
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2021) 78:7107–7132 
https://doi.org/10.1007/s00018-021-03951-2

REVIEW

Recapitulating pancreatic cell–cell interactions 
through bioengineering approaches: the momentous role 
of non‑epithelial cells for diabetes cell therapy

Zahra Ghezelayagh1,2 · Mahsa Zabihi2,3 · Mohammad Kazemi Ashtiani4 · Zeinab Ghezelayagh1,5 · Francis C. Lynn6,7 · 
Yaser Tahamtani2,8 

Received: 5 June 2021 / Revised: 9 September 2021 / Accepted: 23 September 2021 / Published online: 6 October 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
Over the past few years, extensive efforts have been made to generate in-vitro pancreatic micro-tissue, for disease modeling 
or cell replacement approaches in pancreatic related diseases such as diabetes mellitus. To obtain these goals, a closer look 
at the diverse cells participating in pancreatic development is necessary. Five major non-epithelial pancreatic (pN-Epi) 
cell populations namely, pancreatic endothelium, mesothelium, neural crests, pericytes, and stellate cells exist in pancreas 
throughout its development, and they are hypothesized to be endogenous inducers of the development. In this review, we 
discuss different pN-Epi cells migrating to and existing within the pancreas and their diverse effects on pancreatic epithelium 
during organ development mediated via associated signaling pathways, soluble factors or mechanical cell–cell interactions. 
In-vivo and in-vitro experiments, with a focus on N-Epi cells’ impact on pancreas endocrine development, have also been 
considered. Pluripotent stem cell technology and multicellular three-dimensional organoids as new approaches to generate 
pancreatic micro-tissues have also been discussed. Main challenges for reaching a detailed understanding of the role of pN-
Epi cells in pancreas development in utilizing for in-vitro recapitulation have been summarized. Finally, various novel and 
innovative large-scale bioengineering approaches which may help to recapitulate cell–cell interactions and are crucial for 
generation of large-scale in-vitro multicellular pancreatic micro-tissues, are discussed.

Keywords Bioengineering · Endothelium · Mesenchyme · Organoids · Pancreatic non-epithelial cells · Pancreas 
organogenesis

Abbreviations
2D  Two-dimensional
3D  Three-dimensional
α-SMA  Alpha-smooth muscle actin

AAT   Alpha-1 antitrypsin
Ang-1  Angiopoietin
BM-MSC  Bone marrow-mesenchymal stem cells
BMP4  Bone morphogenetic protein 4
CF  Cystic fibrosis
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CFTR  Cystic fibrosis transmembrane conduct-
ance regulator

DM  Diabetes mellitus
DKK1  Dickkopf-related protein 1
DPC  Days post-conception
EB  Embryoid bodies
E  Embryonic day
EC  Endothelial cell
ECM  Extra cellular matrix
EGFL7  Epidermal growth factor‐like domain 7
EPC  Endothelial progenitor cell
eNOS  Endothelial nitric-oxide synthase
FAK  Focal adhesion kinase
FGF10  Fibroblast growth factor 10
FOXD3  Forkhead Box D3
GDNF  Glial cell-derived neurotrophic factor
GFP  Green fluorescent protein
GLUT2  Glucose transporter 2
GP2  Glycoprotein 2
GSIS  Glucose -stimulated insulin secretion
hESC  Human embryonic stem cell
HGF  Hepatocyte growth factor
hiPSC  Human induced pluripotent stem cell
hPSC  Human pluripotent stem cell
HOX  Homeobox
HUVEC  Human umbilical vein endothelial cell
IGF  Insulin growth factor
IL-6  Interleukin-6
IRS2  Insulin receptor substrate-2
ISL-1  Insulin gene enhancer protein ISL-1
LAMA2  α2 Laminins
LGALS1  Galectin 1
MAFA  Musculoaponeurotic fibrosarcoma onco-

gene family A.
mESC  Mouse embryonic stem cell
MIDY  Mutant insulin-gene-induced diabetes of 

youth
MIN6  Mouse insulinoma 6
MMP  Metalloproteinases
MPCs  Multipotent progenitor cells
MSCs  Mesenchymal stem cells
NC  Neural crest
NG2  Neural-glial Antigen 2
NGN3  Neurogenin3
NKX3.2  NK3 Homeobox 2 /NKX2.2: NK2 Home-

obox 2 /NKX6.1: NK6 Homeobox 1
PDAC  Pancreatic ductal adenocarcinoma
PAX3  Paired box gene 3
PHOX2B  Paired-like homeobox 2b
PECAM1  Platelet and endothelial cell adhesion mol-

ecule 1
PEG  Poly Ethylene Glycol
PES/PBP  Poly ether sulfone/poly vinyl pyrrolidone

PBX1  Pre-B-cell leukemia transcription factor 1
PDX1  Pancreas-duodenum homeobox protein1
PDGF  Platelet-derived growth factor
PDGFRβ  Platelet-derived growth factor 

receptor-beta
PGA  Poly glycolic acid
PTF1a  Pancreas transcription factor 1 subunit 

alpha
pN-Epi  Pancreatic non-epithelial
RAS  Renin–angiotensin system
RHMVEC  Rat heart microvascular endothelial cell
S1P  Sphingosine-1-phosphate
SC-β CELLS  Stem cell-derived β-cells
SDC4  Syndecan4
SFRP3  Secreted frizzled-related protein 3
SOX9/10  SRY-Box 9/10
STZ  Streptozotocin
SynCAM  Synaptic cell adhesion molecule/CADM-1
T1DM  Type 1 diabetes mellitus
T2DM  Type 2 diabetes mellitus
TCF7L2  Transcription factor 7 like 2
TGFβ  Transforming growth factor β
Tie-2  Tyrosine-protein kinase receptor Tie-2
TIMP-1  TIMP metallopeptidase inhibitor 1
TF  Transcription factor
TFAP2α  Transcription factor AP-2 alpha
Vcan  Versican
VEGF  Vascular endothelial growth factor
vSMC  Vascular smooth muscle cell
WPC  Weeks post-conception
WNT  Wingless

Introduction

Developing novel cell-based approaches for pancreatic degen-
erative diseases therapy/modeling is largely dependent upon 
the information from pancreases development and in-vitro 
co-culture/differentiation studies [1]. In-vitro multistep dif-
ferentiation protocols are based on recapitulating signaling 
pathways involved during pancreatic epithelium development 
to direct human pluripotent stem cells (hPSCs) differentiation 
to β-cells [2]. In two-dimensional (2D) differentiation culture 
systems, the generated insulin-producing cells lacked impor-
tant key features of β cells, had limited insulin secretion, 
were at a polyhormonal stage, and were more similar to fetal 
β-cells [3, 4]. Three-dimensional (3D) differentiation cultures 
improved these protocols which led to the generation of β-cells 
that were able to secrete insulin in response to glucose stimula-
tion after transplantation [3, 5]. However, in these 3D cultures, 
challenges on dynamic insulin secretion kinetics and overall 
insulin secretion were observed. 3D cellular structures are cre-
ated by the self-organization of tissue-specific cells. They can 
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re-create the structure, physiology, and function of the organ 
in remarkable details in in-vitro conditions. These organoid-
like structures are not only useful tools for basic biological 
research, but also provide valuable information regarding the 
mechanisms of human organ development and tissue regen-
eration [6]. In addition, in pancreas development different 
pancreatic non-epithelial (pN-Epi) cell types provide cues 
for pancreatic epithelium organogenesis by their paracrine 
signals and extrinsic stimuli [3, 7]. Therefore, it seems that, 
more knowledge on normal pancreas development [8, 9] and 
attention on the interactions between the pancreatic epithe-
lium and its surrounding niche cells, can improve the in-vitro 
reconstruction of pancreatic cells [3, 7]. However, the more 
complete reconstruction of this developmental complexities in 
culture systems can be challenging. Therefore, Bioengineering 
approaches can be employed to improve these challenges by 
providing an appropriate cell–cell interaction and novel cell- 
and tissue-based modeling approaches for pancreatic degen-
erative diseases.

In this review, we briefly describe organogenic mechanisms 
of pancreas development and summarize the current knowl-
edge about the participation of five pN-Epi cell populations, 
pancreatic endothelium, pancreatic mesenchyme, pancreatic 
neural crest (NC) cells, pancreatic pericytes and stellate cells 
in pancreas development, and focus on their specific roles, 
cell–cell interactions and associated signaling pathways during 
this process. It has been hypothesized that these five cell pop-
ulations are endogenous inducers of pancreas development. 
Next, we discuss in-vitro and in-vivo studies which have used 
N-Epi potentials to reconstruct pancreatic tissue, to increase 
the differentiation rate towards islets, especially β-cells or 
improve islet transplantation survival. In addition, PSCs as 
ultimate tools for differentiating different pancreatic cell types 
and a medium for genetic modification of the cells have been 
discussed. Multicellular 3D organoids as a new approach for 
generation of pancreatic micro-tissues are then studied. The 
gaps existing in our knowledge on the effects of pN-Epi cells 
in human pancreas development are also mentioned. Reaching 
a detailed understanding of the role of pN-Epi cells in pancreas 
development, can help us to better recognize the pathogenesis 
of and therapeutic approaches for pancreatic diseases such as 
diabetes mellitus (DM). Ultimately, potential bioengineering 
approaches to improve cell–cell interactions for generating 
pancreatic organoids that more closely mimic pancreas tis-
sue, are presented.

Descriptive overview of pancreas 
organogenesis

The pancreas is an endoderm-derived organ that controls 
nutrient metabolism with its endocrine and exocrine com-
partments. The exocrine part of adult pancreas forms more 

than 95–98% of the whole pancreas and is composed of 
acinar, centroacinar, and ductal cells. Acinar cells produce 
and secrete digestive enzymes and ductal cells form ductal 
network which has the ability of transporting these secre-
tions into the duodenum [8]. The endocrine part is organized 
with highly vascularized and innervated islets of Langerhans 
which constitute 1–2% of the pancreas mass. The islets are 
composed of five different endocrine cells each secreting 
specific peptide hormones to regulate blood glucose lev-
els which are α-cells (glucagon), β-cells (insulin), γ-cells 
(somatostatin), ε-cells (ghrelin), and PP cells (pancreatic 
polypeptide) [10].

Due to ethical restrictions and limited availability of 
human sources, few studies have so far investigated the 
development of human pancreas [11]. Studies of pancreas 
development in these sparse human studies and in rodent 
models have provided insight into pancreas-related diseases 
such as DM [9, 12]. Pancreas development initiates with the 
formation and growth of epithelial buds from the foregut 
endoderm [13]. Several inductive signals from notochord, 
endothelium, and mesenchyme, promote expansion of multi-
potent progenitor cells of the epithelial buds [9, 13]. In addi-
tion, extrinsic signals from endothelial cells (ECs) regulate 
dorsal bud emergence. The primary transition period, which 
happens around 30–40 day post-conception (dpc) in human 
and around embryonic day (E) 9.5–12.5 in mice, coincides 
with evagination of the two pancreatic buds and pancreatic 
progenitor’s proliferation towards the mesenchyme that sur-
round the undifferentiated epithelium region [11, 14]. Dur-
ing human embryo development, the pancreatic buds start 
to grow and branch into the mesenchyme at  5th week post-
conception (wpc) [15]. At this time, microlumens form and 
fuse, resulting in complex tubular network formation in the 
epithelium [11, 16].

During the secondary transition period (40–52 dpc 
in humans and E12.5–15.5 in mice), after tubulogenesis 
and branching morphogenesis, formation of tip and trunk 
domains occurs. The final fate of the tip part is mostly aci-
nar cells, whereas the trunk has a bi-potent fate and gives 
rise to both ductal cells and neurogenin3 (NGN3)-positive 
endocrine progenitors [8, 17]. The endothelium and mes-
enchyme tissues affect the patterning of these tip and trunk 
cells. The interaction between endothelium and epithelium 
leads to trunk development while the mesenchymal factors 
and extracellular matrix (ECM) components help in tip for-
mation [13]. The mesenchymal secreted factors also have a 
role in promoting differentiation of exocrine compartment 
and repressing endocrine cells formation [18]. Sporadic 
trunk cells expressing Ngn3 and turning off SRY-Box 9 
(Sox9) expression, concomitantly delaminate from pancre-
atic epithelium into the surrounding condensed mesenchyme 
and start to organize endocrine clusters which finally form 
the islet structure [19]. Pancreatic islet formation is initiated 
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with NGN3 expression and the initial clusters are vascular-
ized by 10 wpc and the islets are completely apparent and 
contain different endocrine cells at 12–13 wpc [11]. Aber-
rant function of the exocrine and endocrine components can 
cause pancreatitis and DM, respectively [20].

Pancreatic non‑epithelial (pN‑Epi) tissue 
during development

Throughout pancreatic development, in addition to the 
importance of the pancreatic epithelium signaling, cell–cell 
interactions between endodermal-, mesodermal-, and ecto-
dermal-derived cells and the epithelium is also critical for 
proper pancreas development (Fig. 1). Less attention has 
been paid to the importance of these pN-Epi tissues in pan-
creatic development and their major influences on pancreatic 
epithelium tissue.

Pancreatic endothelium

The ECs are mesodermal derivatives that differentiate from 
precursor cells called hemangioblasts [21]. The ECs are 
essential for viability, determination of different progeni-
tor cell fates in a developing embryo, and maturation and 
patterning of tissues and organs including the pancreas and 
liver [22]. They organize as a heterogeneous population and, 
based on their location in the body, show different pheno-
types and functions [23, 24].

In pancreatic bud development The ECs which originate 
from the dorsal aorta and vitelline veins appear in proximity 
to the endoderm in coincidence with pancreas formation on 
E8.5-9 in mice. These cells afterwards surround the pan-
creatic epithelial buds [25]. Pancreas-duodenum homeobox 
protein 1 (Pdx1) is expressed in gut tube endoderm which 
is in association with endothelium of dorsal and ventral 
veins [22, 26]. Aortic endothelium-derived signals promote 
development and differentiation of dorsal pancreatic pro-
genitor cells via activating pancreas transcription factor 1 
subunit alpha (PTF1a) in the dorsal pancreatic region while 
the ventral epithelium is separated by the mesenchyme com-
partment from vitelline veins [22, 27]. The ventral pancreas 
develops in a quite different way from the dorsal pancreas, 
and the evagination is not affected in the absence of aortic 
endothelium [28], Therefore, ECs interactions are more criti-
cal for dorsal—than ventral—pancreatic budding [21, 27].

By E11.5, the ECs locate irregularly all over the pan-
creatic buds. From E13.5 to 15.5, blood vessels form 
“honeycomb” structures around the epithelial buds, 
contributing to ECs localization near trunk cells and far 
from tip cells [25]. Epithelium-derived vascular endothe-
lial growth factor (VEGF) is essential for recruitment of 
the ECs, stimulation of endocrine cell proliferation and 

maintenance of islet vascularization [29]. VEGF loss of 
function can decrease islet capillaries and insulin release, 
while VEGF overexpression results in hyper-vasculariza-
tion and reduced β-cell proliferation with onset of DM 
[30]. During branching period, VEGF-A expression is het-
erogeneous in the epithelium whereas its expression is pre-
dominant in trunk cells but decreases in tip cells. In-vivo 
inactivation of VEGF-A results in vessels density reduc-
tion and significant increase in acinar differentiation [25]. 
As well, VEGF-B is expressed at a lower level in both 
pancreatic endocrine and exocrine components. VEGF-B 
deletion from β-cells in Vegfbfl/fl/RIP-Cre+/− mice resulted 
in the enhancement of insulin gene expression [31]. It has 
been demonstrated that pancreatic ECs enable leucocytes 
infiltration, leading to β-cell dysfunction and finally type 
1 diabetes mellitus (T1DM) [26]. It can be concluded that 
embryonic pancreas development requires inductive sig-
nals from the ECs for maintenance of pdx1 expression, 
initiation of PTF1A, insulin and glucagon expression 
and pancreatic endocrine cell specification, but the exact 
mechanisms are not yet known [22, 27].

In pancreatic islet functions Islets are highly vascularized 
mini-organs in which, each β-cell is in close contact with 
islet ECs to form their vascular basement membrane. Islet 
ECs have a role in normal islet function, induce insulin gene 
expression and stimulate β-cells proliferation [32]. β-cells 
use VEGF-A to attract ECs which form vascular basement 
membranes adjacent to the β-cells. Laminin is one of the 
endothelial signals which among other basement membrane 
proteins (e.g., collagen IV and fibronectin), upregulates insu-
lin gene expression and β-cell proliferation. In addition, 
laminin needs β1-integrin to regulate the proliferation of 
β-cells. The intra-islet basement membrane is not formed in 
VEGF-A-deficient mutant islets resulting in the reduction 
of insulin gene expression [33]. Islet ECs are much more 
permeable than the ECs in the exocrine component [21]. 
Islet ECs begin to associate with endocrine cell populations 
at the 10th wpc and fetal islet clusters containing vascu-
lar at the 14th wpc [34]. Mice with disruption of endothe-
lial cell–specific Irs2 (ETIrs2KO mice) show a decline in 
their islet blood perfusion and insulin secretion, indicating 
that impairment in insulin response to glucose load, might 
be a result of impaired islet blood flow [35]. A reciprocal 
signaling between endothelial and endocrine cells exists to 
retain endocrine differentiation and finally, a functional pan-
creas. Studies have shown that the ECs can influence insu-
lin expression in non-pancreatic endoderm while endocrine 
cells through VEGF signaling induce capillary invasion and 
fenestration of islet ECs [24, 36]. Inhibition of VEGFR2 
contributes to a reduction in endocrine differentiation, indi-
cating ECs role in promoting endocrine development [25]. 
Nevertheless, overexpression of VEGF in developing β-cells 
decreased endocrine mass and impaired islet structure [37].
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Fig. 1  An overview of pancreatic organogenesis with focus on the 
role of pN-Epi cells interactions. The different time points of A E12.5 
(6WPC), B E15.5 (8WPC) and C E17.5 (12WPC) during pancreatic 
organogenesis are illustrated in the left panel. The right panels are a 
closer view of each developmental time point; the one's which are 
marked in Latin numerals also show cellular interactions and effects 
of pN-Epi cells on the epithelium. The schematic interactions of pN-
Epi cells with the pancreatic endocrine  epithelium are shown with 

larger magnification in small dash-line boxes marked in Latin numer-
als. (AI) Interactions of the mesenchyme with  Pdx1+ progenitor cells 
and with themselves and interactions of ECs with the trunk cells. (BI) 
Interactions of NC cells and ECs with endocrine clusters. (BII) The 
effect of the condensed mesenchyme on  NGN3+ cell migration and 
increases in endocrine cluster mass. (CI) The effect of laminin and 
condensed mesenchyme on islet cells. (CII) Interaction of pancreatic 
pericyte with β-cells of the islet. Endo endocrine; Exo exocrine
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Few endothelial factors and their external signals were 
revealed to be involved in various aspects of pancreas 
organogenesis, growth, cell proliferation and tissue organ-
ization. ECs produce multiple factors that contribute to 
proliferation, survival, insulin secretion and finally, proper 
function of β-cell which is shown in detail in Table 1.

In diabetic initiation and progression The dysfunction 
of ECs is highly associated with microangiopathy and ath-
erosclerosis in both type 1 and type 2 diabetes mellitus 
(T1DM and T2DM) patients [38]. In T1DM, the intra-
islet ECs are barriers for infiltrating immune cells, and 
also mediate β-cell apoptosis by releasing nitric oxide 
which activates apoptotic caspase. The intra-islet vascular 
endothelium changes contribute to the onset of hypergly-
cemia and destruction of β-cells. The impaired endothelial 
function has a critical role to initiate inflammatory mecha-
nisms via the recruitment of macrophages and leukocytes 
in vascular diseases of T2DM and progression of insulin 
resistance [39].

Pancreatic mesenchyme

ECs of the dorsal aorta, lateral plate mesoderm, and the 
notochord are mesoderm-derived tissues capable of induc-
ing the endoderm to pre-pancreatic domain. Dynamic sig-
nals from the lateral plate mesoderm, septum transversum, 
and cardiac mesoderm specify the ventral pancreatic bud 
epithelium while notochord and dorsal aorta and other 
transient adjacent mesoderm’s stimulate dorsal pancreatic 
bud [40] (reviewed in [41]). However, here, we mainly 
focus on the condensed pancreatic mesenchyme which 
surrounds the pancreatic epithelium during development.

In pancreatic bud development Fate mapping using 
DiI-labeling1 displayed that shortly before the evagina-
tion of pancreatic buds, the  ISL1+ (insulin gene enhancer 

Table 1  Endothelial cells-derived factors involved in pancreas development

LOF results of loss of function, ND no data provided, EC-factor endothelial cell-factors, EGFL7 epidermal growth factor‐like domain 7, S1P 
sphingosine-1-phosphate, CTGF connective tissue growth factor, TSP-1 Thrombospondin-1, HGF hepatocyte growth factor, BMP bone morpho-
genetic protein; VEGF vascular endothelial cell growth factor
* Laminin/Collagen IV/Fibronectin

EC-factor Mediatory pathway Stage Role(s) LOF References

EGFL7 EGFR, AKT(PKB) E9.0_
E11.5

• Increase PP proliferation
• Decline differentiation to 

endocrine cells

• ND [97, 203]

S1P SPHK, S1P E10.5 • Proliferation of  PDX1+ PP • Declined size of pancreatic buds
• Hyper-vascularization

[204, 205]

CTGF TGFβ, 
BMPs, 
Wnts

E12.5 • β-cell proliferation and islet 
morphogenesis

• Declined β-cell proliferation and 
islet vascularity

[206, 207]

TSP1 (THBS) TGFβ-1 E12.5 • Antiangiogenic
• Maintain postnatal β-cell 

function

• Hyperplasia in islets [29, 208]

HGF PI3K E15 • Increase β-cell proliferation 
and islet mass

• Reduced islet size and insulin 
secretion

• Glucose intolerance

[209–211]

BMP 2/4 TGFβ-1 ND • Stimulate vasculogenesis and 
angiogenesis

• Endothelial progenitor cell 
differentiation

• Mediate GSIS

• ND [78, 212]

ENDOGLIN TGFβ ND • Islet vascular development • Decreased insulin secretion [213]
ENDOTHELINs MAPK, 

PI3K
ND • Stimulate β-cell insulin 

secretion
• Effects on native islet blood 

vessels

• Vascular dysfunction [214, 215]

ECM components* Focal 
adhe-
sion 
kinase

ND • Increase Insulin gene expres-
sion

• β-cell differentiation, matura-
tion and survival

• ND [29, 216]

1 a Lipophilic cationic indocarbocyanine fluorescent dye for mem-
brane staining.
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protein ISL-1) mesenchymal cells which seem to originate 
from a specific portion of E8.5 ventral and dorsal coelomic 
mesothelium, start surrounding the new forming ventral 
and dorsal pancreatic buds. At approximately E9.5, these 
cells penetrate into the dorsal pancreatic space, gather and 
condense around the uniform pancreatic epithelium bud 
[42, 43]. The condensed dorsal pancreatic mesenchyme is 
vital for creation of a functional pancreas. A slow infiltra-
tion and accumulation of coelomic mesenchymal cells and 
their patterning signals between E9.5 and 10.5 around the 
nascent pancreatic bud, seems to guard against premature 
differentiation and depletion of the progenitor pool [43]. 
The maximum amount of mesenchymal mass around the 
pancreatic area is seen around E11.5. With the progres-
sion of development, the mesenchyme mass reduces and 
by the end of gestation, it is only found around the islets 
and blood vessels [42].

Some in-vitro studies indicated that pancreatic mesenchy-
mal cells promote exocrine differentiation and growth. Other 
studies observed expansion of  Pdx1+ pancreatic progenitor 
cells which resulted in higher numbers of β-cells [44, 45]. 
To precisely clarify the role of condensed mesenchyme in 
endocrine development, genetically modified mice such as 
Nkx3.2-Cre;R26R-YFP and Nkx3.2-Cre;iDTR were used 
[42]. Genetic ablation of mouse pancreatic mesenchyme 
in different developmental stages has shown their support-
ing role in proliferation of the progenitor and differentiated 
cells, and precise pancreas morphogenesis [42]. The single-
cell RNA sequencing technique has identified and validated 
underappreciated heterogeneity in the mesenchymal com-
partment of the pancreas; it has also provided evidence for 
transcriptional maturation within the mesenchyme compart-
ment as development proceeds, providing different signals 
at different stages [46]. It was also demonstrated that adult 
pancreatic mesenchyme is a unique mesenchymal stem cell 
(MSC) subtype with a distinct proteome and secretome, pos-
sessing functional properties beneficial for vascular disease 
and DM [47]. Recently, the functional heterogeneity within 
E12.5 mice pancreatic mesenchyme was identified, show-
ing that a specific NK3 Homeobox2 and NK2 Homeobox5 
(Nkx3.2+/Nkx2.5+) mesenchymal microenvironment, pro-
motes the formation of insulin- and glucagon-producing 
cells [48]. Nkx3.2+ cells are mostly expressed in the gastro-
intestinal and pancreatic mesenchyme, while the Nkx2.5+ 
cells are only expressed in a division of Nkx3.2+ cells placed 
on the left side of the dorsal pancreas. Pre-B-cell leukemia 
transcription factor 1 (Pbx1)-dependent molecular network 
within Nkx3.2+/Nkx2.5+ cell microenvironment locally 
regulates the epithelial-mesenchymal crosstalk underlying 
endocrine differentiation. The regulation of laminin/inte-
grin a6 interaction (in mesenchyme/epithelial interface) 
and soluble molecules such as Slit1/3 [in the extracellular 
matrix (ECM)] by Pbx1, defines a pro-endocrine specialized 

micro-niche, particularly at the trunk domain. Pbx1 deletion 
in the Nkx3.2+/Nkx2.5+ pancreatic mesenchyme results in 
 insulin+ and  glucagon+ cells reduction in the dorsal portion 
of the pancreas [48].

Inductive mesenchymal factors Evidence provided by 
explant studies and genetically modified animals, highlighted 
several signaling molecules/pathways inside the pancreatic 
mesenchyme which are involved in proper development and 
differentiation of epithelium and for maintaining the mes-
enchyme itself (Table 2). Moreover, the impact of factors 
secreted from mesenchyme in different stages of pancreatic 
epithelium development has been widely investigated.

FGF10 was the first identified factor secreted by mesen-
chymal cells that affects the prenatal pancreas development 
and is crucial for normal proliferation of the progenitor cells 
as it activates the Notch pathway during the early stages of 
pancreatic development [42, 49]. FGF7 and FGF10 expres-
sion is, respectively, ten and eightfold higher in the mesen-
chyme compartment of 6–9 wpc compared to the epithelium 
compartment [50]. Explant cultures of E10.5 mouse dorsal 
pancreatic epithelium grown in the presence of FGF10, indi-
cated the expansion of pancreatic precursors while their dif-
ferentiation was blocked [49, 50]. It seems that a temporal 
competence window exists for endocrine and ductal pancre-
atic development regulated by the timing of FGF10 expres-
sion. Secretion of FGF10 from pancreatic mesenchyme on 
E8.5–10.5 is necessary for normal development of pancre-
atic cell lineages; nonetheless, sustained FGF10 expression 
onwards and until the secondary transition, results in perma-
nent loss of endocrine and ductal development [51]. Expres-
sion of FGFR2b located on pancreatic epithelial progenitor 
membranes is controlled by Sox9 transcription factor (TF) 
which is in turn regulated by FGF10. Therefore, pancre-
atic identity maintenance and growth are achieved upon a 
gene regulatory network with Sox9 being its centerpiece. 
The evidence obtained from transgenic mice has shown that 
the activity of Sox9/Fgf10/Fgfr2b feed-forward loop in the 
pancreatic niche controls the progenitor cell proliferation 
and liver-to-pancreatic cell fate switch [52]. Fgf9, identified 
by pancreatic mesenchyme single-cell analysis, also regu-
lates mesenchymal cells proliferation and vascular formation 
[46]. Hepatocyte growth factor (HGF) secreted from human 
pancreatic mesenchyme obtained at 18–24 wpc, promotes 
β-cells expansion and their proper development. The highest 
expression of HGF in pancreatic mesenchyme is observed 
at late embryonic developmental stages and declines until 
adulthood [53].

Gene expression analysis on isolated E11.5 mouse pan-
creatic cells by laser-captured microdissection, identified 
11 genes encoding secreting factors such as FGF, Wing-
less (WNT), VEGF, Insulin Growth Factor (IGF), Sema-
phorin3A, and especially Transforming Growth Factor β 
(TGFβ) signaling pathway factors which were preferentially 
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expressed at higher levels in the mesenchyme compared to 
the epithelium [54]. Pancreatic mesenchyme derived IGF2 is 
a paracrine regulator of pancreatic size and function during 
development [55]. Recently, another experiment using the 
same method identified novel signals involved in the epithe-
lium and mesenchyme crosstalk such as Versican (Vcan) and 
syndecan4 (Sdc4) which are involved in pancreatic tissue 
repair [56]. Moreover, single-cell RNA sequencing of E14.5 
pancreatic mouse showed the expression of Wnt antagonists 
in the mesenchyme compartment, which may regulate Wnt 
signaling in the developing pancreas [46]. Proteomic analy-
sis of pancreatic mesenchyme tissue revealed the presence 
of two potentially important factors, α2 Laminins (LAMA2) 
and Galectin 1 (LGALS1), as supporters of the β-cell dif-
ferentiation state and progenitor proliferation [57]. Nkx2.5+ 
mesenchymal cells which define pro-endocrine niche are 
regulated by Pbx1 TF through a non-cell-autonomous man-
ner via the interplay of ECM-integrin and interaction of 
soluble factors such as Slit1/3 [48]. It has also been shown 
that Epimorphin, a pancreatic mesenchyme morpho-regu-
latory protein, affects ductal proliferation and differentia-
tion during early and late pancreatic organogenesis [58]. In 
addition, Follistatin secreted by the mesenchyme binds to 

activin produced by the embryonic epithelium which has a 
repressive effect on the endocrine components development 
[59]. Therefore, pancreatic mesenchyme provides temporally 
distinct signals for proliferation and differentiation of the 
epithelium.

The Slit-Robo signaling pathway in the pancreas affects 
the islet morphogenesis via Slit1/2/3 ligands which regulate 
endocrine cell–cell adhesion and are important in proper 
formation of the unique architecture of islets [60].

The cluster of Homeobox  6 (Hox6) gene expression 
and function in pancreatic mesenchyme, control endocrine 
cell differentiation by regulating the maturation of NGN3-
expressing cells into hormone-producing cells [19]. Hox6 
function results in an increase in Wnt5a expression in the 
pancreatic mesenchyme on E12.5 and beyond, and subse-
quent expression of two Wnt inhibitors [Secreted Frizzled-
Related Protein 3 (Sfrp3) and Dickkopf-Related Protein 1 
(Dkk1)] in delaminated  NGN3+/Sox9− progenitors. There-
fore, a mesenchymal-epithelial crosstalk for WNT pathway 
is regulated by Hox6 pancreas mesenchyme genes [19].

Table 2  Selected mesenchymal intracellular signaling pathways involved in pancreas development

LOF results of loss of function, SOA stage of activation, ND no data provided
* This table displays the signaling pathways activated intracellularly in the mesenchyme compartment while this column shows the time of acti-
vation of these signaling pathways in the epithelium compartment
# While this column displays the effects of LOF of SHH, these items are caused by its gain of function!

Signal-
ing 
pathway

SOA in pancre-
atic mesen-
chyme

SOA* in 
pancreatic 
epithelium

Function (in pancreas) LOF (in pancreas) Referencess

BMP E9.5-E12.5 ND • Normal development of mesenchyme
• Regulation of cellular composition

• Production of endocrines concomitant 
to exocrine decrease

• Severe hypoplasia
• Reduced epithelial branching
• Anterior extension of dorsal pancreas 

into stomach mesenchyme
• Vascular remodeling

[217]

RA ~ E11 E11 • Exocrine lineage selection
• Up-regulation of mesenchymal 

laminin-1
• Ductal differentiation
• Generation of  Ngn3+ and β-cells

• Production of acinar cells in favor of 
ductal cells

[218–220]

Wnt ~ E13 E13.5 • Expansion/differentiation of epithelial 
progenitors

• Regulation of organ growth
• Survival/expansion of mesenchyme

• Reduced PP proliferation and hypo-
plasia

• Decrease in endocrine progenitor and 
islet cell mass

• Reduced β-, PP-, and delta- cells but 
not alpha-cells

[221, 222]

SHH ≥ E13 ≤ 2nd transition • Regulation of alpha and β-cell growth 
rate

• Fine-tuning for proper development/
organogenesis

• Severe agenesis in onset of 
 development#

• Reduced endocrine and exocrine area
• Disrupted islet morphology and cel-

lular composition at E14.5#

[223–227]
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Pancreatic pericytes and stellate cells

Pericytes and vascular smooth muscle cells, together termed 
‘mural cells’, are other mesenchymal cells in the pancreas 
that become the major mesenchyme compartment existing 
in the pancreas after birth. Contractile pericytes wrap around 
small vessels and form a discontinuous layer while vascu-
lar smooth muscle cells surround the larger blood vessels 
[61]. In general, pericytes are characterized by prominent 
cell body, extended cytoplasmic processes, peri-endothe-
lial location, and high expression of neural/glial antigen 2 
(NG2),2 Desmin and platelet-derived growth factor receptor 
β (PDGFRβ) [62]. Pericytes are recruited by PDGF released 
by the ECs to stabilize the vascular system [63]. The per-
icyte-endothelial interaction is crucial for proper vascular 
morphology and function in organ development and tissue 
repair [64].

Pancreatic stellate cells build up about 4–7% of the 
human adult pancreas and are found in endocrine and exo-
crine pancreatic compartments [65, 66]. They express mul-
tiple stem cell markers and can differentiate into various cell 
types. Pancreatic stellate cells main function is to regulate 
the pathologic fibrosis in the pancreas, but they also have 
important roles as immune and progenitor cells for regenera-
tion. These star-shaped cells which are woven into different 
mammalian organs, have two biological phenotypes: quies-
cent and activated states.

In physiological conditions, the quiescent stellate cells are 
rich in lipid droplets containing retinoid and express glial 
fibrillary acidic protein, nestin, desmin, and vimentin [67]. 
These cells proliferate rarely, influence tissue homeostasis 
significantly, and maintain the normal basement membrane 
and ECM components by secreting metalloproteinases 
(MMP), such as MMP-2, MMP-9, and MMP-13. They also 
actively supply blood flow and provide scaffolds for epi-
thelial integrity. The quiescent phenotype is maintained by 
retinoid which inhibits the activation of alpha-smooth mus-
cle actin (α-SMA) and decreases the expression of collagen 
synthesis [68, 69]. The activated state (myofibroblast-like 
cells) which promotes the formation of pancreatic fibrosis 
in pathological conditions, expresses α-SMA and secretes 
collagen I, collagen III, fibronectin, and other ECM com-
ponents [67, 68]. These functional myofibroblasts are regu-
lated by autocrine and paracrine stimulation. Stellate cells 
contain different cell subpopulations which express different 
cell surface markers. Because of this functional heterogene-
ity, different cell subpopulations can individually or syner-
gistically influence the diverse function in the progression 
of pancreatic fibrosis which is well demonstrated in the 

pathogenesis of chronic pancreatitis and pancreatic ductal 
adenocarcinoma (PDAC) [69].

In pancreas, pericytes, along with glial cells, support the 
neurovascular system and are considered as micro-organ 
accessory cells that respond to tissue injury and inflam-
mation in the mature pancreas [63]. Cellular responses and 
morphologic plasticity of pancreatic pericytes and glial cells 
are observed in response to islet injuries such as experi-
mental insulitis and progressive T1DM. In streptozotocin 
(STZ)-treated diabetic mice, for instance, pancreatic peri-
cytes density and NG2 marker significantly increase [70].

The appearance in pancreatic tissue In contrast to other 
celomic organs in which, pericytes are differentiated from 
the mesothelium,3 recent findings have pointed out that the 
multilayered pancreatic mesenchyme, which expresses the 
NKX3.2 TF, is the primary origin of the adult mouse pancre-
atic pericytes [71]. Early acquisition of pericyte fate by mes-
enchymal cells is indicated by high expression of PDGFRβ 
in a major population of cells of the mesenchyme on E13.5. 
From E17.5, the pancreatic mesenchyme gradually displays 
pericyte markers expression and pericyte characteristic [71].

Stellate cells express mesenchymal and ectodermal 
markers, therefore, their embryonic origin has been elusive. 
Recent studies have provided evidence which supports the 
mesodermal origin of hepatic stellate cells [72, 73]. Since 
pancreatic and hepatic stellate cells have significant simi-
larities, it can be suggested that both can be evolved from a 
same origin but experimental evidence is still lacking. On 
the other hand, it has been conducted that pancreatic stel-
late cells have several differences with heptic stellate cells, 
in their characteristic features and microstructure. Though 
it has been shown that at least a subpopulation of pancreatic 
stellate cells are derived from bone marrow progenitor cells 
[67, 68].

In β-cell maturity and function Pericytes as pivotal 
components of the islet niche, cover 40% of islets micro-
vasculature [74]. Although having a fourfold higher den-
sity in the pancreatic endocrine component, pericytes are 
also detected in the exocrine component [70]. Pericytes 
regulate islet local blood flow by adjusting islet capil-
lary diameter via responding to active β-cell-derived 
adenosine signals and sympathetic noradrenaline inputs 
[74]. The endogenous adenosine is derived from ATP, 
which is transported into insulin granules and co-released 
with insulin upon stimulation, from active β-cells [74]. 
Maintenance of differentiated mature β-cells state and 
glucose-stimulated insulin secretion (GSIS), as an essen-
tial function of these cells, are influenced by pericytes 
[75]. Pancreatic pericytes depletion from the islets of 

2 A cell-surface chondroitin sulfate proteoglycan.
3 The epithelium lining the surface layer of the embryonic meso-
derm.
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DT-treated NKX3.2-Cre; iDTR mice reduces the expres-
sion levels of Musculoaponeurotic Fibrosarcoma Onco-
gene Family A (MafA) and Pdx1 TFs, decreases islet 
insulin content and impairs GSIS [75]. The pericytes-
conditioned medium contains secreted factors that stimu-
late proliferation of primary cultured adult β-cells in a 
β-integrin-dependent manner implicating the contribu-
tion of basement membrane components [61]. Bone mor-
phogenetic protein 4 (BMP4), along with other factors 
secreted from pericytes, is required for β-cell function 
[76]. In the neonatal stage, pancreatic pericytes act as 
regulators of neonatal β-cell proliferation and, therefore, 
determine the final β-cell mass [61].

In diabetic initiation and progression Pancreatic peri-
cytes abnormal function can lead to β-cell failure and dis-
ease development. On the other hand, chronic hypergly-
cemia of DM can result in pancreatic pericyte loss [20]. 
The inactivation of Transcription Factor 7 Like 2 (Tcf7l2) 
which is highly expressed in pancreatic pericytes leads to 
impaired expression of β-cell function and maturity genes 
(such as Glut2, Kir6.2, Sur1, MafA, Pdx1, and NeuroD1) 
and glucose intolerance of transgenic mice. Genetic 
changes in pancreatic pericytes leading to TCF7L2 inac-
tivity are sufficient to compromise β-cell function and 
loss of glycemic control suggesting that the abnormali-
ties in pancreatic pericytes contribute to the development 
of genetic-associated T2DM [76, 77]. Moreover, it has 
been shown that pericytes lacking Tcf7l2 have a reduced 
expression of the BMP4 gene. Proper function and gene 
expression of β-cells depend on the activity of the BMP4 
receptor, BMPR1A [78]. Therefore, the impaired cross-
talk of the BMP4/BMPR1A signaling pathway in abnor-
mal pericytes and β-cells can lead to T2DM progression.

In diabetic retinopathy which is due to chronic hyper-
glycemia, retinal capillary pericytes are lost and the ret-
ina’s vascular system is damaged [79]. It seems that oxi-
dative stress and also Ang-1/Tie-2 and PDGFβ/PDGFRβ 
signaling pathways are the cause of pericyte apoptosis 
and pathogenesis of diabetic retinopathy [80, 81]. Pan-
creatic pericytes are also sensitive to chronic hyperglyce-
mia [74]. T2DM patients have abnormal islet-associated 
pericytes and vasculature systems [77]. These patients’ 
islet capillaries show a reduction of pericytes. With the 
loss of more pancreatic pericytes by the progression of 
the disease, a decline in proper β-cell function, insulin 
secretion, and further deterioration in glucose regulation 
are observed [74].

In pathologic conditions, stellate cells produce mul-
tiple inf lammatory cytokines, inhibit proliferation, 
decrease β-cell function and enhance β-cell apoptosis 
leading to islet fibrosis and islet cell disorganization 
[68, 69]. It seems that islet fibrosis seen in the islets of 
patients with T2DM is activated through pathways that 

are different from those of the exocrine pancreatic fibro-
sis. Renin-angiotensin system (RAS) activation in islets 
transforms quiescent stellate cells into the activated form. 
Activated stellate cells proliferate and accumulate ECM 
proteins which consequently lead to islet fibrotic destruc-
tion [82].

Pancreatic neural crest (NC) cells

The mature pancreas is highly innervated extrinsically by the 
vagus nerve, splanchnic nerve, and the sympathetic nerves 
system [83]. NC cells migrated to the embryonic pancreas 
tissue on E9.5 [84, 85], eventually differentiate into Schwann 
glial cells, sensory neurons, and sympathetic and parasym-
pathetic neurons. SRY-Box 10 (Sox10), Forkhead Box D3 
(Foxd3), Transcription Factor AP-2 alpha (Tfap2α), and 
Paired Box Gene 3 (Pax3) are the key TFs required for vagal 
NC specification [83]. In addition to the majority popula-
tion of pancreatic proliferative cells that are descended from 
pdx1 precursor cells, a rare population descended from the 
 Wnt1+ pancreatic NC cells was also detected recently [86]. 
The NC cell derivatives enclosing adult islets and blood ves-
sels, are presumed to have a protective influence on β-cells, 
especially in times of stress and islet inflammation [85, 86].

The appearance in pancreatic tissue Before the 1970s, 
it was proposed that the pancreatic endocrine tissue derives 
from the NC cells [87]. Afterwards, loss-of-function experi-
ments such as observation of β-cells in the pancreas devel-
oped from rat embryos lacking the precursor of NC cells 
(the ectoderm tissue), showed that pancreatic endocrine tis-
sue has a different origin from the pancreatic NC cell [88]. 
However, the NC cells do contribute indirectly to islet devel-
opment by secreting factors [89]. Shortly after appearance 
of murine vagal NC cells in the stomach [89], they migrate 
into and through the surrounding mesenchyme and enter 
the developing pancreas region between E9.5–10.5 [84, 
85]. Glial cell-derived neurotrophic factor (GDNF) signal-
ing from epithelium seems to display the chronology of NC 
migration and development of the intrinsic innervation of 
the pancreas [90]. The peak existence of  Phox2b+/Sox10+ 
pancreatic NC cells can be detected at the border of the 
pancreatic epithelial and mesenchymal cells on E12.5 [89] 
and intermingle with the endocrine cell clusters between 
E13.5–15.5. Paired-Like Homeobox 2b (Phox2b; a down-
stream target of Sox10) or Foxd3 loss-of-function, results in 
the pancreatic NC cell death and migration failure leading to 
the absence of NC derivatives such as glial and neuron cells 
in the pancreas [84, 89]. It was shown that Phox2b silencing 
occurs approximately 24 hours later, indicating subsequent 
appearance of glial cells [89]. Nkx2.2-expressing epithe-
lial cells can mediate differentiation of NC cells towards 
neuronal phenotype via Phox2b silencing. Nkx2.2-express-
ing cells accomplish their role via secreting hormones 
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or signaling molecules, including molecules classically 
involved in neural and glial differentiation such as netrin 1 
[89, 91]. By E20, approximately 70% of NC-derived neurons 
enclosing endocrine cells are distributed in close proximity 
to alpha cells, a process mediated by synaptic cell adhesion 
molecule (SynCAM; CADM-1) expressed by both alpha 
cells and NC derivatives during islet development [85].

In pancreatic islet development and maturation As devel-
opment proceeds, the NC derivatives which have progres-
sively migrated towards endocrine cells, positively regulate 
β-cell maturation while negatively regulating their prolifera-
tion [84, 85]. NC cells' signaling regulates MafA, Pdx1, and 
Glucose Transporter 2 (Glut2) expression in the endocrine 
clusters and impedes the proliferation of endocrine cells 
[84]. Phox2b and Nkx2.2 form a negative feedback loop 
between ectoderm-derived NC cells and endoderm-derived 
epithelium, which impacts gene expression in both cell 
populations and ultimately, controls the β-cell population 
mass [89]. However, how β-cell proliferation is regulated by 
neural input is far from being understood, and further studies 
are needed to clarify the underlying mechanisms [90].

Using non‑epithelial cells potentials 
to reconstruct pancreatic tissue in‑vitro

Previously, we found that different pN-Epi cells which exist 
in the pancreatic tissue, affect differentiation, proliferation, 
and survival of pancreatic epithelium during organ develop-
ment via soluble factors or physical cell–cell interactions. 
But, how can we recapitulate these interactions to recon-
struct pancreatic tissue differentiation or maintenance, 
in-vitro? Several studies applied different pancreatic and 
non-pancreatic N-Epi cells co-cultured or co-transplanted 
with different pancreatic progenitor or islet cells, to induce 
further differentiation, proliferation or maintenance. These 
co-cultured/-transplanted supporting cells included the NC 
cells, ECs such as human umbilical vein endothelial cells 
(HUVEC) and mesenchymal cells such as bone marrow-
mesenchymal stem cells (BM-MSCs).

Endothelial cells accompanying pancreatic epithelium 
The incorporation of ECs helps vascularization, survival 
and maturation of organoids through delivery and distribu-
tion of oxygen and nutrient delivery into the inner core of 
larger organoids [92]. Several studies showed the inductive 
potential of rat heart microvascular ECs or HUVEC for mat-
uration and differentiation of human embryonic stem cells- 
(hESCs)-pancreatic progenitor or pancreatic endocrine cells 
towards insulin-producing cells via co-culture systems [93, 
94]. Mouse aortic ECs promote differentiation of embryoid 
body cells into insulin-producing β-like cells by activating 
BMP signaling pathway especially at the embryoid body 
EC interface [95]. Culturing hESCs-pancreatic progenitor 

along with HUVECs and/or human neonatal dermal fibro-
blasts, allowed the formation of vessel-like networks in a 
3D construct which provided mechanical support for the 
cells. It also increased the expression of specific markers, 
PDX1, NK6 Homeobox1 (NKX6.1), NGN3 and INSULIN, 
in the population of the progenitor cells [96]. The co-cul-
ture of HUVECs or mouse islet ECs with hESC-pancreatic 
progenitor, demonstrated that ECs by secreting Epidermal 
Growth Factor‐Like Domain 7 (EGFL7) maintain progeni-
tor self-renewal and suppress further differentiation into 
other pancreatic endocrine cells [97]. hESC-derived β-cells 
and HUVECs were co-seeded on top of Matrigel to facili-
tate cell–cell interaction, resulting in the assembly of the 
islet-like structures and enhanced expression of endocrine-
specific markers and functionality as investigated by GSIS 
[98]. Using HUVECs along with hESC-pancreatic epithe-
lium seeded on a novel hydrogel named Amikagel, led to 
formation of multicellular endothelialized 3D pancreatic 
aggregates with enhanced expression of PDX1 and NKX6.1 
markers [99]. HUVECs were also able to improve cell func-
tionality when co-cultured with mouse insulinoma 6 (MIN6) 
cells. This cellular combination at 1:1 ratio (i.e., equal con-
centrations of HUVECs and MIN6), in non-adherent agarose 
microwell systems, generated aggregates of 80–100 µm in 
diameter and improved insulin secretion after encapsulation 
in a sealed device [100]. Rat aortic ECs-coated islets embed-
ded in polyglycolic acid (PGA) scaffold showed improve-
ments in cell interactions, survival and revascularization 
in-vitro and in-vivo [101]. Heterogeneous pseudo-islet 
spheroids generated using HUVECs co-cultured with human 
cell line-based β-cells (EndoC-βH3) in a magnetic levitation 
system,4 facilitated HUVEC integration. Results indicated 
that cell–cell contacts and importantly, defined spatial distri-
bution of the cell types, crucially affect β-cells functionality 
and insulin secretion [102].

Mesenchymal cells accompanying pancreatic epithelium 
In-vitro co-culture/co-transplantation experiments using 
pancreatic epithelium with heterotrophic organ mesen-
chyme or even soluble mesenchymal factors, demonstrated 
growth and differentiation of the epithelium [103, 104], or 
even exocrine fate differentiation [45, 59]. It has been also 
demonstrated that mouse pancreatic mesenchyme has a per-
missive effect on endocrine development and its maturity. 
In fact, the amount of pancreatic mesenchymal cells (cell 
ratio in the co-culture) and their proximity to the epithelium 
determines the exocrine/endocrine ratio [105]. Pancreatic 

4 Magnetic levitation method (MLM) applies growing 3D tissue by 
inducing cells treated with magnetic nanoparticle assemblies in spa-
tially varying magnetic fields using neodymium magnetic drivers and 
promoting cell–cell interactions by levitating the cells up to the air/
liquid interface of a standard petri dish.



7118 Z. Ghezelayagh et al.

1 3

mesenchyme isolated from different stages of the pancreas 
development might have different effects on differentiation 
pattern of the epithelium [106]: the recombination culture 
experiments using mouse E11.5 mesenchyme with E10.5 
pancreatic epithelium yielded more mature epithelium when 
compared with contrariwise cultures. E13.5 mouse mesen-
chyme were found to be responsible for creating a balance 
between the Pdx1 progenitor pool and endocrine differenti-
ated cells which might be also dependent on culture condi-
tions such as the oxygen concentration [44].

Recently, it was shown that indirect co-culture of BM-
MSC or its conditioned medium enhanced further prolif-
eration/differentiation of human fetal pancreatic progenitor 
cells via IGF1-MEK/ERK1/2 / IGF1-PI3K/Akt signaling 
[107]. Pancreatic mesenchymal cells also induced prolifera-
tion/expansion and self-renewal of mouse- or hESC-derived 
endoderm through a 2D co-culture system. These cells, 
expanded on pancreatic mesenchyme, gave rise to insulin-
secreting and glucose-sensing cells when transplanted in-
vivo. This shows promise for large-scale production of pan-
creatic progenitors required for cell replacement therapies 
[108].

Insights into in-vivo pancreatic mesenchymal microen-
vironment and lineage-specific crosstalk could potentially 
help in defining targeted protocols for differentiating hPSCs 
into different pancreatic cell types. Applying factors secreted 
by mesenchymal cells that were identified in isolated E11.5 
mouse pancreatic mesenchyme, on hESC-derived pancreatic 
differentiation in-vitro at the progenitor stage, promoted the 
induction of pancreatic progenitor while subsequently pro-
hibited their further differentiation or maturation to insulin-
producing cells [54]. The pancreatic Nkx2.5+ mesenchyme 
population produces a defined ECM and signaling factor 
which promotes endocrine differentiation. The addition of 
certain molecules (e.g., Slits) into pancreatic lineage dif-
ferentiation protocols of human induced pluripotent stem 
cells (hiPSCs), enhances the endocrine differentiation and 
improves the functional maturation of differentiated β-like 
cells. Therefore, Slit molecules can be one of the mesenchy-
mal signaling factor candidates which are able to regulate 
endocrine differentiation [48].

While there are significant data showing the beneficial 
impact of pancreatic mesenchymal-epithelial co-culture 
systems on endocrine development/differentiation, but the 
results are diverse and sometimes contradictory. Culture set-
ups such as 2D or 3D culture, duration of culture [44, 108], 
oxygen level in culture [42], correct and clean separation of 
the mesenchyme [109], direct or indirect cell–cell interaction 
[107, 110], and the absence of other different cells involved 
in normal pancreas development may be causes for different 
results obtained.

Non-epithelial cells in islets survival Different 
N-Epi cells with different origins have been used in 

co-culture/-transplantation studies for pancreatic islets sur-
vival/engraftment and maintenance (Table 3). While studies 
include various N-Epi co-culture/-transplantation experi-
ments, most of them focus on ECs and mesenchymal cells 
and their derivatives. Co-transplantation of ECs with pan-
creatic islets into different sites of STZ–treated diabetic mice 
resulted in graft revascularization, islet morphology pres-
ervation and decreased glycemia [111, 112]. Using human 
blood outgrowth ECs in co-transplantation with islets also 
led to improved graft-vessel density and decreased glyce-
mia in diabetic mice [113]. Pancreatic islets isolated from 
transgenic Tie-2-GFP mouse showed that fresh islet ECs 
were able to increase revascularization rate and graft func-
tion for a long-time period after transplantation. This Green 
fluorescent protein (GFP) marked ECs formed blood vessels 
that integrated with the vascular system of the host’s organ. 
However, this approach could not increase the vascular den-
sity or metabolic function of the fresh graft compared to 
the cultured islet grafts [114]. Using bioengineered coating 
methods enabled scientists to coat the surface of mice and 
human islets by ECs which made a robust cell binding even 
after transplantation and led to greater graft capacity, higher 
vascular density and oxygen tension, and produced more 
functional chimeric blood vessels [115, 116].

Studies using direct and indirect co-cultivation of MSCs 
with islets showed improvement in islet survival and via-
bility. It seems that indirect co-culture of MSCs influences 
via their secreted trophic factors such as Von Willebrandt, 
VEGF, and Interleukin-6 (IL-6) [110]. Direct co-cultures of 
MSCs also led to higher insulin detection in culture medium 
probably by preserving islet membrane integrity, improve-
ment of islet functionality or even due to differentiation of 
some of MSCs to insulin-releasing cells in co-culture sys-
tems [110, 117]. When MSCs are co-cultured with ECs and 
pancreatic islets, they promote EC proliferation, growth, 
and sprout formation inside islets and, therefore, enhanc-
ing islet revascularization [118]. Paracrine factors secreted 
from MSCs, such as TGFβ, HGF, VEGF, and IL-6, inhibit 
apoptosis, induce β-cell proliferation and promote islet 
revascularization, hence improving islet viability and func-
tionality [119, 120]. Moreover, it has been shown that co-
transplantation of MSCs and islets may enhance the chance 
of graft survival and reduce islet damages upon hypoxia 
[121, 122]. MSCs co-transplantation prevents islet allograft 
rejection, improves β-cell maintenance and proliferation, and 
maintains long-term normo-glycaemia. Co-transplantation 
with MSCs has also been reported to modulate immune 
response by down-regulation of naive and memory T-cells 
numbers, reduction of T helper cell-1/2 ratios and incre-
ment of regulatory T-cells numbers in peripheral blood 
[123, 124],and through upregulating the anti-apoptotic fac-
tor Metallopeptidase Inhibitor-1 and suppression of CD4+ 
T helper cell-1 [125, 126]. Therefore, an approach could 
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be genetic modification of MSCs to positively affect the 
immune response of the receiver at the site of transplan-
tation. For instance, co-transplantation of mice islets with 
VEGF expressing hESC-MSCs in a collagen-fibrin hydro-
gel increased islets function and graft revascularization, and 
reduced the islet mass required to reverse DM by half [127].

Stellate cells co-cultivation and co-transplantation can 
improve the survival rate of islets, regulate the immune 
response, and stimulate graft vascular regeneration [69]. 
NC stem cells co-transplantation with islets has also shown 
to increase β-cell proliferation and restore normoglycemia. 
Therefore, neuron-islet interactions can also offer an oppor-
tunity to improve islet function after transplantation [128], 
however, more investigation is needed to define the exact 
influence of stellate and NC cells in islet co-transplantation.

Employing pluripotent stem cell technology 
to generate pancreatic cell types: 
achievements and challenges

The unique properties of PSCs make them a good candidate 
for large-scale production of different pancreatic cell types 
including islet-like cells and to generate pancreatic orga-
noids for further co-culture studies and development simula-
tion. Through mimicking pancreatic development cues, out-
standing works from different research groups was applied to 
generate stem cell-derived β-cells (SC-β cells). These efforts 
were pioneered by scientists who generated PSC-derived 
definitive endoderm [129] which was subsequently further 
advanced towards  PDX1+ pancreatic progenitors [130–132]. 
The insulin-positive cells which were developed from these 
cells, were polyhormonal, their insulin secretion was limited, 
and needed several months’ maturation after transplantation 
to observe their functionality and glucose responsiveness 
[4, 133, 134]. However, a breakthrough occurred by the 
generation of SC-β cells which were capable of secreting 
insulin in response to in-vitro glucose stimulation [5, 135] 
and also were able to cure moderate DM after transplanta-
tion into mice model. The monohormonal state observed 
in these protocols, was due to stimulating the sequential 
expression of NKX6-1 marker in  PDX1+ pancreatic progeni-
tors prior to the endocrine marker NGN3 expression [136, 
137]. However, SC-β cells lacked several characteristics of 
mature β-cells’ such as lower overall insulin secretion and a 
dynamic glucose stimulation in response to insulin secretion 
(reviewed in [1, 3]).

Since then, different studies have attempted to improve 
the subsequent differentiation protocols, as well as prolif-
eration and enrichment of monohormonal cells to generate 
functional and mature SC-β cells through various meth-
ods such as co-culture with mesenchymal cells or ECs 
[138, 139], mitogenic signal addition (e.g., EGF) [140], 

endocrine cell clustering [141], specific cell-surface mark-
ers identification for isolation and further differentiation 
of endocrine progenitors (e.g., GP2) [142], application of 
metabolic stimuli [143], limitation of focal adhesion kinase 
(FAK)-dependent activation [144], targeting and depo-
lymerizing the cytoskeleton with latrunculin A [145], and 
enriching β-cells and eliminating tumorigenic by engineered 
PSCs with suicide genes to prevent or ablate hESC-derived 
tumors and select hESC-derived pancreatic β-cells in-vitro 
and in-vivo [146]. It must be mentioned that the stem cell 
fate, including quiescence, proliferation or differentiation is 
influenced by scaffold design properties [147]. The scaffold 
chemical composition, physical cues (i.e., geometry, surface 
topography, and degradability), and mechanical properties 
(i.e., bulk stiffness and stress relaxation) could be used to 
direct stem cell fate [148].

The first clinical trial with ESC-derived pancreatic 
progenitor cells (PEC-01) were conducted in 2014 [149]. 
Since there are no specific anatomical limitations for insu-
lin injection, endocrine precursor or SC-β cells are usually 
transplanted to an environment other than the pancreas 
such as subcutaneous or intraperitoneal cavity. In addi-
tion to selecting the right transplant site, there are differing 
opinions regarding the dosage or number of cells needed to 
achieve better metabolic control [150]. Another challenge is 
to ensure adequate blood circulation and prevent or reduce 
immune rejection reactions in the host body. To prevent 
graft rejection and autoimmune damages, strategies such as 
enclosing cells in immunoprotective capsules, implanting 
cells in scaffolds or semi-permeable macro or micro physi-
cal barriers, biocompatible tools usage with angiogenic and 
immune system protection properties, and genetic manipu-
lation of desired cells are examples of proposed solutions 
[149, 150]. A flat structure (VC-01) for macro-encapsulation 
of PEC-01 was developed that was transplanted subcutane-
ously. VC-01 consisted of a semi-permeable membrane that 
allowed molecules to be exchanged while preventing the 
transplanted cells from coming into contact with the recep-
tor cells. While this clinical trial was stopped early due to 
a reaction to the implanted capsule and loss of transplant 
function, a new device (VC-02) was designed to allow blood 
vessels to enter the grafted structure for angiogenesis. Unlike 
the previous structure, VC-02 did not protect the recipient’s 
immune system and, therefore, required the use of immuno-
suppressive drugs. Preliminary results of the phase I clinical 
trial indicate successful transplantation and observation of 
insulin-secreting cells as well as increased levels of C-pep-
tide in these transplants up to one year [151, 152].

PSC- and iPSC-mediated gene editing technology also 
can be conducted for eliminating tumorigenesis [146], 
resistance to immune rejection, and mutation corrections in 
patients with monogenic diabetes [2, 153]. CRISPR/Cas9 
correction of Akita insulin gene mutation in patients derived 
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iPSCs and differentiating them to β-like cells showed that 
corrected β-like cells had higher levels of insulin secretion 
compared to INS-mutant groups [2]. It has been reported 
that R(B22)E yields a bioactive insulin and R(B22)Q, causes 
Mutant INS-gene induced Diabetes of Youth (MIDY). When 
a CRISPR/Cas9-mediated was knocked into the Ins2 locus 
of proinsulin-R(B22)E, none of the heterozygous mice were 
diabetic. However, heterozygous male mice developed glu-
cose intolerance and diabetes after exposure to a high-fat 
diet [153]. It has been revealed that pancreatic islet cells 
produced from iPSC in patients with T1DM do not differ 
significantly from non-diabetics in terms of expression of 
adult β-cell markers and response to the glucose challenge 
test [154, 155]. Therefore, successful production of iPSC 
from DM patient’s somatic cells has made it possible to 
study individual-based mechanisms and treatment methods 
through disease modeling and drug testing [156, 157].

Multi‑cell type pancreatic organoids: 3D 
recapitulation

3D co-culture of embryonic murine E10.5 pancreatic pro-
genitors and native mesenchyme create pancreatoids (an 
organotypic 3D pancreas culture) expressing markers of 
all the three pancreatic lineages. Pancreatoids expressed a 
higher number of insulin-positive and endocrine-like cells 
in comparison with 3D epithelium cultures without native 
mesenchyme. The native mesenchyme, rather than provid-
ing structural support, is essential to provide signals to the 
epithelium for differentiation instructions [109]. Pancreatic 
condensates were also created via BM-MSCs in a self-con-
densation culture system. Dissociated murine β-cells, iso-
lated adult mouse/human islets or hiPSC-derived pancreatic 
tissues when co-cultured with ECs and MSCs, produced a 
dynamic condensate formation. These self-organized organ-
like structures developed into large, mechanically stable, 3D 

tissues and when transplanted into T1DM mouse, resulted in 
rapid reperfusion, stimulated successful β-cell engraftment 
and effectively normalized blood glucose [158, 159]. Moreo-
ver, generation of pancreatic organoids from PSC-derived-
ECs, -MSCs, and -PPs provided a pancreatic micro-tissue 
which enhanced β-cell maturation and vascularization after 
transplantation. The transplants developed islet-like struc-
tures with functional microvascular networks [138]. In a 
recent study, the effect of hESC-pancreatic progenitor’s co-
cultivation with human fetal pancreatic-derived mesenchy-
mal cells, sandwiched within two layers of Matrigel, were 
studied. The spheroids generated after 14 days of co-culture, 
had higher expression of NGN3 and INSULIN compared to 
hESC-pancreatic progenitors co-culture with BM-MSCs, 
showing an inductive impact of native mesenchyme on 
hESC-pancreatic progenitors further differentiation [139].

Therefore, pancreatic 3D co-cultures and organoids offer 
useful tools for developmental studies, disease modeling, 
drug testing, small molecule screening, and β-cell regen-
eration. They also provide evidence for mimicking in-vivo 
developmental processes for ESC-derived β-like cell differ-
entiation [109, 138, 159]. Over the last decade, variety of 
pancreatic cancers including pancreatoblastoma, acinar cell 
carcinoma, cystic and mucosal cancer, PDAC, insulinoma, 
and tumors of other endocrine cells, as well as cystic fibrosis 
(CF) have been modeled in the lab [160, 161]. To produce 
pancreatic organoids with the CF transmembrane conduct-
ance regulator (CFTR) gene mutation, iPSCs derived from 
CF patients were differentiated into the pancreatic progeni-
tors. These organoids showed the function of the duct and 
acinar cells and used to investigate the effect of gene muta-
tions and new drugs on the structure and function of CFTR 
protein [162]. PDAC is characterized by a desmoplastic 
reaction that results in the formation of dense stroma and 
fibrosis. The co-culture of PDAC organoids with pancreatic 
stellate cells reconstructed the PDAC desmoplastic response 
by converting pancreatic stellate cells from dormant to active 

Table 4  Main challenges in 
understanding the effect of 
pancreatic non-epithelial cells 
on pancreatic development

 +  gained knowledge; – lack of knowledge; ±: not completely understood
N-Epi non- epithelium, pEpi pancreatic epithelium, pIsl pancreatic islets

Challenges/lack of knowledge Endothelial 
cells

Mesenchy-
mal cells

Neural 
crest cells

Pericytes

Transcriptome/protein expression during development – + – ±
Heterogeneity in population ± + – –
Similarity of transcriptome with common sources of the 

same N-Epi
± ± – –

Cell ratio /density during development ± ± – –
Arrival time point of N-Epi cells in pancreatic tissue + + + ±
Signaling crosstalk with pEpi in early development + + ± ±
Signaling crosstalk with pIsl + + ± ±
3D cell–cell interaction with pEpi + +  + ±
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stroma-producing fibroblasts [163]. Co-culture of PDAC 
organoids and cancer-related fibroblasts can be used as a 
screening system for drug detection [164]. New organoid 
models make it possible to co-culture or simultaneously dif-
ferentiate epithelial and mesenchymal components to model 
inflammatory diseases [165].

Bottlenecks in pancreatic 3D recapitulation To produce 
pancreatic/islet micro-tissues which are functionally more 
similar to the original organs, the knowledge gap on differ-
ent unknown aspects of N-Epi cells contribution in human 
pancreas development should be reduced. Table 4 shows a 
summary of some of these known and unknown aspects. 
Although transcriptome and protein expression profile of 
pancreatic mesenchyme, their population heterogeneity 
during development and transcriptome similarity with their 
common sources are known to a large extent, little informa-
tion is available for these aspects in other N-Epi cells. The 
cell ratio and density of each N-Epi cells during develop-
ment must also be clarified. Information on arrival time of 
each N-Epi cells into pancreatic bud and cell ratios during 
development could be helpful to define the proper time point 
and densities for setting up the co-culture systems in-vitro. 
In addition, signaling crosstalks of pancreatic NC cells and 
pericytes with pancreatic epithelium and islets is still unclear 
which could be helpful to increase the efficiency of fate spe-
cific differentiation throughout 3D micro-tissues. Single-cell 
RNA techniques and genome-wide mRNA expression pro-
filing on different pancreatic compartments have identified 
cell-surface markers, new specific cluster markers [66], and 
well described regulatory genes that are not yet function-
ally annotated in pancreas development which could be used 
for cell-specific sorting, different cell clustering and genetic 
manipulation in future studies [166]. Genetic analytical 
studies have helped building synthetic cellular networks to 
improve our understanding about the basic principles of bio-
logical behaviors of multicellular structures and better pro-
gram self-organizing multicellular structures in-vitro [167].

Bioengineering approaches to recapitulate 
pancreatic cell–cell interactions in vitro

 The cell patterns during development are influenced by 
microenvironment factors including soluble factors (i.e., 
small molecules, cytokines, and growth factors), ECM 
properties, cell–cell interactions, and mechanical forces. 
Cell–cell interactions are of particular importance for forma-
tion of multicellular structures. Various approaches have the 
potential to engineer cell–cell interactions in development 
of pancreatic organoids, including ECM design, vascular 
engineering, manipulation of signaling molecules on the 
cell-surface via genetic manipulation, bioprinting methods, 

application of remote forces, and microfluidics cell encap-
sulation (Fig. 2) [168, 169].

Engineered ECM components 3D multicellular constructs 
have been designed for co-cultivation or co-encapsulation 
of pancreatic epithelium cells with mesenchymal cells/
endothelial cells, on polymeric or biomaterial substrates 
such as poly ethylene glycol (PEG) [170], Amikagel [99], 
fibrin [96], laminin [171], collagen [59], and matrigel [45] 
hydrogels. Co-encapsulations in hydrogel at defined ratios of 
different cell types, can facilitate the control over the proper 
level of each signal created by each cell in the co-culture 
system [172]. It was demonstrated that when epithelial cells 
and mesenchymal cells are placed adjacent to each other 
in collagen gel, the permissive 3D ECM provides a milieu 
for recapitulating cell–cell interactions. The use of defined 
synthetic matrices which can be temporary variable and cell-
responsive, instead of poorly controllable and ill-defined 
matrices, can also improve mimicry [169]. As the N-Epi 
cells such as ECs and mesenchymal cells have time-sensitive 
interactions on epithelial cells during development, degrada-
ble two-tier hydrogel constructs may be useful for achieving 
proper cell interactions between cells [173]. Tunable and 
adjustable synthetic biomaterial can also be engineered to 
mimic heterotypic and homotypic cell–cell contacts and 
direct morphogenesis and differentiation [168]. Nanopat-
terned dishes have been used as a new topographical tech-
nology for co-culturing mesenchymal cells and epithelial 
cells and their cells growth rate are regulated by Nanopore 
substrates [174].

Bioengineered cell surface One of the possible 
approaches for in-vitro production of complex cellular struc-
tures with engineered cell–cell interactions is manipulation 
of synthetic cellular networks. Genetic studies revealed 
molecular mechanisms of cell–cell communication path-
ways, this opens new opportunities for directing cellular 
organization by programing cell interactions [167]. For 
instance, the engineering cell-surface signal of Notch as a 
cell adhesion molecule with genetic engineering recapitulate 
the developmental pathways in molecular scale and induced 
customized self-organizing similar to embryo development. 
Engineering of cell behavior in molecular scale may com-
pensate limitation of in-vitro organization for formation of 
organoids such as pancreas which is induced by complex 
cell–cell interactions. Although molecular engineering is 
known as a biomimicking method, the techniques of molecu-
lar design and genetic engineering for obtaining a demanded 
structure are complex and time-consuming [167].

Microfluidic-induced structures Microfluidic technology 
involves engineered manipulation of fluids in the channels 
of micro- and nano-scale. Fluids show different behavior in 
micro-scale devices in comparison to traditional flow. The 
laminar flow in micro-scale allows mimicking the spati-
otemporal profile of soluble factors in embryo development 
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and tissue hemostasis [172, 175]. In addition, droplet-based 
microfluidics can also be used to encapsulate different cell 
types in a defined pattern of a multicellular structure of 
interest. Microfluidic encapsulation methods can produce 
a uniform size and shape of pancreatic organoids and help 
quick cell aggregation and differentiation of the desired cells 
[176]. The microfluidic systems also enable controllable 
cellular patterning and initial geometries of different cell 
types in a combinational cell co-culture [175]. In addition to 
microfluidic-based cell encapsulation, micro-patterned sur-
faces could induce the forced assembly of heterotypic cell 
constructs. In this approach without using a scaffold, arrays 
of a microwell with different shapes of concave and cylindri-
cal (e.g., with 400 μm diameter) enables the production of 
large numbers of spheroids with controlled size and cell den-
sity. This technique has been used for the reaggregation of 
single β-cells and other islet cells [177]. These engineering 

methods have benefits compared to hanging drop due to the 
fast process and uniformity of aggregate size [177].

Use of 3D-printed cells to form organized structures Cell 
printing methods are an exciting new way to produce a com-
plex cell structure within a biomaterial [178]. Bioprinting 
has been applied as a tool to engineer multicellular struc-
tures with different methods including inkjet (with a resolu-
tion of 50 µm), micro-extrusion (with a resolution of 5 µm to 
millimeters), and laser-assisted printing (micro-scale resolu-
tion) [179]. Current approaches in bioprinting are focused on 
development of new methods for bioprinting at the single-
cell scale with high cell viability. Moreover, complex mul-
ticellular structures can be formed through application of 
remote forces such as acoustic streams [180] and magnetic 
fields [181]. The printing and remote force methods may 
pave the way for production of complex structure of β-cells 
and N-Epi cells with defined architecture and geometry. 
Bioprinting is an automated method for the construction of 

Fig. 2  Feasible and conceivable bioengineering approaches for for-
mation of functional multicellular pancreatic organoids. Different 
bioengineering approaches used to mimic mature β-cells in pIsl. A 
Engineered ECM: different approaches in ECM engineering for co-
cultivation of Epi and Np-Epi cells including Amikagel, collagen 
and encapsulation in hydrogel. ECM components provide a milieu to 
recapitulate cell–cell interactions. B 3D printed cells: using 3D bio-
printing approach to produce complex structures of β-cells and N-Epi 
cells with defined architecture and geometry. Using bioprinting tech-
nology a combination of proper bio-ink and pancreatic cells can be 
printed into a layered micro-tissue. C Engineered vascularization: 

hydrogel fibers and micro-patterned membranes before implanta-
tion for generating multicellular organoids and performing cell–cell 
interactions and vascularization. Hydrogel fibers loaded with epithe-
lial cells, mesenchymal cells or ECs facilitating cell–cell interactions 
along the fiber and final assembly of a 3D tissue construct. D Micro-
fluidic-induced structures: cell sorting and microfluidic devices for 
uniform multicellular organoid formation in large-scale. The micro-
fluidic platform enables controllable cellular patterning and initial 
geometries of different pancreatic cell types in a combinational co-
culture droplet system.



7125Recapitulating pancreatic cell–cell interactions through bioengineering approaches: the…

1 3

3D solid tissue and organs. One of the major challenges of 
this method is the limitation of printable biomaterials with 
suitable gel time and mechanical properties. Moreover, bio-
printing needs to increase the resolution for small features 
and enhance the processing speed for large structures [182].

Application of remote forces Remote fields have recently 
been used for the construction of 2D or 3D complex tis-
sue structures by application of external forces to levitated 
cells without the need for ECM materials [183]. In this 
high-throughput approach, a multicellular organization can 
be guided using remote forces such as acoustic streaming, 
magnetic fields, and optical tweezers. In acoustic levitation, 
physiologically relevant structures have been generated in a 
form of multilayered sheets with a precise number and size 
of layers [184] or aggregates with a packing density simi-
lar to the native organ [185]. Another approach for remote 
manipulation of a cell population is using optical tweezers 
tailoring precise 3D position in single-cell scale [186]. Mag-
netic forces have been widely used for levitation and cellular 
assembly of complex structures. By manipulation of mag-
netic field patterns, multicellular structures such as spheres 
and rings could be formed with defined dimensions [187]. 
Using a magnetic field, the pseudo-islet structure of human 
β-cells/HUVECs in core–shell aggregates has been formed. 
In addition to higher stability of the formed spheroids, pre-
cise determination of spatial distribution of HUVECs in 
pseudo-islets promotes β-cell functionality and develops 
pre-vascularized transplantable islet-like structures [102].

Engineered vascularization Various engineering 
approaches are used to promote vascularization including 
engineering physical properties of ECM such as porosity, 
pore geometry, pore size [188], and stiffness [189]. Other 
methods include the manipulation of ECM chemical prop-
erties such as adhesion domains, crosslinking type [190], 
and density [191]; moreover, designing controlled delivery 
systems including micro/nanoparticles [192] and scaffold-
based encapsulation [193] for delivery of growth factors, 
small molecules, and microRNAs [194]. Here, we further 
focus on engineering of the “cell–cell interactions” as a tool 
for enhancement of vascularization process. The processes 
conducted for multicellular formation are based on mixing 
different desired single cells for expected self-organization 
[159, 195]. However, some cell components may not show 
this preferred feature during the process. Bioengineering 
strategies can be applied for pancreatic organoid vasculari-
zation and desired cell interaction or condensation. Different 
studies developed substrates such as Star-PEG-heparin and 
hyaluronic acid hydrogels, to mimic EC morphogenesis for 
vascularization [173, 196]. Some studies also used fibrin-
based hydrogels to support vascularization [197] or fibro-
blast-populated collagen matrix to increase islet viability 
in-vitro [198]. Cell-laden hydrogel fibers, as bio-structural 
units comprising of parallel, adjacent compartments, are 

each loaded with epithelial cells, mesenchymal cells or ECs 
and assembled in a 3D tissue construct. These multi-com-
partment fibers would facilitate cell–cell interactions along 
the fiber, leading to pancreatic vascularization in organoid-
like structures [199] or numerous individual condensed pan-
creatic organoids [200]. Recently, a functional microvascular 
network with polyethersulfone/polyvinylpyrrolidone (PES/
PBP) porous membrane was developed and combined with 
BM-MSCs. This micro-patterned membrane can be used to 
pre-vascularize the pancreatic organoids before transplanta-
tion [201, 202].

Conclusion

In this review, we discussed the importance and role of pN-
Epi cells in proper pancreatic development and their effect 
on pancreatic epithelium. However, there are still remarkable 
gaps in our knowledge of the actual influence of N-Epi cells 
in human pancreas development. Human PSC technology 
and pancreatic multicellular organoids can be considered as 
a tool to provide information for developmental studies, dis-
ease modeling, drug testing, and small molecule screening 
for β-cell regenerative studies. Although our knowledge of 
pancreatic development is slowly evolving, another issue is 
how to translate this knowledge to produce more functional 
organoid structures in-vitro. Developing novel engineering 
platforms which help developmental biologists to generate 
engineered organoids would be a possible future solution. 
Bioengineering approaches such as ECM components, 
microfluidic-induced structures, engineered vasculariza-
tion, and 3D-printed cells can help to recapitulate important 
aspects of self-organization and organoid formation.
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