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I M M U N O L O G Y

Engineering of hybrid spheroids of mesenchymal stem 
cells and drug depots for immunomodulating effect 
in islet xenotransplantation
Tiep Tien Nguyen1,2, Duc-Vinh Pham1, Junhyeung Park1, Cao Dai Phung1, Mahesh Raj Nepal1, 
Mahesh Pandit1, Manju Shrestha1, Youlim Son3, Mili Joshi3, Tae Cheon Jeong1, Pil-Hoon Park1, 
Dong-Young Choi1, Jae-Hoon Chang1, Ju-Hyun Kim1, Jae-Ryong Kim3, Il-Kug Kim3,  
Chul Soon Yong1, Jong Oh Kim1, Jong-Hyuk Sung4,5, Hu-Lin Jiang6,7,8,9, Hyung-Sik Kim10,11, 
Simmyung Yook2*, Jee-Heon Jeong1,12*

Immunomodulation is an essential consideration for cell replacement procedures. Unfortunately, lifelong exposure 
to nonspecific systemic immunosuppression results in immunodeficiency and has toxic effects on non-
immune cells. Here, we engineered hybrid spheroids of mesenchymal stem cells (MSCs) with rapamycin-releasing 
poly(lactic-co-glycolic acid) microparticles (RAP-MPs) to prevent immune rejection of islet xenografts in diabetic 
C57BL/6 mice. Hybrid spheroids were rapidly formed by incubating cell-particle mixture in methylcellulose solution 
while maintaining high cell viability. RAP-MPs were uniformly distributed in hybrid spheroids and sustainably 
released RAP for ~3 weeks. Locoregional transplantation of hybrid spheroids containing low doses of RAP-MPs 
(200- to 4000-ng RAP per recipient) significantly prolonged islet survival times and promoted the generation of 
regional regulatory T cells. Enhanced programmed death-ligand 1 expression by MSCs was found to be responsible 
for the immunomodulatory performance of hybrid spheroids. Our results suggest that these hybrid spheroids 
offer a promising platform for the efficient use of MSCs in the transplantation field.

INTRODUCTION
Immunomodulation therapy is an integral part of organ and cell 
replacement procedures as it prevents immune cells from attacking 
transplants and, thus, improves graft survival (1, 2). Various sys-
temic immunomodulatory therapeutics have been subjected to 
clinical trials, and some have exhibited potent effects (2). Unfortunately, 
lifelong exposure to this nonspecific immunosuppression results 
in immunodeficiency and has toxic effects on normal cells, and 
patients so affected can develop opportunistic infections, organ 
failures, or even life-threatening malignancies (3). Therefore, future 
efforts should focus on developing more effective therapies that 
circumvent aggressive immune responses and do not involve the 
prolonged systemic administration of high-dose immunosuppressants.

Mesenchymal stem cell (MSC) therapy has emerged as a potent 
immunosuppressive tool (3–5) because it effectively protects trans-
plants from oxidative stress, has proregenerative properties, and 
modulates the immune system (6, 7). The effects of MSCs are 

considered to be due to cell-cell contact and the secretion of various 
soluble paracrine factors (3). Although MSCs are often considered 
immune privileged (8), they express high levels of major histo-
compatibility molecules (MHCs) and activating natural killer (NK) 
cell receptors on their surface after encountering immune cells (9). 
As a consequence, MSCs are susceptible to lysis by T and NK cells, 
and this is responsible for the early rejection of MSCs in vivo (10). 
To achieve durable effects, multiple doses of MSCs must be ad-
ministered to increase cell engraftment, but this substantially 
increases treatment costs and reduces patient compliance (11). Fur-
thermore, recent evidence shows that treatment based on MSCs 
alone falls short of the demand for organ and cell replacement 
procedures (11).

Several strategies have been developed to improve MSC potency, 
including appropriate licensing of MSCs with inflammatory condi-
tions and cotreatment with minimal doses of immunosuppressants 
(12–17). The inflammatory cytokine priming approach often leads 
to transient expression of various immunosuppressive molecules in 
MSCs and has been well demonstrated to be effective in vitro and 
animal models of several inflammatory diseases, but to date, it has 
not been demonstrated to enhance cell graft survival (17–19). On 
the other hand, the simultaneous administration of MSCs and 
immunosuppressive agents, such as rapamycin (RAP) offers the 
possibility of more durable immunosuppression. This method has 
been used to achieve tolerance in preclinical allogeneic cell (pancreatic 
islet) and organ (heart) transplantation models (12, 14). However, 
multiple doses of systemically administered drugs show inconve-
nience and suboptimal efficacy due to drug distribution variability 
among recipients (20). Hence, there is still a need for an effective 
drug delivery system that boosts the immunomodulatory potency 
of MSCs in the context of organ/cell transplantation without the 
requirement for lifelong systemic immunosuppressants.
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In this study, we report an effective methodology to potentiate 
the immunomodulatory properties of MSCs via engineering hybrid 
spheroids with RAP-releasing poly(lactic-co-glycolic acid) (PLGA) 
microparticle depots (RAP-MPs). The devised hybrid spheroids 
were locoregionally transplanted with rat pancreatic islets into dia-
betic C57BL/6 mice to prevent the strong immune rejection of these 
xeno-sourced islets. This approach only required a single treatment 
with a low-dose immunosuppressant but resulted in long-term 
effects on immunosuppression (21). Encouraged by the first 
European Union–approved allogeneic adipose-derived MSC prepa-
ration (darvadstrocel; NCT01541579; TiGenix) for Crohn’s disease, 
we believe that our approach constitutes a promising means of 
efficiently using stem cells in the transplantation field and for the 
treatment of various inflammatory diseases (22).

RESULTS
Characterization of RAP-MPs
RAP-MPs were fabricated using oil-in-water emulsification. 
Scanning electron microscopy (SEM) revealed that RAP-MPs had 
smooth surfaces and sizes ranging from 1 to 8 m (average 4.4 ± 1.7 m; 
Fig. 1, A and B). RAP was found to be physically encapsulated in 
PLGA microparticles as no new peaks were observed in Fourier 
transform infrared spectroscopy (FTIR) of RAP-MPs as compared 
with blank-MPs (Fig. 1C). Mean loading capacity and encapsulation 
efficiency of RAP-MPs, as determined by high-performance liquid 
chromatography (HPLC), were 4.10 ± 0.26% and 82.0 ± 5.2%, re-
spectively. Notably, RAP-MPs exhibited a sustained release pattern 
of RAP for ~30 days, with minimal burst release during the first 
2 days (Fig. 1D).

Characterization of mouse adipose tissue–derived MSCs
MSCs were isolated from subcutaneous adipose tissues of C57BL/6 
mice, as previously described (23). Isolated MSCs had a typical 
fibroblast-like shape and were positive (≥95%) for the MSC markers 
(CD29, CD44, CD90, and Sca-1) and negative (<2%) for CD11b, 
CD34, and CD45 (fig. S1A). In addition, these MSCs had the ability 
to differentiate into the osteogenic lineage as demonstrated by the 
deposition of alizarin red S–stained calcium nodules, into the 
adipogenic lineage as demonstrated by the accumulation of 
oil red O–stained lipid droplets, and into the chondrogenic lin-
eage as demonstrated by the accumulation of Alcian blue–stained 
glycosaminoglycans (fig. S1B).

Rapid formation of uniform MSC spheroids 
in methylcellulose solution
An illustration of the fabrication of spheroids in high viscosity 
methylcellulose solution is provided in Fig. 2A. Free water mole-
cules were rapidly absorbed by the methylcellulose solution after 
injecting a suspension concentrate containing MSCs and RAP-MPs. 
This led to the close contact between MSCs and RAP-MPs and 
facilitated the spontaneous and stable formation of cell-particle 
hybrid spheroids within 2 hours. In this study, each spheroid was 
constructed from ~2.5 × 104 MSCs and various amounts of RAP-MPs 
theoretically equivalent to 10, 40, 100, and 200 ng of RAP, which is 
referred to as HS10, HS40, HS100, and HS200, respectively. Spheroids 
without RAP-MPs are referred to as non–RAP-MP spheroids. The 
sizes of these spheroids were not detectably different. Immediately after 
construction, non–RAP-MP and HS100 spheroids were 740  ± 47 
and 744 ± 32 m in diameter, respectively (P = 0.6849; fig. S2, A and B). 
Meanwhile, the size of spheroids reduced by ~1.5-fold after 3 days 
in culture as a result of increased cell-cell contraction (non–RAP-MP 
spheroids: 492  ±  32 m and HS100 spheroids: 478  ±  21 m; 
Fig. 2, B and C, and fig. S2, C and D).

Next, we explored the distribution of RAP-MPs in hybrid spheroids 
after 3 days in culture. To this purpose, RAP-MPs were labeled with 
coumarin-6 (green fluorescence), and cell nuclei were stained blue 
with Hoechst 33342. A confocal laser scanning microscopy (CLSM) 
image of HS100 spheroid presented in Fig. 2D indicated that RAP-MPs 
were uniformly dispersed within spheroid. In addition, SEM re-
vealed that spheroids were highly compact, and that RAP-MPs (red 
arrows) were clearly distinguished from the cell matrix (Fig. 2E and 
fig. S2E). The densities of RAP-MPs in hybrid spheroids were well 
correlated with their initial loadings (fig. S2E).

Liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
was used to determine actual RAP loadings in hybrid spheroids. 
It was found that each spheroid in HS10, HS40, HS100, and HS200 
spheroid groups contained 9.46 ± 1.08 ng [entrapment efficiency 
(EE)  =  94.6  ±  10.8%], 38.34  ±  4.54  ng (EE  =  95.8  ±  11.4%), 
98.08  ±  10.98  ng (EE  =  98.1  ±  11.0%), and 216.79  ±  17.21  ng 
(EE  =  108.4  ±  8.6%) of RAP, respectively (Fig.  2F and fig. S2F). 
Next, release patterns of RAP from hybrid spheroids were examined. 
A similar RAP release profile was found in all groups, regardless 
of initial RAP-MP loading. In particular, 50 to 70% of RAP was 
released in the first week and 10 to 20% in the second week, and 
RAP release was almost exhausted after 3 weeks (Fig. 2F and fig. 
S2G). RAP release was more rapid from hybrid spheroids than from 
RAP-MP suspensions (Fig. 1D).

The fabrication of large-sized spheroids often raises the issue of 
cell viability due to nutrient and oxygen restrictions. To demonstrate 

Fig. 1. Characterization of RAP-MPs. (A) Representative SEM image of RAP-MPs. 
(B) Size distribution of RAP-MPs. More than 200 particles were measured. (C) FTIR 
of pure RAP powder (black line), blank-MPs (red line), and RAP-MPs (blue line). 
(D) In vitro release profile of RAP from RAP-MPs incubated in phosphate-buffered 
saline [PBS (pH 7.4) plus 1% Tween 20] at 37°C and 150 rpm. Samples (n = 3) were 
regularly collected over 35 days.
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the superiority of our developed spheroid fabrication method, cell 
viability and apoptosis events were evaluated. A live/dead staining 
assay performed 3 days after spheroid fabrication in methylcellulose 
medium revealed that spheroids maintained high cell viability, which 
contrasted with the low viability observed when spheroids were 

produced using the hanging drop technique (Fig. 2G and fig. S3A). 
Quantitatively, the percentages of viable cells in monolayer [two-
dimensional (2D)]–cultured MSCs and in non–RAP-MP spheroids 
fabricated using methylcellulose medium and hanging drop were 
85.8 ± 0.9%, 83.4 ± 0.6% (P = 0.0176 versus 2D-MSC) and 66.1 ± 2.8% 

Fig. 2. Methylcellulose-based fabrication of hybrid spheroids of MSCs with RAP-MPs. (A) A schematic diagram of the fabrication process. Spheroids were retrieved 
from methylcellulose solution after incubation for 2 hours, cultured in MEM- growth medium on nonadherent petri dishes, and assessed on day 3. Hybrid spheroids 
theoretically contained 2.5 × 104 MSCs and RAP-MPs equivalent to 100 ng of RAP per spheroid, which are referred to as HS100 spheroids. Spheroids without RAP-MPs are 
referred to as non–RAP-MP spheroids. (B and C) Morphologies and sizes of non–RAP-MP and HS100 spheroids. Scale bars, 500 m. (D) Distribution of coumarin-6–labeled 
RAP-MPs in HS100 spheroids as determined by confocal laser scanning microscopy (CLSM). Cell nuclei were stained blue with Hoechst 33342. Scale bar, 200 m. (E) SEM 
of HS100 spheroid. The red arrows indicate RAP-MPs. Scale bar, 30 m. (F) Actual contents of RAP in HS100 spheroids with respect to culture time and cumulative RAP 
release percentages (n = 3 to 5). RAP contents in the samples were determined using the developed liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
method. (G and H) Assessment of MSC viability in spheroids as determined by live/dead staining assay and flow cytometry–based quantitative assay, respectively. Scale 
bars, 200 m. (I and J) Assessment of apoptotic events in spheroids based on Western blot determination of Bax level (n = 6 independent experiments) and determination 
of caspase 3/7 activity (n = 3 independent experiments), respectively. Data in (H), (I), and (J) are expressed as the means ± SDs and were analyzed using the unpaired 
two-tailed t test, *P < 0.05, **P < 0.01, #P < 0.001, and $P < 0.0001.
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(P = 0.0003 versus 2D-MSC), respectively (Fig. 2H and fig. S3B). In 
addition, we found that cell viability in HS100 spheroids (86.3 ± 0.4%) 
was slightly improved as compared to non–RAP-MP spheroids 
(P  =  0.0027; Fig.  2H). Moreover, apoptotic protein markers, Bax 
and caspase 3/7, were evaluated using Western blot and a caspase 
activity assay, respectively. The results showed that MSCs in spheroids 
expressed significantly lower levels of these apoptotic protein markers 
than those in 2D-MSCs (fig. S4). Notably, RAP-MP incorporation 
in spheroids further decreased the apoptotic protein levels dose-
dependently, although no remarkable change in viable and apoptotic 
cell numbers was observed among hybrid spheroids (Fig. 2, I and J, 
and fig. S5).

Immune-related gene expression profiling 
in hybrid spheroids
Spheroidal MSCs have been well documented to have better immuno-
modulatory effects than 2D-MSCs (24, 25). Initially, we examined 
the dynamic expressions of immune-related genes in non–RAP-
MP spheroids by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR). Non–RAP-MP spheroids were fabricat-
ed and cultured in minimum essential medium– (MEM-) growth 
medium for 1 to 3 days (fig. S6). The expressions of CD86, MHC-I, 
MHC-II, TGFB1, IL1RN, and IL4 were found to significantly increase 
with culture time. Only transient increases were observed in INOS 
and HO-1 gene expressions after culture for 1 day. In contrast, the 
expressions of PD-L1, COX-2, and IL6 in non–RAP-MP spheroids 
significantly decreased after 3 days of culture. Next, spheroids 
were treated with a cytokine cocktail containing interferon- (20 ng/ml; 
IFN-) and tumor necrosis factor– (10 ng/ml; TNF-) to mimic in-
flammatory events after spheroid transplantation. Exposure of spheroids 
to the cytokine cocktail for 3 days resulted in the profound up-​
regulations of the gene expression levels of IDO1 (69.5 ± 19.4-fold, 
P = 0.0036), INOS (5.4 ± 0.5-fold, P = 0.0015), PD-L1 (6.9 ± 2.9-
fold, P = 0.0227), and MHC-I (8.5 ± 2.2-fold, P = 0.0044; Fig. 3 
and fig. S7).

The effect of RAP-MP incorporation in hybrid spheroids on 
immune-related gene expression was further investigated. Non–
RAP-MP and HS100 spheroids were cultured in MEM- growth 
medium with or without cytokine cocktail supplementation (Fig. 3). In 
the absence of the cytokine cocktail, the gene expressions of COX-2, IL6, 
TGFB1, and PD-L1 were significantly up-regulated in HS100 spheroids 
versus non–RAP-MP spheroids by 2.3  ±  0.5-fold (P  =  0.0102), 
3.6 ± 0.4-fold (P = 0.0005), 3.1 ± 0.8-fold (P = 0.0096), and 1.4 ± 0.1-fold 
(P = 0.0001), respectively, after 3 days in culture. Notably, cytokine 
exposure further increased the gene expressions of MHC-I, IL10, 
and PD-L1 in HS100 spheroids by 1.5 ± 0.3-fold (P  =  0.0318), 
1.7 ± 0.1-fold (P < 0.0001), and 2.0 ± 0.1-fold (P < 0.0001), re-
spectively. However, the gene expression levels of IDO1 and INOS 
after 3 days in culture were substantially decreased by 1.9 ± 0.5- and 
1.3 ± 0.1-fold, respectively, as a result of RAP-MP incorporation.

Effects of hybrid spheroids on islet functionality and islet 
xenograft survival
To determine the effect of spheroids on islet functionality, a glucose-
stimulated insulin secretion (GSIS) assay was performed in a 
coculture system of islets and spheroids. As a result, there was no 
significant difference in insulin secretion by control islets and islets 
cocultured with spheroids at different RAP doses, confirming the bio-
compatibility of our developed spheroids on islet functionality (fig. S8).

A pancreatic rat-to-mouse islet xenotransplantation model was 
established to develop strong immune reactions (26). Islets [400 islet 
equivalents (IEQs)] were transplanted alone (control) or with 
RAP-MPs, non–RAP-MP spheroids, or hybrid spheroids under the 
kidney capsules of streptozocin (STZ)–rendered diabetic C57BL/6 
mice (Fig. 4A). Twenty spheroids, equivalent to 0.5 × 106 MSCs, 
were used per transplant. The doses of RAP per transplant in the 
RAP-MP, HS10, HS40, HS100, and HS200 spheroid groups were 
1534.0  ±  499.8, 139.4  ±  24.2, 538.3  ±  24.6, 1378.2  ±  87.0, and 
2882.2  ±  41.0 ng, respectively (P  =  0.6225 for RAP-MP versus 
HS100 spheroid; fig. S9). Figure 4 (B and C) shows nonfasting blood 
glucose (NBG) levels of islet recipients (Fig. 4B) and Kaplan-Meier 
curves for xenograft survival times (Fig. 4C). As observed, islets in 
the control group were rejected rapidly with a median graft survival 
time (MST) of 9 days (means ± SD = 9.2 ± 0.8 days). The colocalization 
of islets with non–RAP-MP spheroids did not result in any improve-
ment in islet survival with the MST of 7 days (means ± SD = 7.2 ± 1.8 days; 
P = 0.0518 versus islet control). Meanwhile, a local single dose of 
RAP-MP extended islet survival by about twofold over the islet con-
trol group to 18.5 days (means ± SD = 21.2 ± 7.5 days; P = 0.0008 
versus control). However, no islet graft in the RAP-MP group was 
functional at 40 days after transplantation.

Notably, locoregional hybrid spheroids effectively protected islet 
xenografts from early immune rejection in a RAP dose-dependent 

Fig. 3. Assessment of dynamic changes in immune-related gene expressions 
in spheroids. (A) Graphical illustration of spheroid culture, treatment, and assessment. 
Non–RAP-MP and HS100 spheroids were cultured in MEM- growth medium with 
or without cytokine cocktail (IFN- and TNF-) supplementation. Samples were 
collected and processed for qRT-PCR analysis after culture for 1 to 3 days. (B) Heatmap 
depiction of gene expression levels. Results are expressed as log10 fold changes 
versus day 0 (n = 3 independent experiments).
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manner. Recipients administered HS10, HS40, HS100, or HS200 
spheroids achieved MSTs of 52 days (means ± SD = 59.6 ± 38.5 days), 
62 days (means ± SD = 55.2 ± 35.8 days), 61 days (means ± SD = 69.9 ± 22.9 
days), and 95.5 days (means ± SD = 75.4 ± 34.9 days), respectively 
(all P values < 0.0001 versus islet control and non–RAP-MP spher-
oid groups; Fig. 4, B and C, and fig. S10). Among islet recipients that 
received localized hybrid spheroids, there were 79% (19 of 24), 17% 
(4 of 24), and 8% (2 of 24) of grafts remaining functional for ≥50, 
≥100, and >125 days, respectively. Long-term graft acceptance 
(>125 days) was achieved by HS10 spheroid group (n = 1) and 
HS100 spheroid group (n = 1) (black circles; Fig. 4B and fig. S10). 
Notably, levels of RAP in serum in the HS100 spheroid group were 
almost undetectable at any time.

To assess the immunoprotective role of sustained RAP release, 
we cotransplanted islets with non–RAP-MP spheroids that had 
been preconditioned with 100 nM RAP solution for 3 days. We 
found that islet graft rejection occurred as early (MST = 10 days) as 
that observed in the islet control and non–RAP-MP spheroid 
groups (fig. S11, A and C). Moreover, locoregional delivery of 
hybrid spheroids to islet regions was essential for generating an 
immunoprotective effect because transplantations of islets and HS100 
spheroids under capsules of contralateral kidneys resulted in early 
islet rejection (MST = 10 days, P = 0.1842 versus islet control; figs. 
S11, B and C). Further, we tested whether spheroids derived from 
human MSCs had a protective effect on islet xenograft survival. 

However, cotransplantation of islets and human MSC-derived HS100 
spheroids failed to extend islet survival (MST = 9 days, P = 0.7319 
versus islet control; fig. S12).

Responsiveness of transplanted islets to a glucose spike at 12 days 
after transplantation was assessed by intraperitoneal glucose toler-
ance test (IPGTT). Animals in the HS100 spheroid and RAP-MP 
groups adapted to this glucose elevation in the same manner as 
nondiabetic (naïve) mice (Fig. 4, D and E). In contrast, blood glucose 
reductions were delayed in the islet control and non–RAP-MP 
spheroid groups, indicating islet malfunction at this time.

Locoregionally delivered hybrid spheroids reduce systemic 
immune activation and favor local immunoregulatory  
T cell generation
To investigate immune responses, blood, spleen (SPL), draining 
lymph nodes (DLNs), and grafts were collected at 12 days after 
transplantation. Serum cytokine levels were determined using a 
cytometric bead array (CBA) mouse T helper cell 1 (TH1)/TH2/TH17 
cytokine kit (Fig. 5A and fig. S13). Results showed significant increases 
in the serum levels of both inflammatory and anti-inflammatory 
cytokines after control islet transplantation to the following levels: 
interleukin-2 (IL-2) (26.0 ± 18.8 pg/ml, P = 0.006), IL-4 (28.6 ± 19.1 pg/ml, 
P = 0.0037), IL-6 (27.1 ± 17.9 pg/ml, P = 0.0038), IL-10 (32.6 ± 
15.8 pg/ml, P = 0.0022), IL-17 (36.5 ± 32.3 pg/ml, P = 0.0266), 
IFN- (31.0 ± 21.8 pg/ml, P = 0.013), and TNF- (30.6 ± 17.9 pg/ml, 

Fig. 4. Locoregional delivery of hybrid spheroids promotes pancreatic rat-to-mouse islet xenograft survival. (A) Graphical illustration of the islet xenotrans-
plantation model. STZ-rendered diabetic C57BL/6 mice were transplanted with 400 IEQs of islets only (control) or with RAP-MPs, non–RAP-MP spheroids, or HS100 
spheroids under kidney capsules. Twenty spheroids, equivalent to 0.5 × 106 MSCs, were used per transplant. (B) NBG levels of recipient mice. (C) Kaplan-Meier curves of 
islet xenograft survival times. (D) Intraperitoneal glucose tolerance test (IPGTT) results at 12 days after transplantation and (E) area under the curve of IPGTT results (n = 3, 
means ± SDs). The data in (C) and (E) were analyzed using the log-rank (Mantel-Cox) test and one-way analysis of variance (ANOVA), respectively. #P < 0.001 and 
$P < 0.0001. n.s., not significant.
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P = 0.0144) [the P value of IL-10 was determined using the unpaired 
two-tailed t test and all others by one-way analysis of variance 
(ANOVA); all P values versus untreated (naïve) mice]. Locoregional 
delivery of HS100 spheroids significantly decreased the serum levels 
of IL-2, IL-4, IL-6, IFN-, and TNF- to 5.4 ± 1.1 pg/ml (P = 0.0074), 
6.9 ± 3.0 pg/ml (P = 0.0046), 5.5 ± 2.1 pg/ml (P = 0.0048), 7.7 ± 
2.6 pg/ml (P = 0.0153), and 11.1 ± 3.2 pg/ml (P = 0.0345), respectively 
(all P values versus islet control). Meanwhile, these cytokine levels 
slightly decreased in the non–RAP-MP spheroid and RAP-MP 
groups as compared with the islet control group. In addition, no 
significant change was observed between serum IL-10 levels among 
the transplanted groups. To determine immune activation statuses, 
we calculated IFN-/IL-10 ratios (a surrogate of TH1/TH2 cell ratios 
in blood) (27–29). IFN-/IL-10 ratios showed the following decreasing 
trend in the study groups: islet control (0.90 ± 0.29), non–RAP-MP 
spheroid (0.84 ± 0.11), RAP-MP (0.61 ± 0.26), and HS100 spheroid 
(0.54 ± 0.23, P = 0.0411 versus islet control; unpaired two-tailed 
t test; Fig. 5B). Overall, these data indicated reduced immune 
activation upon locoregional delivery of hybrid spheroids.

Next, immune cells were harvested from DLNs and SPLs and 
subjected to flow cytometry (Fig. 5C and fig. S14). Percentages of 
immune cell populations were calculated on the basis of total 
numbers of gated cells. In both lymphoid organs, no significant 
difference was observed in total CD4+ and CD8+ T cell percentages 
among the transplanted groups. However, the CD4+/CD8+ T cell 
ratio in DLNs was significantly lower in the islet control and non–
RAP-MP spheroid groups than in the RAP-MP and HS100 spheroid 
groups. Notably, HS100 spheroid administration, versus islet con-
trol group, sharply reduced the generation of both effector memory 
CD8+CD44highCD62Llow T cells (CD8+ TEM) (DLNs: 3.44 ± 0.73% 
versus 5.01  ±  1.24%, P  =  0.2127; SPL: 0.23  ±  0.06% versus 
0.35 ± 0.08%, P = 0.0144) and central memory CD8+CD44highCD62Lhigh 
T cells (CD8+ TCM) (DLNs: 1.29 ± 0.30% versus 2.35 ± 0.43%, 
P = 0.0235; SPL: 1.32 ± 0.31% versus 1.77 ± 0.22%, P = 0.1786). Fur-
thermore, localized HS100 spheroids facilitated the generation of 
regulatory CD4+FoxP3+ T cells [CD4+ regulatory T cell (Treg)] in 
DLNs (2.67  ±  0.81% versus 1.68  ±  0.26% in the non–RAP-MP 
spheroid group, P = 0.0355).

Fig. 5. Locoregional delivery of hybrid spheroids inhibits systemic immune responses to islet transplantation. Serum and lymphoid organs were collected at 
12 days after transplantation. (A) Serum levels of cytokines (n = 6). (B) Serum IFN-/IL-10 ratios. (C) Percentages of T cell populations on total gated cells in DLNs and SPLs 
(n = 3 to 6), as determined by flow cytometry. Gating strategies for regulatory CD4+ FoxP3+ T cells (Treg), effector memory CD8+ CD44high CD62Llow T cells (TEM), and central 
memory CD8+ CD44high CD62Lhigh T cells (TCM) are shown in fig. S13. Data are expressed as the means ± SDs. Data in (A) and (C) were analyzed using one-way ANOVA, and 
data in (B) and serum IL-10 levels in (A) were analyzed using the unpaired two-tailed t test. *P < 0.05 and **P < 0.01.
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Graft-bearing kidneys were also used to evaluate local immune 
responses at 12 days after transplantation (Fig. 6A). Immune-related 
gene expression in grafts was analyzed by qRT-PCR. As shown in 
Fig. 6B, the HS100 spheroid group exhibited significant decreases in 
PRF1 and IFNG and significant increases in TGFB1 and FOXP3 
expressions by at least threefold versus the islet control group 
(P < 0.05). In addition, the expressions of GRMB and IL10 tended to 
decrease and increase, respectively, after HS100 spheroid transplan-
tation. Unexpectedly, TNF expression was not significantly altered 
among the transplanted groups. Besides, we found that the expres-
sions of TGFB1 and FOXP3 in the RAP-MP group were lower than 
in the HS100 spheroid group, whereas other gene expressions were 
comparable between the two groups.

The histomorphometric characteristics of islet xenografts 
were assessed by hematoxylin and eosin and multiplex immuno-
histochemical staining at 12 days after transplantation (Fig. 6C and 
fig. S15). In the islet control and non–RAP-MP spheroid groups, massive 
numbers of host cells (especially T cells, blue-stained) infiltrated 
grafts, and transplanted islets were destroyed and weakly stained 
brown for insulin. In contrast, host cell recruitment to the grafts 
containing HS100 spheroids or RAP-MP at this time was much 
reduced. Although, many intact islets were only observed in the 
HS100 spheroid group but not the RAP-MP group; in the latter 
group, many islets were being destroyed, indicating the sign of islet 
rejection soon after this day (Fig. 6C and fig. S15). The abundance 
of FoxP3-positive Treg cells (purple-stained) among general infiltrated 

Fig. 6. Locoregionally delivered hybrid spheroids reduce local immune activation and favor Treg cell generation. (A) Graphical illustration of islet graft processing 
for different analysis. (B) Relative expressions of genes encoding for perforin (PRF1), granzyme B (GRMB), IFN- (IFNG), TNF- (TNF), IL-10 (IL10), TGF-1 (TGFB1), and FoxP3 
(FOXP3) (n = 3). (C) Representative images of multiplex immunohistochemical graft staining. The red dashed circle indicates a RAP-MP region in HS100 spheroid. Red 
arrowheads indicate FoxP3+ Treg cells. (D) Flow cytometry of T cell populations in the RAP-MP and HS100 spheroid groups (n = 6). The data in (B) and (D) are expressed as 
the means ± SDs and were analyzed using one-way ANOVA and the unpaired two-tailed t test, respectively. *P < 0.05, **P < 0.01, and #P < 0.001.



Nguyen et al., Sci. Adv. 8, eabn8614 (2022)     24 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 16

T cells was greatest in the HS100 spheroid group. To quantitatively 
assess immune cell populations, islet grafts in the HS100 spheroid 
and RAP-MP groups were collected on day 12 after transplantation, 
dissociated into single cells, and analyzed by flow cytometry (Fig. 6D 
and fig. S16). We found that the number of CD4+ T cells and the 
CD4+/CD8+ T cell ratio were slightly higher in the HS100 spheroid 
group but that the number of CD8+ T cells was unchanged. Notably, 
the absolute number and percentage of CD4+ Treg cells in grafts 
were significantly higher in the HS100 spheroid group than in the 
RAP-MP group. Together, these results suggested that locoregionally 
delivered hybrid spheroids reduced systemic immune activation and 
favored the generation of Treg cells.

Enhanced PD-L1 expression in hybrid spheroids is essential 
for their immunomodulatory effects
To track the fate of MSCs after transplanting non–RAP-MP or HS100 
spheroids with islets, green fluorescent protein (GFP)–expressing 
MSCs were used to fabricate spheroids. Graft-bearing kidneys were 
then retrieved to detect GFP signals. As observed, GFP intensities 
in both groups markedly decreased over time. However, retention 
time of MSCs in the HS100 spheroid group was significantly im-
proved as compared to non–RAP-MP spheroid group, with the GFP 
signal intensities on day 10 remained 25.5 ± 16.1% versus 0.7 ± 1.0% 
(P  =  0.019). In addition, on day 20 after transplantation, GFP 
signals were still detected in the HS100 spheroid group (6.4 ± 3.5%) 
but not in the non–RAP-MP spheroid group (Fig. 7, A and B).

Next, we tested the gene expression of PD-L1, which plays a 
crucial role in immunomodulation (30–32), in whole islet xenografts 
12 days after transplantation. The expression of PD-L1 was much 
higher in the HS100 spheroid group than in the non–RAP-MP 
spheroid group (2.8 ± 1.4-fold change, P = 0.0411; Fig. 7C). We also 
examined the effect of PD-L1 on islet xenograft survival. Animals in 
the HS100 spheroid group were intraperitoneally injected with two 
doses of anti–PD-L1 antibody solution or an isotype control 
antibody solution (2.5 mg/kg per dose) at 10 and 20 days after 
transplantation (Fig. 7D). NBG levels revealed that islet grafts were 
rejected soon after anti–PD-L1 therapy (MST = 18 days), whereas 
islet grafts in isotype control antibody group were still functional on 
day 40 after transplantation (P < 0.01; Fig. 7, E and F).

We hypothesized that PD-L1 expressed by transplanted MSCs in 
hybrid spheroids might contribute to their immunomodulatory 
effects in vivo. To examine the surface expression of PD-L1 protein 
on MSCs in vitro, spheroids were incubated in the presence or 
absence of a cytokine cocktail containing IFN- (20 ng/ml) and TNF- 
(10 ng/ml) for 3 days (Fig. 7G). Flow cytometry showed that PD-L1 
surface expression was low in a nonstimulating condition but markedly 
higher after the exposure to the cytokine cocktail. Notably, MSCs 
from the HS100 spheroid group showed consistently higher PD-L1 
levels under both nonstimulating and stimulating conditions with 
expressional changes of 1.31 ± 0.04-fold and 3.14 ± 0.29-fold, 
respectively, over non–RAP-MP spheroid group (P values < 0.01). 
We also examined PD-L1 surface expressions on MSCs after trans-
plantation of non–RAP-MP or HS100 spheroids with islets. To do so, 
MSCs were labeled with carboxyfluorescein diacetate succinimidyl 
ester (CFDA-SE) before fabricating spheroids (fig. S17). Grafts were 
retrieved 7 days after transplantation and subjected to flow cytometry 
(Fig. 7H and fig. S18). The percentage of the CFDA-SE+ PD-L1+ 
MSC population was found to be higher in grafts containing HS100 
spheroids than non–RAP-MP spheroids (94.1  ±  2.6% versus 

89.2 ± 3.8%, respectively). HS100 spheroids also exhibited signifi-
cantly higher surface PD-L1 levels, with ~3-fold increase in the 
median fluorescence intensity (P = 0.038). To examine the role of 
PD-L1 expressed by MSCs on islet xenograft survival, MSCs were 
transfected twice with 50 nM PD-L1 small interfering RNA (siRNA) 
or 50 nM scrambled siRNA before transplantation (Fig. 7I and fig. 
S19). Islet grafts in PD-L1 siRNA–transfected group were rejected 
early as an MST of 22 days (P = 0.0256 versus scrambled siRNA-
transfected group; Fig. 7, J and K). These observations showed that 
enhanced PD-L1 expression on MSCs was responsible for the 
observed improvement in MSC retention and islet xenograft sur-
vival in the HS100 spheroid group.

DISCUSSION
This work was undertaken to devise a means of enhancing the 
immunomodulatory potency of MSCs by fabricating hybrid spheroids 
of MSCs with RAP-MPs. The performance of hybrid spheroids was 
challenged with strong immune responses elicited from the trans-
plantation of xeno-sourced islets in diabetic immunocompetent 
C57BL/6 mice (4). The rationale behind the design of the devised 
platform was based on the following observations: (i) MSC spheroids 
achieved better immunomodulatory effects and produce stronger 
survival signals than 2D-MSCs; (ii) large hybrid spheroids main-
tained high cell viability in culture; (iii) the uniform distribution of 
RAP-MP depots in hybrid spheroids enabled better control of cell 
fate; and (iv) a single localized low-dose RAP-MP containing hybrid 
spheroids promoted islet xenograft survival, without suboptimal 
systemic immunosuppression.

The fabrication of hybrid spheroids in our study was motivated 
by the natural swelling capacity of high molecular weight methyl-
cellulose (viscosity, 4000 cP)–containing medium (33, 34). The 
concentration of methylcellulose was a critical factor for its applica-
tions. Hybrid spheroids were produced from cell-particle suspension 
in 2 to 3% methylcellulose medium. In particular, after injecting 
concentrated cell-particle suspension into this methylcellulose 
medium, spherical droplets form spontaneously, and the methylcel-
lulose then absorbs the water contained in these droplets to rapidly 
form spheroids. Previously, Kojima et al. (33) fabricated spheroids 
containing a small number of cells (1000 cells), which raised no 
concerns regarding cell viability. However, we here fabricated large 
spheroids containing 2.5 × 104 MSCs, and these spheroids exhibited 
high cell viability, which was not obtained when using the hanging 
drop method. This result emphasizes the role of sufficient nutrients 
during the preparation process on the maintenance of cell viability. 
In addition, the devised method enabled adequate control of cell 
numbers, drug amounts, and their distribution in the hybrid spheroids 
produced. Notably, most of the spheroid preparation methods 
reported in the literature are ineffective in terms of the consistency 
of microparticle incorporation, possibly due to the different densi-
ties of cells and microparticles (35–38). We believe that the hybrid 
spheroids produced in the present study could serve as a platform 
for studies on the effects of therapeutic agents on biological cells. 
Furthermore, it could be feasible for scaling-up the manufacture of 
hybrid spheroids in methylcellulose with robotic and microfluidic 
production systems (39–41).

RAP is one of the most potent drugs in terms of potentiating the 
immunomodulatory properties of MSCs (42). In this study, we found 
that the colocalization of islets with hybrid spheroids containing 
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Fig. 7. The essential role played by MSC-mediated PD-L1 on islet xenograft survival. (A and B) Retention of GFP-expressing MSCs in islet xenografts over time (values 
are residual GFP intensities; n = 3). (C) Relative gene expression of PD-L1 in whole grafts containing islets and non–RAP-MP or HS100 spheroids at 12 days after transplantation 
(n = 5). (D to F) The effect of anti–PD-L1 antibody treatment (2.5 mg/kg per dose × 2 doses, intraperitoneally delivered on days 10 and 20 after transplantation; n = 6) on 
mice cotransplanted with islets and HS100 spheroids. (D) Graphical illustration of the experimental design, (E) NBG test results, and (F) Kaplan-Meier curves for islet 
xenograft survival times. Transplanted mice treated with isotype control antibody served as controls (n = 3). (G and H) In vitro and in vivo PD-L1 protein expressions on 
MSCs in non–RAP-MP and HS100 spheroids, as determined by flow cytometry. (G) Spheroids were treated with or without a cytokine cocktail for 3 days before the assessment 
(n = 2 per group). (H) MSCs were labeled with CFDA-SE before fabricating spheroids. Grafts were retrieved at 7 days after transplantation (n = 3). MSCs were considered to 
express PD-L1 if double-positive for CFDA-SE and PD-L1. (I to K) Effect of MSC-mediated PD-L1 on islet xenograft survival. (I) Graphical illustration of the experimental 
design. MSCs were transfected twice with 50 nM PD-L1 siRNA or 50 nM scrambled siRNA before transplantation, (J) NBG test results, and (K) Kaplan-Meier curves of islet 
xenograft survival times (n = 5). Data are expressed as the means ± SDs. Data in (B) were analyzed using two-way ANOVA, in (C), (G), and (H) using the unpaired two-tailed 
t test, and in (F) and (K) using the log-rank (Mantel-Cox) test.
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MSCs and RAP-MPs under the kidney capsules of diabetic mice 
effectively prolonged islet survival time. In addition, the sustained 
release of RAP was essential for long-lasting impact on MSC perform
ance. We did not observe any improvement in islet graft survival 
time when islets were cotransplanted with non–RAP-MP spheroids 
preconditioned with 100 nM RAP solution for 3 days. The devised 
approach prevents systemic exposure and subsequent adverse effects 
of immunosuppressant by minimizing the total dose of RAP ad-
ministered. Furthermore, we observed a synergistic effect between 
MSCs and RAP over a wide range of RAP doses (200 to 4000 ng per 
mouse). Previously, studies reported the effectiveness of 2D-MSCs 
(1 × 106 cells per transplant) and daily systemic RAP (0.1 mg/kg per 
day, 7 to 9 days) on allogeneic islet survival (12, 13). The total doses 
of RAP administered in these studies were around 15 to 20 g per 
mouse, which was 4 to 80 times higher than those used in our current 
study. In addition, while daily drug injections are inconvenient and 
result in variable drug biodistributions, we demonstrated that the 
performance of our designed hybrid spheroids was local and not 
dependent on the systemic presence of RAP. By that, the administered 
doses of drugs can be optimized and fixed, regardless the recipient 
body weight (43). Given the adverse effects of immunosuppressive 
drugs, our approach on the localization of hybrid spheroids offers 
an efficient means of inducing immunotolerance in clinical trans-
plantation field.

The mechanisms by which RAP modulates MSC immunomodula-
tory functions remain unclear. Wang et  al. (15) discovered that 
short-term exposure to RAP (4 hours) enhanced the inhibitory 
effect of human MSCs on T cell proliferation in vitro by transiently 
increasing COX-2 and PGE-2 secretions, although the in vivo rele-
vance of this observation needs to be confirmed. Meanwhile, other 
studies revealed that human MSCs treated with RAP for 24 to 
48 hours exhibited increased expressions of IL10, TGFB1, IDO1, 
INOS, and COX-2 and established that enhanced autophagy was re-
sponsible (44, 45). In a mouse model, injection of RAP-preconditioned 
MSCs effectively ameliorated the clinical severities of acute graft-
versus-host disease (44). In the current study, we investigated 14 cru-
cial immune-related genes in MSCs, which are well reported in the 
literature (11, 15, 46–49). Among these genes, CD86, MHC-I, and 
MHC-II are related to the immunogenicity of MSCs, whereas 
PD-L1, TGFB1, IL1RN, IDO1, INOS, HO-1, COX-1/2, and IL4/6/10 
are related to anti-inflammatory and immunomodulatory proper-
ties of MSCs. The results obtained confirmed that RAP enhanced 
the gene expressions of IL10, TGFB1, and COX-2 but not those of 
IDO1 and INOS. These results suggest that IDO1 and INOS might 
not be the main factors responsible for the performance of hybrid 
spheroids in our disease model. In addition, we found that RAP 
induced stable increases in the gene expressions of PD-L1, MHC-I, 
and IL6, which has not been reported previously. Among the immuno-
modulatory molecules, MSC-derived PD-L1 plays a master role in 
the modulation of immune responses (31, 46). To the best of our 
knowledge, this is the first report of PD-L1 expression in adipose 
tissue–derived MSCs (46). The engagement of PD-1 on activated 
T cells with PD-L1 interrupts the activation cascade in these cells, 
which leads to a change in effector cell state and the generation 
of Treg cells (50). MSCs have been found to inhibit T cell prolifera-
tion via both cell surface–bound PD-L1 and soluble PD-L1 (51, 52). 
To demonstrate the role of PD-L1 on islet xenograft survival, we 
injected islet recipients intraperitoneally with anti–PD-L1 antibody 
and inhibited the synthesis of PD-L1 in MSCs by siRNA transfection. 

Anti–PD-L1 antibody injection blocked PD-L1 expression in many 
cell types, including Treg cells, antigen-presenting cells, and MSCs, 
and thus compromised their protective roles on islet survival. 
siRNA-mediated PD-L1 silencing in hybrid spheroids was also 
found to effectively shorten islet survival, despite the transient na-
ture of its effect. These observations suggest that PD-L1 siRNA–
transfected hybrid spheroids might be more sensitive to T cell 
attack during the first days following transplantation (53) and that 
enhanced PD-L1 expression in hybrid spheroids was essential to 
protect transplanted islets from early rejection. Short-term silencing 
of genes in MSCs with siRNAs has been demonstrated to have long-
term effects after cell transplantation (54). Xu et al. (55) showed 
that subcutaneous injection of RUNX2 siRNA–transfected MSCs 
effectively promoted their chondrogenic differentiation by inhib-
iting RUNX2-mediated hypertrophy. In another study, MSCs 
were transfected with the plasmid encoding for siRNA targeting Fas 
receptor and miR-375 genes, and codelivery of these MSCs with 
pancreatic islets significantly improved islet survival and func-
tion (56).

Cheng et  al. (12) demonstrated that treatment with MSCs 
derived from human induced pluripotent stem cells plus a short-
course (9 days) systemic injections of RAP effectively developed 
islet allograft tolerance. Nevertheless, our attempts to transplant 
hybrid spheroids prepared using human MSCs and RAP-MPs failed 
to protect islet xenograft from early rejection. Even, we found that 
the MST of this human MSC-derived hybrid spheroid group was 
shorter than that of RAP-MP group. These data raised some issues 
regarding the immunogenicity of human MSCs in mouse recipients. 
For example, the structural similarity between human and mouse 
PD-L1 is 77% whereas that between human and mouse PD-1 is 
64%. Mouse PD-1 can interact with human PD-L1 in vitro (57, 58). 
However, it has not been established whether this interspecies in-
teraction has therapeutic benefits in vivo. In addition, recently pub-
lished data show that mouse and human PD-L1 molecules are 
structurally similar but they have different druggability profiles (59).

More recently, Coronel et al. (60) demonstrated that locally 
delivered PD-L1–presenting poly(ethylene glycol) microgels in com-
bination with daily injections of RAP (0.2 mg/kg per day, i.p., for 
15 days) led to the development of islet  allograft tolerance in 
murine epididymal fat pads. Encouraged by this finding and the 
results of our current study, we suggest that further studies be con-
ducted to investigate the effect of the stable overexpression of 
PD-L1 from MSCs on the induction of tolerance to clinically rele-
vant xeno-sourced islets. Notably, MSCs express high levels of 
PD-L1 as encountering immune cells, but existing inflammatory 
cytokines may have detrimental effects on MSC viability and, thus, 
reduce the duration of immunomodulation by MSCs. Pre- and 
stable overexpression of PD-L1 would be essential to maintain MSC 
viability after transplantation. Although we placed emphasis on 
PD-L1 signaling, the roles of other immune checkpoints and para-
crine mediators on the performance of MSCs are also important 
(61, 62). These molecules may act synergistically to inhibit the activity 
of effector T cells and favor the generation of Treg cells (3, 11). In 
addition, the direct effect of RAP released from the hybrid spheroids 
on immune cells should be counted. This study indicates that RAP 
enhanced MSC potency in hybrid spheroids, at least in terms of 
modulating PD-L1 expression, and we believe that this mechanism 
was largely responsible for improved islet xeno-transplantation 
outcomes observed. Our future studies will further optimize hybrid 
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spheroids by coincorporation of different therapeutic agents (63). 
These agents would be used to target on MSCs or other immune 
cells (T cell, macrophages, and dendritic cells), and therefore, the 
immunomodulatory effect of hybrid spheroids would be durable in 
establishing islet graft tolerance. We envision that proximal localiza-
tion of hybrid spheroids and pancreatic islets would be efficiently 
used in extrahepatic transplantation sites, such as subcutaneous space, 
anterior chamber of eyes, omentum, and gastric submucosa, which have 
shown great potentials as revealed in many recent clinical trials (64). 
Especially, the development of implantable dual-reservoir encapsulation 
devices is highly encouraged because it enables a precise localiza-
tion of individual therapeutic cells and drug depots for better con-
trol of cell fate (65). It is also possible to recharge protective cell drug 
depots to islet grafts for maintaining immunomodulatory effects in an 
extended period of time. Last, our current study provides a flexible 
means of using MSCs efficiently in the transplantation field and for the 
treatments of various inflammatory conditions.

MATERIALS AND METHODS
Illustrative images were created with BioRender.com. All experiments 
on animals were performed in accordance with national guidelines and 
approved by the Institutional Animal Care and Use Committee of Yeun-
gnam University (Gyeongsan-si, Gyeongbuk-do, Republic of Korea).

Preparation and characterization of RAP-MPs
RAP was encapsulated in PLGA microparticles using an oil-in-water 
emulsification method, as previously described (66–68). Briefly, 
76 mg of PLGA (Resomer RG504 H; Sigma-Aldrich, Saint Louis, 
MO, USA) and 4 mg of RAP (LC Laboratories, Woburn, MA, USA) 
were solubilized in 1 ml of dichloromethane (Junsei Chemical Co. 
Ltd., Tokyo, Japan). Next, emulsion was made by emulsifying the 
organic phase in 5 ml of 1% polyvinyl alcohol (PVA) solution (Sigma-
Aldrich, Saint Louis, MO, USA) at 21,000 rpm for 4 min. The emul-
sion produced was stabilized in excess PVA solution for 4 hours, 
and RAP-MPs were collected after 5 cycles of centrifugation and 
washing. Last, RAP-MPs were lyophilized to a dry powder. The 
size of RAP-MPs was determined by SEM (S-4100; Hitachi, Tokyo, 
Japan), and the chemical properties of RAP was tested by Fourier 
transform infrared spectroscopy (Nicolet Nexus 670 FTIR Spec-
trometer; Thermo Fisher Scientific, Waltham, MA, USA) (66, 69).

The RAP loading capacity of RAP-MPs was quantified by HPLC 
analysis. RAP was extracted from RAP-MPs using acetonitrile 
(ACN; Junsei Chemical Co. Ltd., Tokyo, Japan), which was then 
filtered through a 0.22-m membrane. Chromatographic parameters 
were as follows: Inertsil column (4.6 mm by 150 mm, 5 m; GL 
Sciences, Tokyo, Japan), isocratic elution with ACN:water (85:15) 
at 1  ml/min, peak detection at 280 nm, and column temperature 
60°C. In vitro release of RAP-MPs was evaluated in phosphate-
buffered saline (PBS) (pH 7.4) containing 1% Tween 20. RAP-MP 
suspensions were shaken in an incubator (SI-64, 150; Hanyang 
Scientific Equipment Co. Ltd., Seoul, Republic of Korea) and main-
tained at 37°C and 150 rpm, and, at predetermined times, super-
natants were withdrawn to quantify RAP levels.

Isolation and characterization of mouse  
adipose–derived MSCs
MSCs were isolated from C57BL/6 mice (male, 8 to 10 weeks old; 
Samtako Bio Korea, Osan-si, Gyeonggi-do, Republic of Korea), as 

previously described with some modifications (70, 71). Briefly, the 
mice were euthanized and immersed in 70% ethanol. Next, sub-
cutaneous adipose tissue was exposed, collected, chopped, and 
digested with 0.1% collagenase type P solution (Sigma-Aldrich, 
Saint Louis, MO, USA) for 30  min at 37°C and 80  rpm. MEM- 
growth medium containing 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin antibiotics 100× (Thermo Fisher Scientific, 
Waltham, MA, USA) was then added to neutralize enzyme activity, 
and cells were pelletized by centrifugation at 400g for 5 min. After 
redispersing in MEM- growth medium, the samples were passed 
through a 40-m cell strainer to remove residual fibers and fat cells. 
Filtrates were cultured at 37°C, and on the next day, adherent MSCs 
were rinsed carefully with PBS to remove debris and unattached 
cells. Culture was continued (with frequent medium changes) to 
80 to 90% confluence. MSCs from passages 3 to 6 were used in the 
experiments. In some experiments, GFP-expressing MSCs were iso-
lated from C57BL/6 transgenic mice strain expressing GFP (male, 8 
to 10 weeks old; The Jackson Laboratory, Bar Harbor, ME, USA). 
Human adipose tissue–derived MSCs [ASC(ST002); Epibiotech, 
Incheon Metropolitan City, Republic of Korea] were also used. 
Isolated MSCs were characterized by evaluating the expressions 
of cell surface markers (CD29+, CD44+, CD90+, Sca-1+, CD11b−, 
CD34−, and CD45−) and by their capacity to differentiate into three 
lineages (osteoblasts, chondrocytes, and adipocytes), as previously 
described (23).

Fabrication of hybrid spheroids
Hybrid spheroids were fabricated using a free water-absorbable 
viscous polymer-based method, as previously described (33). The 
polymer solution was composed of 2% methylcellulose (Sigma-
Aldrich, Saint Louis, MO, USA) in MEM- growth medium. To 
construct one spheroid, 2.5 × 104 MSCs were thoroughly mixed 
with RAP-MPs in MEM- growth medium to produce 2 l of a 
cell-particle suspension, and this suspension was then slowly in-
jected into methylcellulose solution and incubated for 2 hours at 
37°C to promote spontaneous cell-particle aggregation. After 
adding MEM- medium to lower the viscosity of methylcellulose, 
the spheroids produced were retrieved using a pipette, washed 
twice with MEM- medium, and cultured on a nonadherent petri 
dish (100 mm by 15 mm; SPL Life Sciences, Pocheon-si, Gyeonggi-do, 
Republic of Korea). Hybrid spheroids containing different amounts 
of RAP-MPs (10, 40, 100, and 200 ng of RAP per spheroid) were fab-
ricated; these are referred to as HS10, HS40, HS100, and HS200, re-
spectively. MSC spheroids not containing RAP-MPs are referred 
to as non–RAP-MP spheroids. To visualize RAP-MPs in hybrid 
spheroids, they were labeled with 0.1% coumarin-6 (Sigma-​Aldrich, 
Saint Louis, MO, USA).

Morphology and size distribution of spheroids
The morphologies of non–RAP-MP and hybrid spheroids were 
observed under an optical microscope (Eclipse Ti; Nikon Instru-
ments Inc., Melville, NY, USA). At least 30 spheroids were randomly 
measured, and size distributions were determined using NIS-
Elements BR software version 4.20.00 (Eclipse Ti; Nikon Instruments 
Inc., Melville, NY, USA).

Microsphere distribution in hybrid spheroids
The distribution of microparticles in hybrid spheroids was first 
examined by CLSM (Nikon A1si, Nikon Instruments Inc., Melville, 
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NY, USA). Briefly, on the third day of culture, hybrid spheroids 
were collected, rinsed with PBS, and fixed in 4% paraformaldehyde 
(PFA; Sigma-Aldrich, Saint Louis, MO, USA). Cell nuclei were then 
counterstained with Hoechst 33342 solution (1:1000; Thermo Fisher 
Scientific, Waltham, MA, USA) for 20 min at room temperature 
(R.T.). Samples were then scanned, and 3D images of hybrid spheroids 
were reconstructed using Nis-Element software.

Spheroids were also examined using SEM (S-4100; Hitachi, 
Tokyo, Japan), as previously described (72). Briefly, samples were 
fixed in 4% glutaraldehyde solution for 60 min and then sequentially 
coated with 1% osmium tetroxide (OsO4), 3% carbohydrazide, and 
1% OsO4 for 15 min each. All materials were purchased from Tokyo 
Chemical Industry Co. (Tokyo, Japan). Dried spheroids were halved 
using a sharp blade and spray-coated with a thin platinum layer 
before observation.

Cell viability assessment
A live/dead staining test was used to evaluate cell viability. Briefly, 
spheroids were collected, incubated in MEM- medium containing 
0.67 M acridine orange and 75 M propidium iodide (PI) (Sigma-
Aldrich, Saint Louis, MO, USA) for 30 min at R.T., and visualized 
using a fluorescence microscope (Eclipse Ti; Nikon Instruments 
Inc., Melville, NY, USA). In addition, cell viability was quantitatively 
measured using the PI/fluorescein isothiocyanate–annexin V kit 
(BioLegend, San Diego, CA, USA). Before staining, spheroids were 
rinsed with PBS and dissociated into single cells using trypsin. The 
staining procedure was obtained from manufacturer’s instruc-
tions. The stained samples were analyzed using flow cytometry 
(FACSCanto II; BD Biosciences, San Jose, CA, USA).

The apoptotic statuses of cells in spheroids were further assessed 
by Western blot, as previously described (73). Briefly, spheroids 
were rinsed with PBS, minced into single cells, and lysed with 
Mammalian Protein Extraction Buffer (MPER; Thermo Fisher 
Scientific, Waltham, MA, USA). Total proteins (30 to 40 g) were 
run on 12% SDS–polyacrylamide gel electrophoresis gels and trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P; 
Merck Millipore, Burlington, MA, USA). Membranes were treated 
with 5% bovine serum albumin (BSA; Thermo Fisher Scientific, 
Waltham, MA, USA) in tris-buffered saline (with 0.05% Tween 20) for 
1 hour at R.T. and incubated with rabbit anti-BAX (B-cell lymphoma-2 
associated X) antibody (1:1000; Cell Signaling Technology, Danvers, 
MA, USA) or rabbit anti–glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) antibody (1:1000; Cell Signaling Technology, Danvers, MA, 
USA) at 4°C overnight. After rinsing, membranes were incubated 
with anti-rabbit immunoglobulin G (IgG)–horseradish peroxidase 
(HRP; 1:5000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 
1 hour at R.T. Last, the signals were developed with SuperSignal West 
Pico Chemiluminescent Substrate solution (Thermo Fisher Scientific, 
Waltham, MA, USA). Spot densities were observed using a Fujifilm 
LAS-4000 mini system (Fujifilm, Tokyo, Japan).

In addition, caspase 3/7 activity was assessed using a Caspase-Glo 
3/7 assay kit (Promega, Madison, WI, USA). Briefly, 2D-MSCs or 
spheroids were rinsed with PBS and lysed with the MPER lysis 
buffer. Cell lysates were mixed with Caspase-Glo 3/7 Substrate 
solution at equal volumes in a white-walled 96-well plate (Corning, 
Oneonta, NY, USA). After incubation for 2 hours, luminescence of 
resulting solution was measured. The data were normalized by 
respective double-stranded DNA levels, measured using a Picogreen 
assay (Thermo Fisher Scientific, Waltham, MA, USA).

Liquid chromatography–tandem mass spectrometry
At predetermined times, one to three hybrid spheroids were taken 
in microtubes and rinsed with PBS. RAP was extracted using 0.1 to 
1.0 ml of ACN and probe sonication. Samples were then diluted and 
passed through a 0.22-m membrane. FK506 (Hanmi Pharma, 
Seoul, Republic of Korea) was used as an internal standard to com-
pensate for sample matrix effects. Chromatography was carried out 
on an Agilent 1260 Infinity HPLC (Agilent Technologies, Santa Clara, 
CA, USA), equipped with an Atlatis dC18 column (2.1 mm by 150 mm, 
3 m; Water Corporation, MA, USA). Gradient elution was per-
formed using ACN and 2 mM ammonium acetate buffer and the 
following program 0 to 2.5 min: 90% ACN, 2.5 to 10.5 min: 5% 
ACN, and 10.5 to 16.0 min: 90% ACN, at a flow rate of 250 l/min 
and a column temperature of 60°C. MS/MS was performed using an 
API-400 triple quadrupole unit (AB SCIEX, Framingham, MA, USA) 
in positive ion mode, and detection was performed by Multiple 
Reaction Monitoring using the ion transitions of mass/charge ratio 
931.8 to 864.6 for RAP and 821.58 to 768.5 for FK506.

Cytokine treatment
To investigate the response of spheroids to inflammatory conditions, 
they were treated with a cytokine cocktail containing TNF- 
(biological activity > 1.0 × 107 U/mg; catalog no. NBP2-35185; 
Novus Biologicals LLC, CO, USA) and IFN- (biological activity 
1 to 4 × 106 U/mg; catalog no. 575306; BioLegend, San Diego, CA, 
USA) at 10 and 20 ng/ml, respectively. At predetermined times, 
spheroids were retrieved, washed twice with PBS, and processed for 
qRT-PCR or flow cytometry.

Isolation of rat pancreatic islets
Sprague-Dawley rats (male, 8 to 10 week of age; Samtako Bio Korea, 
Osan-si, Gyeonggi-do, Republic of Korea) were used as pancreatic 
islet donors. Briefly, rats were euthanized by cervical dislocation, 
pancreases were exposed, and 0.08% collagenase type P solution 
(Sigma-Aldrich, Saint Louis, MO, USA) was injected via the hepatic 
bile duct. Pancreases were then incubated for 18 min at 37°C. Pancreatic 
islets were isolated from exocrine cells by using a Histopaque-1077 
solution (Sigma-Aldrich, Saint Louis, MO, USA) and cultured in 
RPMI 1640 growth medium (Mediatech, Manassas, VA, USA) 
containing 10% FBS and 1% penicillin-streptomycin antibiotics 100× 
(Thermo Fisher Scientific, Waltham, MA, USA) for 3 days to recover 
functionality before transplantation (74).

GSIS assay
GSIS assay was performed to assess the effect of spheroids on the 
secretion of insulin by pancreatic islets in vitro. Briefly, 100 IEQs of 
islets and five spheroids were mixed in 200 l of RPMI 1640 growth 
medium, which was then seeded into the 96-well plate precoated 
with anti-adherence rinsing solution (STEMCELL Technologies, 
Vancouver, Canada). The cell mixtures were cultured at 37°C for 
24 hours. Next, the cell mixtures were collected into microtubes, 
washed thrice with low-glucose (2.8 mM) solution in Kreb-Ringer 
bicarbonate buffer, and were preconditioned with the same solu-
tion at 37°C for 1 hour. Thereafter, the samples were sequentially 
incubated in 0.2 ml of fresh solutions containing low glucose, high 
glucose (16.7 mM), and low glucose at 37°C for 1.5 hours each. The 
cell supernatant was collected, respectively. The insulin level in the 
cell supernatant was measured using an Insulin ELISA (enzyme-​
linked immunosorbent assay) kit (EZRMI-13 K; Merck Millipore, 
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Darmstadt, Germany). The insulin level was expressed as pg/IEQ/hour. 
The SI value was calculated by dividing insulin level in high-​glucose 
treatment to that in first low-glucose treatment.

Cell transplantation in C57BL/6 mice
Diabetic C57BL/6 mice (male, 7 to 8 weeks old; Samtako Bio Korea, 
Osan-si, Gyeonggi-do, Republic of Korea) induced by injecting STZ 
(200 mg/kg; intraperitoneal route; Sigma-Aldrich, Saint Louis, MO, 
USA) were used as islet recipients. NBG levels were periodically 
obtained from venous tail blood to confirm diabetic conditions 
(NBG ≥ 350 mg/dl for two consecutive days). For transplantation, 
mice were sedated with ketamine/xylazine, kidneys were exposed to 
create space beneath capsules, and a cell preparation containing 
400 IEQs of islets with or without 20 spheroids (equivalent to 0.5 × 
106 MSCs) in a PE (polyethylene) tubing (Thermo Fisher Scientific, 
Waltham, MA, USA) was injected into subcapsular spaces. In the 
RAP-MP group, islets and RAP-MPs were loaded in separate trans-
plant tubing and sequentially injected. If NBG values were > 200 mg/dl 
for two consecutive days, then grafts were considered rejected. IPGTT 
was also carried out to assess the kinetic responses of insulin secre-
tion by transplanted islets to glucose challenge. Briefly, at 12 days 
after transplantation, mice were kept fasting for 6 hours. Then, mice 
were injected with a glucose solution (2.0 g/kg) via intraperitoneal 
route. Glucose levels in blood were recorded at 0-, 15-, 30-, 45-, 60-, and 
90-min after injection. Naïve mice with same ages were also used for 
the comparison.

Quantitative reverse transcription polymerase 
chain reaction
For the in vitro study, spheroids were collected, rinsed with PBS, 
and lysed with TRIzol (Thermo Fisher Scientific, Waltham, MA, 
USA). Chloroform was added, and mRNA in top aqueous layer was 
separated and purified by serial precipitation using isopropanol and 
ethanol. For the in vivo study, mRNA was extracted from islet grafts 
using the ReliaPrep RNA Tissue Miniprep kit (Promega, Madison, 
WI, USA). cDNA was synthesized using the GoScript Reverse 
Transcription Kit (Promega, Madison, WI, USA). Then, the SYBR 
Green Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used 
for PCR amplification using suitable pairs of primers (see table S1). 
Target mRNA relative expressions were determined using the com-
parative threshold (Ct) method; GAPDH and 18S rRNA were used 
as housekeeping genes. cDNA synthesis and PCR amplification 
were performed using a TGradient thermocycler (Biometra, 
Germany) and a Roche Lightcycler 2.0 (Thermo Fisher Scientific, 
Waltham, MA, USA), respectively.

Quantification of serum cytokines
Whole blood was taken from beating hearts of recipients by cardiac 
puncture and left to clot at R.T. for 15 to 30 min. Serum was isolated 
by centrifuging blood for 10 min at 2000g and 4°C. Samples were 
then stored at −80°C until required. The CBA mouse TH1/TH2/
TH17 cytokine kit (Thermo Fisher Scientific, Waltham, MA, USA) 
was used to determine serum cytokine levels. The data were 
analyzed using FlowJo software version 7.6.2 (BD Biosciences, 
San Jose, CA, USA).

Flow cytometry
The expressions of protein markers of MSCs and immune cells were 
determined by fluorescence-activated cell sorting (FACS). Typically, 

samples were dissociated into single cells by combination of me-
chanical force, collagenase D (Roche Diagnostics GmbH, Mannheim, 
Germany) and/or TrypLE Express solution (Thermo Fisher Scien-
tific, Waltham, MA, USA), and rinsed twice with staining buffer 
(0.3% BSA in PBS). Cells were stained with specific fluorophore-
conjugated antibodies (see table S2) for 30 min on ice. After washing, 
the cells were fixed with 4% PFA solution (Sigma-Aldrich, Saint Louis, 
MO, USA). The analysis was performed using a FACSCalibur 
system (BD Biosciences, San Jose, CA, USA). Intracellular antigens 
were stained according to the manufacturer’s instructions (BD Bio-
sciences). Respective isotype control antibodies were used to com-
pensate for nonspecific IgG binding to cell surfaces. Fluorescence 
minus one samples were also included. Data were processed using 
FlowJo software version 7.6.2 (BD Biosciences).

Histological study
Graft-bearing kidneys were retrieved to assess histomorphometries 
at 12 days after transplantation. Samples were fixed in 4% PFA 
solution (Sigma-Aldrich, Saint Louis, MO, USA) for 1 to 2 days, 
immersed in 30% sucrose solution (Alfa Aesar, Ward Hill, MA, 
USA) for 3 days, and sectioned at 10 m using a freezing microtome 
(HM450; Thermo Fisher Scientific, Waltham, MA, USA). After 
mounting the sections on histological slides, epitope retrieval was 
performed using citrate buffer solution (pH 6.0; 0.05% Tween 20) 
for 30 min at 98°C in a water bath, and endogenous peroxidase 
activity was quenched by treating sections with 3% hydroxyperoxide 
for 15 min. Circles were made around regions of interest using a 
hydrophobic pen. Triple immunostaining was used to simultaneously 
stain islets and T cells in grafts, according to instructions issued 
by Vector Laboratories (Burlingame, CA, USA). Before each antigen 
staining, nonspecific binding was prevented by treating sections 
with PBS containing 0.3% Triton X-100 (Sigma-Aldrich, Saint Louis, 
MO, USA), 2% BSA, and 10% normal goat serum (Vector Labora-
tories, Burlingame, CA, USA) for 1 hour at R.T. and subsequently 
with Avidin and Biotin solutions (Vector Laboratories, Burlingame, 
CA, USA) for 15 min each. Samples were then treated with primary 
antibody against insulin (1:300; Proteintech, Suite 300 Rosemont, 
IL, USA), CD3 (1:300; Novus Biologicals LLC, CO, USA), or FoxP3 
(1:200; BioLegend, San Diego, CA, USA) at 4°C overnight. After 
rinsing, samples were stained with biotinylated secondary antibody 
for 1  hour at R.T. and then with HRP-labeling ABC kit working 
solution for 30 min at R.T. The signals were developed by incubating 
sections with ImmPACT DAB (brown) substrate, ImmPACT VIP 
(purple) substrate, or ImmPACT SG (gray blue) substrate solutions 
(all from Vector Laboratories) for 2 to 15 min at R.T. Following 
rinsing and drying steps, sections were fixed with VectorMount 
Permanent Mounting Medium (Vector Laboratories, Burlingame, 
CA, USA) and imaged using an optical microscope.

MSC retention in islet grafts
GFP-expressing MSCs were used to assess the retention times of 
MSCs in islet grafts. Briefly, GFP-MSC–derived spheroids were 
cotransplanted with islets into subcapsular spaces. Graft-bearing 
kidneys were collected at 1 hour (day 0) and 10 and 20 days after 
transplantation. After fixing in 4% PFA solution, samples were 
imaged in the GFP channel of a Fluorescence-labeled Organism 
Bioimaging instrument (NeoScience, Suwon, Republic of Korea). Per-
centages of remaining MSCs were calculated with respect to fluores-
cence intensities observed at 1 hour (day 0) after transplantation.
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In vivo tracking of MSCs
MSCs were stably labeled with CFDA-SE (Thermo Fisher Scientific, 
Waltham, MA, USA) for in vivo tracking. Briefly, 1 × 106 MSCs 
were rinsed twice and incubated in 1 ml of PBS containing 20 M 
CFDA-SE for 15 min at 37°C. Cell suspensions were mixed using a 
pipette every 3 min to ensure uniform reaction. Unreacted reagent 
was then neutralized with 0.5 ml of MEM- growth medium, and 
labeled MSCs were rinsed twice before determining labeling effi-
ciencies by flow cytometry.

Anti–PD-L1 antibody injection
To study the role of PD-L1 on islet xenograft survival, islet recipients 
were given two doses of 100 l of PBS containing anti-mouse mono-
clonal anti–PD-L1 antibody (BioXCell, West Lebanon, NH, USA) or 
IgG2b isotype control (BioLegend, San Diego, CA, USA) at 2.5 mg/kg 
via intraperitoneal route on days 10 and 20 after transplantation.

siRNA-mediated silencing of PD-L1 in MSCs
MSCs (1.5 × 105) were cultured on a cell culture plate (60 mm by 
15 mm; Corning, Oneonta, NY, USA) for 24 hours before transfec-
tion. Next day, MSCs were incubated with 2 ml of MEM- medium 
containing 50 nM PD-L1 siRNA (No60533-1; Bioneer, Daejeon, 
Republic of Korea) and Lipofectamine RNAiMAX Transfection 
reagent (Thermo Fisher Scientific, Waltham, MA, USA) for 6 hours at 
37°C. Cells were then rinsed, trypsinized, and used to fabricate hybrid 
spheroids with RAP-MPs. To increase durations of gene silencing, 
hybrid spheroids were incubated with the transfection complex for 
6 hours before being transplanted with islets. Transfection efficien-
cies and gene silencing durations were determined by qRT-PCR.

Statistical analysis
GraphPad Prism version 8.4.2 (GraphPad Software Inc., La Jolla, 
CA, USA) was used to draw graphs and for the statistical analysis. 
Graft survival times were analyzed using the log-rank (Mantel-Cox) 
test. One-way ANOVA was used to compare the data of ≥3 groups, 
whereas the unpaired two-tailed t test was used to compare the 
data of two groups. P values of <0.05 were considered statistically 
significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn8614

View/request a protocol for this paper from Bio-protocol.
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