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SUMMARY

Cell therapy using human-stem-cell-derived pancreatic beta cells (hSC-Bs) is a
potential treatment method for type 1 diabetes mellitus (T1D). For therapeu-
tic safety, hSC-Bs need encapsulation in grafts that are scalable and retriev-
able. In this study, we developed a lotus-root-shaped cell-encapsulated
construct (LENCON) as a graft that can be retrieved after long-term hSC-$
transplantation. This graft had six multicores encapsulating hSC-fBs located
within 1 mm from the edge. It controlled the recipient blood glucose levels
for a long-term, following transplantation in immunodeficient diabetic mice.
LENCON xenotransplanted into immunocompetent mice exhibited retrievabil-
ity and maintained the functionality of hSC-Bs for over 1 year after transplan-
tation. We believe that LENCON can contribute to the treatment of T1D
through long-term transplantation of hSC-Bs and in many other forms of cell
therapy.

INTRODUCTION

Diabetes mellitus affects over 400 million patients globally. It causes complications, such as kidney dam-
age, visual impairment, and neuropathy. There are several treatments available for type 1 diabetes mellitus
(T1D), such as daily injections of exogenous insulin (Hirsch 1999, Swinnen et al., 2009), pancreatic transplan-
tation (Gruessner and Sutherland, 2005, Hampson et al., 2010), and cell therapy (McBane et al., 2013, Amer
and Bryant, 2016, Ellis et al., 2013, Elliott et al., 2007, Bochenek et al., 2018). Cell therapy using human-stem-
cell-derived pancreatic beta cells (hSC-Bs) is attracting attention for donor-independent islet transplanta-
tion (Hogrebe et al., 2020, Rezania et al., 2014, Pagliuca et al., 2014, Yabe et al., 2019). In previous studies,
transplantation was performed using encapsulated hSC-B grafts in mice and non-human primates (Agul-
nick et al., 2015, Vegas et al., 2016, Fukuda et al., 2019, Berman et al., 2016). A graft for clinical application
should be scalable, for encapsulating many cells in a single piece and retrievable after transplantation, for
therapeutic safety. Retrievable grafts should allow removal without adhesion and should be sufficiently
strong to maintain their shape for a long time in vivo. Retrievable grafts of mouse and rat primary cells
have been proposed (Onoe etal., 2013, Ma et al,, 2013, Tomei et al., 2014, Watanabe et al., 2020); however,
there is no report on hSC-B grafts that retain their function for a long time after transplantation. The pre-
vious grafts encapsulating hSC-Bs induced intense foreign-body responses (FBRs), compared to those
encapsulating human primary islets (Torren et al., 2017), resulting in fibrotic deposition, adhesion, nutrient
isolation, and cell death.

In this study, we develop a lotus-root-shaped cell-encapsulated construct (LENCON) as a graft that can be
retrieved after long-term (>1 year) hSC-B transplantation. Figure 1 shows the structure of the proposed
LENCON with millimeter-thickness. Grafts with millimeter-thickness tend to mitigate FBR (Watanabe
et al., 2020, Veiseh et al., 2015), as well as exhibit higher mechanical strength. The cells are placed near
the edge of the lotus-root-shaped graft structure to support cell survival. When the diameter of the graft
is in the order of millimeters or more, the diffusion of oxygen and nutrients from the surrounding hydrogel
throughout the encapsulated cells is limited resulting in cell death in the center of the hydrogel (Li et al.,
1995, Weaver et al., 2018, Buchwald et al., 2018). In addition, this graft is scalable in the direction of the
long axis; and therefore, the number of cells can be increased. Here, we fabricate LENCON and evaluate
the survival of the encapsulated cells. We then transplant the grafts into mice and characterize cell function,
graft strength, and retrievability.
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Figure 1. Concept of LENCON transplantation

RESULTS

Optimization of LENCON
For millimeter-thick fiber-encapsulation of cells, we employed a lotus-root like geometry, in which cells are

placed near the edges of the grafts, enabling cell survival, and are covered by a Ba-alginate hydrogel shell
To determine the cell position from the edge, we fabricated 6-mm-thick fibers encapsulating hSC-Bs with
randomized cell positions in the hydrogel. After a 1-week culture, we prepared hematoxylin and eosin (HE)-
stained sections of the 6-mm-thick fibers and estimated the survival ratio by dividing the number of enucle-
ated cells by the total number of cells in the HE sections. The live cell area was calculated as the cell area
obtained by subtracting the area occupied by enucleated cells from the area occupied by all stained cells;
we postulated that cells without enucleation are viable cells. The cells within 1 mm from the edge of the
fabricated LENCON maintained 80% £ 12% nuclear staining, while the cells over 1 mm from the edge ex-
hibited significantly increased enucleation (Figure 2A), suggesting that most cells within 1 mm from the

edge were viable cells.

Using a fluidic device, LENCON was fabricated, as shown in the transparent methods section (Figure S1)
and Video S1. The LENCON had a diameter of 6 mm and six multicores encapsulating hSC-Bs (Figures
2B-2E). Each core had a diameter of 600-700 pm and was located within 1 mm from the edge (Figure 2F).
The live/dead fluorescent staining (Figure 2G) indicated that most of the stained hSC-Bs in LENCON were
viable before transplantation. Moreover, immunofluorescence images revealed that human C-peptide-
positive cells were present even after encapsulation (Figure S2). These results suggested that the encap-

sulation process was sufficient to maintain hSC-B survival and function

Effect of graft size on FBR and mechanical stability in immunocompetent mice
To investigate the effects of the size of graft encapsulating hSC-Bs, we compared the FBR based on the
degree of cell deposition in the graft, and the adhesion between the host tissue and graft. We prepared
1-mm-thick grafts and é-mm-thick LENCONSs. Each graft was transplanted into immunocompetent
C57BL/6 mice and retrieved after 2 months, 4 months, and 1 year. Four months after transplantation, the
1-mm-thick graft exhibited intense cell deposition and adhesion to the recipient mouse tissue (Figures
3A, 3B, and 3E); it was retrieved with peeling off at the adhesion site (Figure 3B). In contrast, the 6-mm-thick
LENCON did not exhibit intense cell deposition (Figure 3C) and could be retrieved without obvious adhe-
sion (Figure 3D). We compared the thickness of the cell deposition using images of HE-stained sections
(Figures 3E-3H). The 1-mm-thick grafts were surrounded by an approximately 400-um-thick cell deposition
(Figures 3E and 3l), while the 6-mm-thick LENCON was only partially covered by cells, with a deposition as
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Figure 2. Formation of LENCON

(A) Survival of hSC-Bs in a 6-mm-thick hydrogel after one week of culture.

(B) Optical images of the long axis direction of the 6-mm-thick LENCON.

(C and D) Microscopic images of the long axis direction of the 6 mm-thick LENCON.

(E) Optical images of the short axis direction of the 6-mm-thick LENCON.

(F) Microscopic images of the 6-mm-thick LENCON. (Scale bar: 500 pm).

(G) Fluorescent staining images of 6-mm-thick LENCON stained with calcein-AM and propidium iodide. (Scale bar:
500 pm)

thin as 20 um (Figures 3F and 3I). The degree of cell deposition also affects the survival of encapsulated
cells; the hSC-Bs in the 1-mm-thick grafts were enucleated and dead (Figure 3F), while those in the
6-mm-thick LENCONS retained their nuclei and were viable (Figure 3H). These results indicate that the
6-mm-thick LENCONSs provide an appropriate microenvironment to hSC-Bs during transplantation.

To evaluate the changes in mechanical stability of the graft before and after transplantation, we measured
the elastic modulus of each graft using a rheometer (Figure 3J). Both the 1-mm- and é-mm-thick grafts
showed similar elastic modulus before transplantation. However, after transplantation, the 1-mm-thick
graft exhibited a significantly reduced elastic modulus, and its storage modulus became lower than the
loss modulus, indicating that the state of the graft changed from gel to sol after 4 months of transplanta-
tion. After 1 year of transplantation, the 1-mm-thick grafts were too fragile to be retrieved, and we were
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Figure 3. Evaluation of fibrosis formation and mechanical strength of grafts

(A) Second-look laparotomy of the mice transplanted with 1-mm-thick grafts. The 1 mm-thick grafts adhered to the
recipient mice.

(B) Retrieved 1-mm-thick grafts. The grafts were covered with thick cell layers.

(C) Second-look laparotomy of the recipient mice transplanted with 6-mm-thick LENCONSs. The 6-mm-thick grafts did not
obviously adhere to the recipient mice.

(D) Retrieved 6-mm-thick LENCONSs. The grafts were partially deposited with thin cell layers.

(E) HE-stained sectional image of retrieved 1-mm-thick grafts.

(F) Enlarged HE-stained sectional image of retrieved 1-mm-thick grafts.

(G) HE-stained sectional image of retrieved 6-mm-thick LENCONS.

(H) Enlarged HE-stained sectional image of retrieved 6 mm-thick LENCONS. Scale bars: (E, G) 1 mm, (F, H) 50 pm. Time
points of images a-h, 4 months after transplantation.

(1) Comparison of fibrosis layer deposition.

(J) Rheological measurements of the each retrieved graft. (NA: The 1-mm-thick grafts 1 year after transplantation were too
fragile to be retrieved.)

unable to perform a rheological analysis. In contrast, the elastic modulus of the é6-mm-thick grafts
decreased slightly in the beginning but showed negligible decrease after 2 months, and the storage
modulus was higher than the loss modulus, indicating that the grafts maintained the gel-state after
2 months, 4 months, and 1 year of transplantation.

Long-term transplantation of LENCON in immunodeficient mice

To confirm the in vivo functionality of LENCON encapsulating hSC-Bs (6% 10° cells) with reduced transplant
rejection, we transplanted the LENCONSs into the intraperitoneal space of normal immunodeficient NOD-
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Scid mice (Figures 4A-4C and Video S2). After transplantation, the human C-peptide concentration in
blood gradually increased (Figure 4D), as in the case of the 1 mm-thick graft (Figure S3), suggesting that
the hSC-Bs in the LENCON were functional during transplantation. We performed second-look laparotomy
and retrieved the grafts after over 28 weeks of transplantation (Video S3). All grafts appeared intact in the
recipient’s abdominal cavities without adhesion to the recipient’s adjacent abdominal tissues (Figure 4E).
In addition, the grafts could be retrieved from the intraperitoneal space of the recipients (Figure 4F). The
retrieved grafts had viable hSC-Bs (Figures 4G and S4), while the 1-mm-thick grafts encapsulating hSC-Bs
were broken into pieces in the intraperitoneal space and could not be retrieved completely (Figure S5).

To demonstrate the glycemic control potential, we measured the blood glucose levels of the recipient
streptozotocin (STZ)-induced diabetic mice daily after transplantation of the LENCON. We hypothesized
that the glycemic control in the recipient mice is highly correlated with the functions of hSC-Bs. We trans-
planted LENCON encapsulating hSC-Bs into the intraperitoneal space of STZ-induced diabetic mice and
monitored their non-fasting blood glucose concentrations (Figure 4H). The recipients with LENCON trans-
plantation exhibited normoglycemia within 10 days post-transplantation. Subsequently, the recipient mice
with transplanted LENCONSs maintained normoglycemia, while all recipient mice without the grafts were
hyperglycemic. In addition, the glucose tolerance levels of LENCON-transplanted mice were comparable
to those of normal mice even after 100 days of transplantation (Figures 4l and 4J). We performed second-
look laparotomy and retrieved the grafts after 56 days, 120 days, 130 days, 136 days, and 180 days of trans-
plantation. All grafts appeared intact in the recipient’s abdominal cavities without adhesion to the recipi-
ent’s adjacent abdominal tissues similar to non-diabetic mice. In addition, the grafts could be retrieved
from the intraperitoneal space of the recipients, which resulted in the reappearance of hyperglycemia in
the recipients. The retrieved grafts were evaluated using a glucose-stimulated insulin secretion assay,
and their functionalities before and after transplantation were compared (Figure S6). LENCONSs encapsu-
lating hSC-Bs maintained their function of controlling the blood glucose concentration even after trans-
plantation and retrieval.

Long-term xenotransplantation of LENCON in immunocompetent mice

To evaluate whether the LENCONSs can be transplanted for a long duration, while maintaining intact im-
mune systems, we transplanted LENCONSs encapsulating hSC-Bs into the intraperitoneal space of immu-
nocompetent C57BL/6 mice (Figures 5A-5C). After 1 year of transplantation, we performed second-look
laparotomy and retrieved the grafts (Figures 5E and 5G). Nine out of the ten LENCONSs transplanted
were successfully retrieved without adhesion to the recipient’s adjacent abdominal tissues (Video S4).
The retrieved LENCONSs remained intact, although some parts of the graft exhibited a thin cell layer and
the edge was slightly rounded (Figure 5G). No tumor formation was observed in the recipient mice due
to cell leakage. These results suggest that LENCONSs exhibit retrievability and therapeutic safety even in
immunocompetent mice.

During the transplantation period, we collected blood of the recipient mice every two weeks and measured
the levels of human C-peptide using ELISA. The human C-peptide levels in blood were intermittently de-
tected over the 50-week transplantation period (Figure 5D). The retrieved LENCON sustained the human
C-peptide-positive hSC-Bs as indicated through HE and immunostaining (Figures 5H and 5I). In addition,
the encapsulated cells expressed other islet markers (Figure S7). Following the glucose-stimulated insulin
secretion (GSIS) assay (Figure 5J); both human C-peptide and glucagon were secreted in response to the
glucose stimulation, indicating that functional hSC-Bs survived in the LENCONs for more than 1year. These
results corroborate that our LENCON has a high potential for long-term xenotransplantation of functional

hSC-Bs.

DISCUSSION

In this study, we developed 6 mm-thick LENCONS for long-term transplantation, which had six multicores
encapsulating hSC-Bs located within 1 mm from the edge. The LENCON transplanted into immunodefi-
cient mice controlled the recipient blood-glucose concentration for a period of 180 days after transplanta-
tion. The LENCON xenotransplanted into immunocompetent mice maintained retrievability and hSC-B
functionality for over a year after transplantation.

Recently, it was reported that hydrogel capsules larger than 1-mm-thick tend to mitigate FBR (Watanabe
etal., 2020, Veiseh et al., 2015). In our experiment, however, when 1-mm-thick grafts encapsulating hSC-Bs
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Figure 4. In vivo demonstration of therapeutic potential of the LENCON using NOD-Scid mice

A-C) Laparotomy of transplantation of the LENCON.

D) ELISA results of blood samples of the recipient mice.

E) Second-look laparotomy for retrieval of the LENCON.

F) Optical image of retrieved LENCON.

G) HE-stained sectional image of hSC-Bs in the retrieved LENCONS. (Scale bar: 50 um).

H) Changes in the non-fasting blood glucose concentration of mice transplanted with the LENCONS (solid line: LENCON transplantation, N = 5, dotted line: non-
transplantation, N = 3). The transplanted grafts in the intraperitoneal cavities were retrieved at the timepoints indicated by the arrows (days 54, 120, 127,131, and 180).
(1) Oral glucose tolerance test (OGTT) results of recipient mice 7 days before retrieval (solid line: recipient mice with LENCON transplantation, N = 5, dotted
line: diabetic mice without transplantation, N = 3, dashed line: normal mice, N = 3).

(J) The area under curve of the plasma glucose concentrations during OGTT of recipient mice (N = 3).
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were transplanted into mice, the grafts showed intense FBR. This result is possibly due to the considerable
difference between mice and humans; hSC-Bs induce severe inflammation than the previously used cells
(e.g., mouse/rat primary islets). We found that the é-mm-thick LENCON tended to mitigate FBR even
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Figure 5. Long-term transplantation of LENCON into immunocompetent C57BL/6 mice
(A-C) Laparotomy of transplantation of the LENCON.
(D) ELISA results of blood samples of recipient mice.
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Figure 5. Continued

(E and F) Second-look laparotomy for retrieval of the LENCON.

(G) Optical image of retrieved LENCON.

(H) HE-stained sectional images of hSC-B in the retrieved LENCON. (Scale bar: 50 um).

(I) Fluorescent images of hSC-B in the retrieved LENCON stained for C-peptide. (Scale bar: 50 pm).
(J) Glucose responsive test of the retrieved LENCONS.

when encapsulating hSC-Bs. We did not elucidate the mechanism through which larger grafts mitigate FBR;
however, the relationship between graft size and macrophage functions may help us understand this inter-
esting phenomenon. Millimeter order grafts are surrounded by only a few macrophages, resulting in
reduced recruitment and extravasation of additional macrophages (Vegas et al., 2016, Veiseh et al,,
2015). In the case of hSC-Bs, a thickness of T mm was presumably not sufficient to prevent macrophage
recruitment, but a thickness of 6 mm was. This fact could lead to a design concept, larger thickness is better
to mitigate FBR, while it may increase the burden on the host recipients. Therefore, our results strongly sug-
gest that there may be an optimal graft size depending on the encapsulated cells and host animals.

The 6 mm-thick LENCONSs have advantages in terms of mechanical strength over the thinner LENCONS. In
case of thin fibers, the fibers bend easily and they are eventually entangled after the transplantation; this
increase in the shape complexity may promote cell deposition on the surface of the graft. In contrast,
the 6-mm-thick LENCONSs do not bend in vivo because of the increased mechanical strength, thereby miti-
gating cell deposition. In addition, it is known that the cell deposition can be mitigated by modifying the
alginate (Liu et al., 2019, Yang et al., 2019) and other chemicals (Doloff et al., 2017, Farah et al., 2019, Alag-
pulinsa etal., 2019, Kikawa et al., 2014). Combining these materials with mechanically strong LENCONs will
provide more inert grafts.

In addition to influencing FBR, increase in the graft size influences cell survival; cells may die, as nutrients
and oxygen do not reach the encapsulated cells located at the center of the grafts, resulting in the dysfunc-
tion of the graft. We showed that the hSC-Bs encapsulated within 1 mm from the edge of the graft could
receive sufficient supply oxygen and nutrients during transplantation. The lotus-root-like geometry of our
LENCON enables adequate supply of oxygen and nutrients to the encapsulated cells near the edge of the
graft, despite the larger size of the graft. The levels of C-peptide at 12 weeks post-transplantation did not
exhibit a significant difference between the control 1 mm graft and the LENCON. This indicates that insulin
secretion from the LENCON was sufficient as comparable to the previously reported encapsulation devices
(Fukuda et al., 2019). In addition, by modifying the graft to be hollow in the center, it will be possible to
supply oxygen and nutrients from the edges to the center and enhance the graft functions.

More cells than those required for transplantation into mice need to be encapsulated for clinical transplan-
tation in humans (Park et al., 2015, Sphapiro et al., 2006). Scaling up the number of cells would be problem-
atic when using hydrogel beads, in terms of retrievability. Ensuring complete retrieval of the hydrogel
beads is challenging because of the large capsule numbers and the complicated organ structures of the
abdominal cavity. However, our LENCON could be scaled up as one graft by increasing the number of
cores and the length of the graft, and thereby improving the retrievability of the grafts.

For cell therapy using stem cell-derived cells, the long-term graft functions and the therapeutic safety need
to be considered. First, in long-term transplantation, the LENCON encapsulating hSC-Bs can control the
blood glucose concentrations of recipient mice with deficient immune systems. The increase in blood
C-peptide production during transplantation suggests that the encapsulated hSC-Bs became more mature
in vivo; this result is consistent with that reported by recent studies on hSC-B transplantations (Rezania
et al., 2014, Pagliuca et al., 2014, Yabe et al., 2019, Fukuda et al., 2019). Challenges remain in controlling
the blood glucose concentration, considering the large species difference; however, the LENCONS repre-
sent a major advancement in cell therapy in terms of the survival of encapsulated hSC-Bs and their retriev-
ability over 1 year after transplantation in immunocompetent mice. Macrophages and activated fibroblasts,
which promote inflammation and fibrosis, were attached to a part of the graft surface after long-term
transplantation, as observed through immunofluorescent staining (Figure S8). These cells might cause
FBR and induce a decline in graft function (Veiseh et al., 2015, Watanabe et al., 2020). We believe that opti-
mizing the structure of the graft and replacing the hydrogel with a more hydrophilic material may mitigate
such cell deposition. Second, our study shows that the LENCONs are therapeutically safe because no
apparent tumor formation was observed in the host recipient mice, and these grafts can be used in other

8 iScience 24, 102309, April 23, 2021



iScience

stem-cell-derived endocrine cell transplantations, such as hypophysis and thyroid transplantation. The
LENCON encapsulating hSC-Bs can be a powerful tool with minimal risks for the treatment of T1D and
can be potentially used in several other forms of cell therapy that require graft retrievability.

Limitations of the study

Some limitations of this study must be acknowledged. In human clinical application, the encapsulated cells
in the graft should be more, around 500,000 IEQ of human primary islets. The functionality of hSC-Bs is infe-
rior to that of human primary islets, and a larger number of hSC-Bs are required. It is expected that the
required number of cells in a LENCON will be similar to that required for human primary islets, considering
the improved function of hSC-Bs. The LENCON should be optimized for human applications by increasing
the number of cores, their diameter, and the length of the graft. Host FBR to the graft are another limitation.
The alginate hydrogel does not completely mitigate FBR and cannot completely control the blood glucose
levels of immunocompetent mice. A zwitterionically modified alginate hydrogel and other chemicals that
reduce inflammatory effects could alleviate this problem. The alginate hydrogel could be replaced with a
hydrophilic hydrogel exhibiting low protein adsorption affinity.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Shoji Takeuchi (takeuchi@hybrid.t.u-tokyo.ac.jp).

Materials availability
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All methods can be found in the accompanying transparent methods supplemental file.
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Transparent Methods
Materials

Barium chloride (BaCl.), sodium chloride (NaCl), potassium chloride (KCI), potassium
dihydrogen phosphate (KH2PQOs), sodium hydroxide (NaOH), calcium chloride (CaCly),
sodium hydrogel carbonate (NaHCO3), bovine serum albumin (BSA), and streptozotocin
(STZ) were purchased from Wako Pure Chemical Industries (Japan). D-mannitol, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and fluorescein isothiocyanate-
labeled dextran (FITC-labeled dextran) were procured from Sigma-Aldrich Japan (Japan).
Hank’s balanced salt solution (10x, HBSS) was purchased from Life Technologies.
Glucose and magnesium sulfate (MgSO4) were obtained from Nacalai Tesque (Japan).
Laminin 511 solution (Imatrix) was obtained from Nippi (Japan). All chemicals were used
without further purification. Water was deionized to 18 M ohm cm with a Millipore
purification system.

Animals

Immunocompetent male C57BL/6NCrSlc mice for transplantation experiments were
obtained from Sankyo Labo Service Corporation, Inc. (Japan). Immunodeficient male
NOD-Scid mice were obtained from CLEA Japan, Inc. (Japan). We did not perform
randomization in animal studies and randomly assigned mice to each group. All animals
were treated in accordance with the policies of the University of Tokyo Institutional
Animal Care and Use Committee (Permission number: 29-8).

Fabrication of multi-coaxial microfluidic device

A multi-coaxial microfluidic device consisting of a glass tube, six glass capillaries, and
connectors was constructed. Using a puller (PC-10, Narishige, Tokyo, Japan), six
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cylindrical glass capillaries (outer diameter: 1.5 mm; inner diameter: 0.9 mm, G-1.5,
Narishige, Tokyo, Japan) were pulled to form tapered tips approximately ~600 pm in
diametery. These six capillaries were inserted into cylindrical glass tubes (outer diameter:
8.0 mm; inner diameter: 6.0 mm, AS ONE Co. Osaka, Japan) via connectors fabricated
using stereolithography (Perfactory, envisionTEC, Marl, Germany).

Optimization of LENCON

To determine the cell position from the edge, 6 mm-thick fibers encapsulating hSC-fs
with a randomized cell position in the hydrogel were fabricated using a fluidic device.
After fabrication, the fibers were immersed in a culture medium and cultured at 37 °C in a
humidified atmosphere of 5% CO and 95% air for 1 week. After the culturing process
was complete, we prepared HE sections of the 6 mm-thick fibers as described below and
then evaluated their viability by calculating the ratio of enucleated cells and cells in the
HE sections. The cell area obtained by subtracting the enucleated cell area from the area
of all stained cells was used as the live cell area. Image analysis was performed using
Imagel, RGB split processing was performed on the HE section images, and the blue and
red spheroid areas were defined as the enucleated cell area and the area of all stained cells,
respectively.

Differentiation of hSC-§

The human iPSC line, TkKDN4-M, provided by Dr. M. Ohtsu at The Institute of Medical
Science, The University of Tokyo, was used. Freeze-stored iPSCs were thawed and
cultured in a hiPS medium (DMEM/Ham's F12; Wako) in the presence of 20% knockout
serum replacement (KSR; GIBCO), 1x non-essential amino acids (NEAA; Wako), 55 mM
2-mercaptethanol (2-ME, GIBCO), and 7.5 ng/ml recombinant human fibroblast growth
factor 2 (FGF2) (Peprotech) on mitomycin-C (Wako)-treated SNL feeder cells to maintain
an undifferentiated state. Cultured iPSCs were dissociated with CTK solution and seeded
at a density of 1x10° cells/ml in a spinner type reactor (Biott) containing 30 ml of mTeSR
1 (Veritas) with 10 mM ROCK inhibitor (Y-27632; Cayman Chemical) at a rotation rate
of 45 rpm. Spheroids formed due to cell aggregation during the 2-day culture were then
cultured in hiPS medium for 1 day before starting differentiation. The differentiation
protocols comprised six stages and were performed (S. G. Yabe et al. 2019).

At stage 1 (DE: definitive endoderm), spheroids were cultured for 4 days in RPMI 1640
(Wako) supplemented with 0.25% bovine serum albumin (BSA; Sigma), 0.4x penicillin
and streptomycin (PS; Wako), 1 mM sodium pyruvate (Wako), 1x NEAA, 80 ng/ml
recombinant human activin A (Peprotech) and 55 pM 2-ME. Fifty ng/ml FGF2, and 20
ng/ml recombinant bone morphogenetic protein 4 (BMP4; Peprotech) and 3 uM CHIR-
99021 (Biovision) were added for the first 2 days, and 0.5% KSR was added on day 4.

At stage 2 (PGT: primitive gut tube), spheroids were cultured for 3 days in RPMI 1640
supplemented with 0.25% BSA, 1 mM sodium pyruvate, 1x NEAA, 0.4x PS, and 50
ng/ml recombinant human FGF7 (Peprotech), 1% B27 supplement (GIBCO) and 1:333
insulin, transferrin, selenium, ethanolamine solution (ITS-X; Gibco). The medium was
changed on the third day.

At stage 3 (PFG: posterior fore gut), spheroids were cultured in DMEM (8 mM glucose)
supplemented with 0.15% BSA, 0.4x PS, 1x NEAA, 50 ng/ml FGF7,1% B27 supplement,
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1:333 ITS-X, 0.5 uM EC23 (Santa Cruz Biotechnology), 0.2 uM LDN 193189 (Cayman
Chemical), 0.3 uM indolactam V (ILV; Cayman Chemical), and 0.25 uM SANT1
(Cayman Chemical) for 4 days. The medium was changed every 2 days during stage 3.

At stage 4 (PP: pancreatic progenitor), spheroids were cultured in DMEM (8 mM glucose)
supplemented with 0.15% BSA, 0.4x PS, 1x NEAA, 50 ng/ml recombinant human FGF10
(Peprotech), 1% B27 supplement, 1:333 ITS-X, 0.04 uM EC23, 0.2 uM LDN 193189, 0.3
MM 1LV, and 0.25 uMSANTL1, 10 mMAIKS inhibitor 1l (Rep Sox; Biovision) and 5 uM
ZnS04 (Sigma) for 3 days. The medium was changed on the third day.

At stage 5 (EP: endocrine progenitor), spheroids were cultured in DMEM (20 mM
glucose) supplemented with 0.15% BSA, 0.4x PS, 1x NEAA, 20 ng/ml recombinant
human epidermal growth factor (EGF; Peprotech), 1% B27 supplement, 1:333 ITS-X,
0.02 uM EC23, 0.2 uM LDN 193189, 0.25 pM SANT1, 10 uM Rep Sox, 5 pM ZnS0O4,
50 ng/ml exendin-4 (Abcam), 10 pg/ml heparin (Sigma), 10 uM Y27632, 0.5 uM DBZ
(Cayman Chemical) and 5 uM Nicotinamide (Sigma) for 7 days; the medium was changed
every 2 days during stage 5.

At stage 6 (BETA: bcell stage), spheroids were cultured in DMEM (20 mM glucose)
supplemented with 0.15% BSA, 0.4x PS, 1x NEAA, 1% B27 supplement, 1:333 ITS-X,10
UM Rep Sox, 5 uM ZnS04, 50 ng/ml exendin-4, 10 pg/ml heparin, 5 uM Nicotinamide,
10 ng/ml BMP4, 50 ng/ml recombinant human hepatocyte growth factor (HGF;
Peprotech), 50 ng/ml insulin-like growth factor 1 (IGF-1; Peprotech) and 5 uM forskolin
(Wako) for 10 days. The mediumwas changed every 2 days during stage 6. We added 1
UM R428 (Cayman Chemical) to the medium of batch C.

Fabrication of LENCON encapsulating hSC-§

LENCONSs were prepared using the microfluidic device. The hSC-f suspension dispersed
in 0.5% sodium alginate (ALG100, Mochida Pharmaceutical Co. Ltd., Tokyo, Japan) and
dissolved in 0.9% saline containing 333 ng/ml laminin was used as a core solution. The
shell solution employed was 1.3% sodium alginate (ALG500, Mochida Pharmaceutical
Co. Ltd., Tokyo, Japan) dissolved in 0.9% saline containing 0.25% sodium hyaluronate.
The role of laminin is the scaffold protein of hSC-fs, and the role of the sodium
hyaluronate is the anti-inflammatory effect in vivo. These solutions were sterilized in a
syringe filter unit with a pore size of 0.22 um (MILLEX-GP, MerckMillipore, Japan). The
gelling solution was BaCl, (20 mM BaClz, 250 mM D-Mannitol, 25 mM HEPES), which
was sterilized using an autoclave. Prior to loading these solutions into the microfluidic
device, the device and tubes were sterilized by washing them with 70% ethanol for 10
min. The solutions were infused into the device at constant flow rates to generate a multi
coaxial laminar flow in the device (Fig. S1). The typical flow rates of the core and shell
streams were as follows: Qcore = 50 puL/min and Qshen = 1200 pL/min, respectively. The
LENCON extruded into a chamber filled with 100 mM CacCl: solution as follows 3 steps.
At first step, the shell solution was introduced into the device for sealing. At second step,
the core solution was introduced while flowing the shell solution. Third step, the core
solution was stopped and the shell solution continuously introduced for sealing again.
After the hydrogel was formed, it was gelled in a BaCl. gelling solution (20 mM BaCly,
250 mM D-Mannitol, and 25 mM HEPES) for 1 h at 4 °C and then transferred into 0.9%
saline solution for removing the remaining non-gelling BaCl,. The LENCONSs were then
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immersed in the culture medium and cultured at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air for 1 day to set.

Fabrication of 1 mm-thick graft encapsulating hSC-p

To produce 1 mm-thick grafts encapsulating hSC-fs, the microfluidic device was
fabricated by using glass capillaries and connectors (T. Watanabe et al. 2020). The device
and all tubing sections were sterilized by washing them with 70% ethanol for 10 min. The
solutions were infused into the device at constant flow rates to generate a double coaxial
laminar flow in the device. The typical flow rates of each stream core, shell, and gelling
were as follows: Qcore = 50 pL/min, Qshen = 350 plL/min, and Qgeliing = 3600 pL/min,
respectively. The 1 mm-thick fibers generated in the device were collected in a tube filled
with a BaCl» gelling solution. After the grafts were formed, they were incubated in a
collection bath for 10 min and then transferred to a culture dish filled with 0.9% saline to
remove the remaining non-gelling BaCl,. The grafts were then immersed in the culture
medium and cultured at 37 °C in a humidified atmosphere of 5% CO> and 95% air for 1
day to set.

Evaluation of the effect of graft diameter on cellular deposition in vivo

The 1 mm-thick grafts and LENCONSs were transferred to a culture dish filled with 0.9%
saline to remove the medium components and were then implanted into the intraperitoneal
space of a non-diabetic eight-week-old male C57BL/6NCvSIc mice weighing 20-26 g.
The grafts were implanted every 2 months, 4 months, and 1 year, following which, each
graft was retrieved from the intraperitoneal space using tweezers. During implantation and
retrieval, the mice were anaesthetized using isoflurane (Forane, Abbott) at a concentration
of 4-5% for induction and 2% for maintenance using Univentor 400 (Univentor,
MALTA). The retrieved grafts were washed with 0.9% saline. After washing, each graft
was analyzed using histological analysis and rheology.

Rheological measurement of grafts

The rheological measurements were conducted using an Anton-Paar MCR 302 Rheometer
(Anton Paar, Graz, Austria). The parallel plate (D-CP/PP7) was substituted with a 3D
printed disposable plate to match the diameters of the samples (1 mm and 6 mm). Note
that the sample of 1 mm fiber after 1 year transplantation could not be measured due to the
graft retrieval from the intraperitoneal space (NA). The temperature of the measuring
system was maintained at 25 °C by using a water bath combined with a Peltier heating
system. All the samples were delivered in a saline solution within 2 h of retrieval. The
samples were then sliced with a blade to a thickness of approximately 1.5 mm. The
samples were then placed under the parallel plate, which was lowered until it attained a
gap distance of 1.0 mm. The storage and loss moduli of the sample were measured while
varying the frequency from 100 rad/s to 0,1 rad/s exponentially for 22 points. The storage
modulus (G’), loss modulus (G"), loss tangent (tan 6 = G"/G"), and complex viscosity as
functions of frequency were continuously determined during the measurement. All the
measurements were obtained thrice and were conducted within 4 h of sample arrival. For
every sample, a storage and loss modulus of 2.68 rad/s was selected as a representative
value for comparison.

Histological analysis of grafts
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The grafts were added to saline containing 4% paraformaldehyde overnight at 4 °C , and
then the fixed grafts were dehydrated, embedded in OCT compound, and cryosectioned
using conventional procedures. The cryosectioned grafts were subjected to HE staining
and immunostaining. For HE staining, the cryosectioned grafts were stained with Mayer's
hematoxylin and 0.5% eosin Y ethanol solution.

For immunostaining, the cryosectioned grafts were washed with saline solution and pre-
treated with blocking buffer [5% BSA in PBST (PBS with 0.1% Triton X-100)] overnight
at 4 °C. The grafts were immunoreacted with anti-C-peptide (pancreatic cell function
marker, abcam, ab14181), anti-Glucagon (pancreatic a cell function marker, abcam,
ab10988), anti-NKX6.1 (the earliest marker of pancreatic 3 cell, abcam, ab221549), anti-
Insulin (pancreatic B cell function marker, Novus Biologicals, NBP2-15195), anti-F4/80
antibody (macrophage marker, Bio-Rad Laboratories, MCA497GA), and anti-aSMA
antibody (a marker for a subset of activated fibrogenic cells and myofibroblasts, abcam,
ab5694) in the antibody buffer [1% BSA in PBST] overnight at 4 °C and incubated with
secondary antibodies in the antibody buffer for 1 h.

Glucose-stimulated insulin secretion

In vitro glucose responsive insulin secretion of hSC-fs was measured using the glucose-
stimulated insulin secretion assay, which was conducted before transplantation and after
retrieval. The LENCON were preincubated for 1 h at 37 °C in HKRB solution (HEPES-
added Krebs-Ringer bicarbonate buffer; 134 mM NaCl, 4.7 mM KCI, 1.2 mM KH2POyg, 2
mM CaClz, 1.2 mM MgSQg, 0.5% BSA, and 10 mM HEPES with NaOH (pH 7.4))
containing 3.3 mM glucose. The grafts were incubated for 1 h each at 37 °C in HKRB
solutions containing 3.3, 22.2, and 3.3 mM glucose for the low, high, and second low
glucose stimulations, respectively. The total amount of insulin released into each HKRB
solution during the incubation was determined using Mercodia Ultrasensitive human C-
peptide ELISA (Mercodia, Sweden) and Mercodia Ultrasensitive human glucagon ELISA
(Mercodia, Sweden), according to the manufacturer’s protocols.

In vivo function and morphology of LENCON into immunodeficient mice

To ensure fewer transplant rejections, we first selected NOD-Scid mice, which are
commonly used (P. Mezquita et al. 2008) as the xenotransplantation model, to assay
human candidate cells. The LENCON encapsulated 6 x 10° cells of hSC-Bs into the core
region. Eight-week-old male NOD-Scid mice weighing 20-26 g were rendered diabetic
using a single intraperitoneal injection of 120 mg/kg STZ. Following the STZ injection, if
the blood glucose concentration exceeded 350 mg/dL (hyperglycemia) for two
consecutive days, the mice were diagnosed to be diabetic. The mice were anaesthetized
with 4-5% isoflurane (Forane, Abbott) concentration for induction and 2% for
maintenance using Univentor 400 (Univentor, MALTA). Preoperatively, all mice received
0.9% saline subcutaneously to prevent dehydration. The abdomens of the mice were
shaved and ~1 cm incision was created for each using scissors. The grafts were then
transplanted into the intraperitoneal space of normal or STZ-induced diabetic
C57BL/6NCvSIc mice. After transplantation, the skin was closed over the incision using a
wound clip. The blood glucose concentrations of STZ-induced diabetic mice transplanting
grafts were measured using a glucose monitoring system (ACCU-CHEK Active; Roche
Diagnostics) at least every three days throughout the experiment. Mice with non-fasting
blood glucose concentrations below 200 mg/dL were considered normoglycemic.
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Following the transplantation, the recipient blood was collected every 2, 12, and 28
weeks; further, C-peptide concentrations in the blood were measured using ELISA. To
evaluate the efficacy of the grafts after transplantation, an oral glucose tolerance test
(OGTT) was conducted 7 day before retrieval. For comparison, the OGTT was also
conducted on the diabetic and non-diabetic control mouse groups. After 10 h of fasting, a
glucose solution (2 g glucose/kg body weight) was added into the intraperitoneal space of
the mice. The blood glucose concentrations of the recipients were monitored 0, 15, 30, 60,
90, and 120 min after glucose addition. To perform a second-look laparotomy, the mice
were anesthetized. An incision was made in the skin of the abdomen, and the
intraperitoneal wall and space containing the grafts were exposed. The morphology of the
grafts was observed by using a microscope. The grafts were then retrieved from the
intraperitoneal space using tweezers (day 54, 120, 127, 131, 180); we gripped the grafts
with the tweezers, picked them up, and transferred them from inside to outside the
intraperitoneal cavity. The retrieved grafts were fixed in 4% paraformaldehyde overnight.
The fixed samples were then dehydrated and embedded in OCT compound using
conventional procedures. Frozen sections (8 um thick) were stained using HE and
immunofluorescence analysis was performed. The prepared sections were observed with
an upright microscope (BX51WI, Olympus, Japan).

Long-term transplantation of LENCON into immunocompetent mice

The LENCON encapsulated 6 x 10° cells of hSC-s into the core region. Eight-week-old
male C57BL/6NCvSIc mice weighing 20-26 g were rendered diabetic using a single
intraperitoneal injection of 120 mg/kg STZ. Following the STZ injection, if the blood
glucose concentration exceeded 350 mg/dL (hyperglycemia) for two consecutive days, the
mice were diagnosed to be diabetic. The mice were anaesthetized with 4-5% isoflurane
(Forane, Abbott) concentration for induction and 2% for maintenance using Univentor 400
(Univentor, MALTA). Preoperatively, all mice received 0.9% saline subcutaneously to
prevent dehydration. The abdomens of the mice were shaved and ~1 cm incision was
created for each using scissors. The grafts were then transplanted into the intraperitoneal
space of normal or STZ-induced diabetic C57BL/6NCvSIc mice. After transplantation, the
skin was closed over the incision using a wound clip. The blood glucose concentrations of
STZ-induced diabetic mice transplanting grafts were measured using a glucose monitoring
system (ACCU-CHEK Active; Roche Diagnostics) at least every three days throughout
the experiment. Mice with non-fasting blood glucose concentrations below 200 mg/dL
were considered normoglycemic. Following the transplantation, the recipient blood was
collected every two weeks and the C-peptide concentrations were measured using ELISA.
To perform a second-look laparotomy, mice were anesthetized one year after
transplantation for LENCON. An incision was made in the skin of the abdomen, and the
intraperitoneal wall and space containing the grafts were exposed. The morphology of the
grafts was observed by using a microscope. The grafts were then retrieved from the
intraperitoneal space using tweezers; we gripped the grafts with the tweezers, picked them
up, and transferred them from inside to outside the intraperitoneal cavity. The retrieved
grafts were fixed in 4% paraformaldehyde overnight. The fixed samples were then
dehydrated and embedded in OCT compound using conventional procedures. Frozen
sections (8 pm thick) were stained using HE and immunofluorescence analysis was
performed. The prepared sections were observed with an upright microscope (BX51WI,
Olympus, Japan).

Statistical Analysis
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Data are expressed as mean + s.d. Experiments about survival of hSC-Bs in 6 mm-thick
hydrogel and evaluation of fibrosis formation and mechanical strength of grafts were
repeated at least three times. Animal cohorts were randomly selected. Investigating
surgeons were blinded to the procedures performed during the transplantation and while
retrieving the grafts encapsulating hSC-fs. In addition, data are expressed as mean + s.d.
Experiments about evaluation of long-term transplant function into NOD-Scid mice and
C57BL/6 mice were repeated at 3-5 times. GSIS assay data were analyzed for statistical
significance using unpaired Student t-test using Excel 365. Data regarding the difference
in oral glucose tolerance test (OGTT) were analyzed for statistical significance by Tukey-
Kramer multiple comparison test, as implemented in Excel 365; *, **P < 0.01.
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Fig. S1. Schematic of the fluidic device for fabrication of LENCON, Related to Figure 2.
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Fig. S2. Immunefluorescent staining image of encapsulating hSC-B, Related to Figure 2. (Scale bar:
100 pm)
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Fig. S3. ELISA results of blood samples of the recipient mice transplanted with Imm graft, Related
to Figure 4.
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Fig. S4. Retrieved LENCON graft from NOD-SCid mice, Related to Figure 4. Fluorescent images of
encapsulated hSC-Bs in the stained retrieved grafts with glucagon and insulin in red and C-peptide and
NKX6.1 in green. (Scale bar: 50 um)
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Fig. S5. Retrieval of 1 mm-thick fiber after 4-month transplantation, Related to Figure 4. The fiber
was broken into pieces. (Scale bar: 1 cm)



OBefore O Before
7000 L
o After 1200 O After
= 6000
i < 1000 |
2 5000 | =
= £ 800 |
& S
2 4000 2
& £
= S 600
E 3000 £
=
2 < a0 |
2000
1000 200
312 low (3.3 mM) high (22 mM) low (3.3 mM) high (22 mM)

313  Fig. S6. Glucose responsive test of the grafts before and after transplantation into immunodeficient
314  NOD-Scid mice, Related to Figure 4.
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Fig. S7. Retrieved LENCON from C57BL/6 mice, Related to Figure 5. Fluorescent images of
encapsulated hSC-Bs in the stained retrieved grafts with (A) C-peptide, (B) insulin, (C) NKX6.1, and (D)
glucagon. (Scale bar: 50 um)
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322 Fig. S8. Immunofluorescent staining of retrieval graft surface, Related to Figure 5. Fluorescent
323 images of the stained retrieved grafts with aSMA in red and F4/80 in green. (Scale bar: 50 um)
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