurring in vivo, such as the activation-induced cell death stimulated by target antigens onto KaAPCs, induction of Tregs, and inhibition of antigen-presenting cells.

Of note is that since the rapid development of biodegradable and biocompatible biomaterials, increasing attentions focus on the biomimetic MPs and nanoparticles as modulators in autoimmunity and transplantation by coating or encapsulating antigens and/or toxin (33–40). Presumably, these nanoscale particles will be mostly internalized by phagocytes or other cell types in vivo (41), then induce the tolerogenic APCs and Tregs, where after indirectly induce T cells tolerance (34, 37, 40–42). Relatively, cell-sized MPs (4–6 μm) present a reduced risk of engulfment by phagocytes (43, 44). Unlike these previous works, here the cell-sized KaAPCs co-displayed the intact MHC class I alloantigen molecules and apoptosis-inducing molecules, thus not only can directly present the alloantigen to T cell receptors onto alloreactive CD8+ T cells but also concurrently induce apoptosis, without the requirement of antigen processing by recipient antigen-presenting cells. Therefore, the KaAPCs mainly depleted the T cells participated in the direct pathway of allorecognition. Inevitably, indirect pathway may also involve in the KaAPCs immunotherapy at some extent since the possible phagocytosis occurring in vivo, especially at the later stage during the retention time of 36 h.

It is also important to note that a weak immunogenic murine model of alloskin transplantation was employed in this study. The H-2Kbm1 is a variant allele, which differs from H-2Kb by seven nucleotides resulting in amino acid substitutions in three codons. Therefore, the bm1 and C57BL/6J mice are congenic strains mismatched only at K of b. But the single mutation between C57BL/6J and bm1 mice is sufficient to cause the acute rejections of donor skin graft with an MST of 19.5 ± 3 days (45, 46). The current study also showed an MST of 20.5 days. Thus, this single MHC-mismatched model is expected to maximally reveal the therapeutic effects of KaAPCs for alloskin rejection without the interference from the alloantigen responses against other mismatched MHC and minor histocompatibility loci, which will be helpful to the mechanism investigation. The alloskin graft from C57BL/6J mice was prolonged for 43 days in the bm1 mice in the present study, but only for 4–6 days in the BALB/c mice (26, 47), which are fully MHC-mismatched with C57BL/6J mice. The present data strongly documented the therapeutic potential of KaAPCs for allograft rejection. Nevertheless, to bring this goal to fruition, multiple MHC class I and II alloantigens mismatched from donor should be co-coupled on the KaAPCs in the translational studies from bench to bedside.

Finally, several technical notes are worthy of mentioning. In this weak immunogenic model, alloskin graft rejections appeared around day 14 after transplantation, thus the KaAPCs were administered three times with a 48-h interval before day 14 to prophylactically enact an inhibitory immune response by depleting the activated alloreactive T cells before they reach to the location of donor skin and cause acute immune rejections. Of note is that the administration before transplantation or on days 5, 7, and 9 or on days 7, 9, and 11 did not lead to the clinical efficacy (alloskin grafts survival and MST) as good as the present regimen in this single MHC-mismatched murine model. In addition, intravenous but not subcutaneous administration of the KaAPCs protected the alloskin rejection and prolonged the allograft survival in the present study and previous works. The injection via tail veil may facilitate the cell-sized KaAPCs circulating into spleen and LNs and helpful to interplay between KaAPCs and target T cells. The amount and ratios of anti-Fas and pMHC molecules coupled onto MPs and the dosages of KaAPCs have been titrated in our researches to achieve maximal antigen-specific apoptosis of target T cells with minimal bystander killing. In contrast, as a non-targeting control, the anti-Fas-MPs treatment led to the decrease of variable immune cells and the impairment of overall immune function of host. This non-specific killing of anti-Fas-MPs led to the reduction of CD8+ T cells and increase of apoptotic CD8+ T cells with a level similar to the KaAPCs group but did not result in obvious decrease of H-2Kb-alloreactive CD8+ T cells. Therefore, the alloskin graft survival was not prolonged in the H-2Kb-mismatched model by the non-targeting anti-Fas-MPs. In addition, the Blank-MPs which only blocked with BSA were also used to treat the grafted bm1 mice in some experiments and showed comparable effects with the PBS group (data no shown).

In conclusion, the capability of PLGA MP-based KaAPCs to selectively deplete alloreactive T cells for prolonging allograft survival was strongly documented. The in vivo mechanism of alloinhibition, tissue distribution, toxicity, and clearance were also initially characterized. These new evidences, although preclinical, demonstrate the high potential of the KaAPCs as a novel antigen-specific immunotherapy for the treatment of allograft rejection and autoimmunity.
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