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Diabetes develops due to deficient functional (3 cell mass, insulin resistance, or both. Yet, various challenges in
understanding the mechanisms underlying diabetes development in vivo remain to be overcome owing to the
lack of appropriate intravital imaging technologies. To meet these challenges, we have exploited the anterior
chamber of the eye (ACE) as a novel imaging site to understand diabetes basics and clinics in vivo. We have de-
veloped a technology platform transplanting pancreatic islets into the ACE where they later on can be imaged
non-invasively for long time. It turns out that the ACE serves as an optimal imaging site and provides implanted
islets with an oxygen-rich milieu and an immune-privileged niche where they undergo optimal engraftment,
rich vascularization and dense innervation, preserve organotypic features and live with satisfactory viability
and functionality. The ACE technology has led to a series of significant observations. It enables in vivo microscopy
of islet cytoarchitecture, function and viability in the physiological context and intravital imaging of a variety of
pathological events such as autoimmune insulitis, defects in {3 cell function and mass and insulin resistance dur-
ing diabetes development in a real-time manner. Furthermore, application of the ACE technology in humanized
mice and non-human primates verifies translational and clinical values of the technology. In this article, we de-
scribe the ACE technology in detail, review accumulated knowledge gained by means of the ACE technology and

delineate prospective avenues for the ACE technology.
© 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Diabetes is a heterogeneous disease characterized by hyperglycemia
and caused by functional 3 cell mass deficiency, insulin resistance or
both (American Diabetes Association, 2014; Danaei et al.,, 2011;
DiMeglio, Evans-Molina, & Oram, 2018; Inzucchi, 2012; Katsarou et al.,
2017). This heterogeneous disease involves multiple etiological factors
and complex molecular and cellular pathogenesis, undergoes sophisti-
cated dynamic progression and responds to different medications incon-
sistently (American Diabetes Association, 2014; Danaei et al., 2011;
DiMeglio et al., 2018; Inzucchi, 2012; Katsarou et al., 2017; Nathan,
2015; Tahrani, Barnett, & Bailey, 2016; Tauschmann & Hovorka, 2018).
Diabetes is mainly classified into type 1 and type 2 diabetes (T1D and
T2D) (American Diabetes Association, 2014; Danaei et al, 2011;
DiMeglio et al., 2018; Inzucchi, 2012; Katsarou et al., 2017; Nathan,
2015). T1D makes up about 5-10% of diagnosed cases of diabetes. It re-
sults from a T-cell mediated autoimmune attack on 3 cells as evidenced
by the presence of an inflammatory infiltrate in the islets and a strong
linkage with certain alleles of the major histocompatibility complex
(MHC) class II genes. This T cell-mediated autoimmune disease is also
imprinted with autoantibodies that react with islet cell autoantigens.
Complex autoimmune events progressively drive autoimmune insulitis
characterized by 3 cell destruction, eventually leading to the absolute
loss of 3 cells and hyperglycemia onset (DiMeglio et al.,, 2018; Katsarou
et al., 2017; Kopan et al., 2018; Pugliese, 2017). T2D accounts for about
90-95% of diagnosed cases of diabetes (American Diabetes Association,
2014; Danaei et al., 2011; Inzucchi, 2012; Nathan, 2015). The whole pic-
ture of T2D becomes more and more complex (American Diabetes
Association, 2014; Danaei et al., 2011; Inzucchi, 2012; Nathan, 2015).
Nevertheless, T2D can succinctly been deemed as a chronic hyperglyce-
mic state caused by insulin resistance and/or inadequate functional 3
cell mass (American Diabetes Association, 2014; Danaei et al., 2011;
Inzucchi, 2012; Nathan, 2015). Actually, T2D is a systemic degenerative
disease that affects numerous organs and tissues and even the entire
body and is also termed a lifestyle disease since adverse lifestyles act as
a key driver of T2D on top of unhealthy inherited traits (Cornelis & Hu,
2012; Kligler, 2004). However, a variety of questions about diabetes re-
main to be solved owing to the lack of appropriate in vivo studies
and the fact that in vitro findings cannot simply be extrapolated to in
vivo situations (Halban et al., 2014; Katsarou et al., 2017; Leibiger,
Caicedo, & Berggren, 2012; Rhodes, 2005; Weigert, Sramkova, Parente,
Amornphimoltham, & Masedunskas, 2010). Among these questions, the
in vivo dynamics of (3 cell architecture, function and viability concomitant
with diabetes progression have since long been the most important and
challenging (Halban et al., 2014; Rhodes, 2005). To meet this challenge,
it is important to find ways to implement non-invasive, longitudinal ex-
periments on pancreatic islets in live animals and humans at high-
resolution.

The body's tissues/organs including islets behave differently in vivo
versus in vitro (Barker, Leibiger, & Berggren, 2013; Leibiger &
Berggren, 2017; Weigert et al., 2010). However, in vivo and in situ visu-
alization of islets is not practical with non-invasive optical approaches
since the islets are deeply embedded in the pancreas and covered by
the opaque exocrine pancreas, other tissues and organs as well as the
abdominal wall. This obstacle has complicated our understanding of
the dynamic cytoarchitecture, function and viability of islets in vivo
since the discovery of this micro-organ by Paul Langerhans in 1869
(Langerhans, 1869; Ramirez-Dominguez, 2016). Available knowledge
shows that the anterior chamber of the eye (ACE) is the only optically
accessible site in the body and equipped with the most suitable islet
habitat iris where there are rich vasculature and autonomic nerve end-
ings as well as an oxygen-rich milieu and an immune-privileged niche
(Fig. 1) (Cunha-Vaz, 1979; Freddo, 1996; Hayreh & Scott, 1978;
McDougal & Gamlin, 2015; Meek, 2009; Meek & Knupp, 2015;
Sharifipour, Idani, Zamani, Helmi, & Cheraghian, 2013; Streilein,
Wilbanks, Taylor, & Cousins, 1992; Zhou & Caspi, 2010). After careful

consideration of the optical and biological features of the ACE, we
have decided to take advantage of the ACE to establish a unique in
vivo approach by combining intraocular islet transplantation and confo-
cal/multiphoton microscopy, herein termed the ACE technology (Fig. 2)
(Speier et al., 2008; Speier et al., 2008). We have succeeded in develop-
ing the nearly non-invasive technique for transplanting islets into the
ACE and the ACE-based imaging technique for visualizing intraocular is-
lets under healthy and diabetic conditions in a non-invasive, longitudi-
nal and in vivo real-time manner (Abdulreda et al., 2011; Abdulreda &
Berggren, 2013; Abdulreda, Caicedo, & Berggren, 2013; Abdulreda,
Rodriguez-Diaz, Caicedo, & Berggren, 2016; Ali et al., 2016; Almaca
et al., 2014; Avall et al., 2015; Diez et al., 2017; Faleo, Berggren, &
Pileggi, 2014; llegems et al., 2013; Illegems et al., 2015; Johansson
et al,, 2015; Juntti-Berggren, Ali, & Berggren, 2015; Lee et al., 2018;
Leibiger et al., 2012; Leibiger & Berggren, 2017; Leibiger, Brismar, &
Berggren, 2010; Miska et al.,, 2014; Nyqvist et al., 2011; Paschen et al.,
2016; Paschen et al., 2018; Perez et al., 2011; Rodriguez-Diaz et al.,
2012; Rodriguez-Diaz et al., 2018; Schmidt-Christensen et al., 2013;
Shalaly et al., 2016; Speier, Nyqvist, Cabrera, et al., 2008; Speier,
Nyqvist, Kohler, et al., 2008; van Krieken et al., 2017). We and others
have tackled a series of issues in the diabetes arena by employing the
ACE technology (Fig. 2) (Abdulreda et al., 2011; Abdulreda et al.,
2016; Almaca et al., 2014; Avall et al., 2015; Berclaz et al., 2016; Chen
et al,, 2016; Chmelova et al., 2015; Faleo et al., 2014; Juntti-Berggren
et al,, 2015; Lee et al., 2018; Miska et al., 2014; Mojibian et al., 2013;
Paschen et al., 2016; Paschen et al., 2018; Perez et al., 2011; Schmidt-
Christensen et al,, 2013; van Krieken et al., 2017).

In this article, we discuss the methodological details, merits and pit-
falls of the ACE technology, review accumulated knowledge on islet bi-
ology and diabetes by using this technology and address the future
directions of this technology.

2. The ACE technology

The ACE technology comprises two parts, namely transplantation of
islets into the ACE and imaging of islets engrafted in the ACE (Speier,
Nyquvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al., 2008).
Their methodological details, merits and pitfalls are discussed in this
section (Figs. 2 and 3).

2.1. Technique for transplanting islets into the ACE

The technique for transplanting islets into the ACE mainly involves
choosing donor-recipient pairs, determining the number of transplanted
islets and implementing transplantation of islets into the ACE as detailed
below (Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al.,
2008).

2.1.1. Donor-recipient pairs in islet transplantation into the ACE

Our group has carried out transplantation of islets into the ACE of
various animals including mice, rats, non-human primates and is under-
taking clinical trials in humans (Berggren et al., unpublished data)
(Abdulreda et al., 2011; Abdulreda et al., 2013; Abdulreda et al., 2016;
Abdulreda & Berggren, 2013; Almaca et al.,, 2014; Avall et al., 2015;
Diez et al., 2017; Faleo et al., 2014; llegems et al., 2013; Ilegems et al.,
2015; Johansson et al., 2015; Juntti-Berggren et al., 2015; Lee et al.,
2018; Leibiger et al., 2010; Leibiger et al., 2012; Leibiger & Berggren,
2017; Miska et al., 2014; Nyqvist et al., 2011; Paschen et al., 2016;
Paschen et al., 2018; Perez et al., 2011; Rodriguez-Diaz et al., 2012;
Rodriguez-Diaz et al., 2018; Schmidt-Christensen et al., 2013; Shalaly
et al,, 2016; Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist,
Kohler, et al.,, 2008; van Krieken et al., 2017). We have used autologous,
syngeneic, allogeneic and xenogeneic donor-recipient pairs in our re-
search. Autologous islets have been implanted into the ACE of monkeys
(Diez et al.,, 2017). These autologous islets survive well without
experiencing immune rejection (Diez et al., 2017). Virtually, our group
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Fig. 1. Schematic representation of the anterior chamber of the eye (ACE). The ACE is endowed with the transparent front “window” cornea, highly vascularized and innervated iris as well
as an oxygen-rich milieu and an immune-privileged niche. (A) The 3/4 view of the eyeball. (B) The 1/2 sagital view of the eyeball.

mostly uses syngeneic mouse models in our research (Ilegems et al.,
2013; Ilegems et al., 2015; Johansson et al., 2015; Lee et al., 2018;
Leibiger et al., 2012; Leibiger & Berggren, 2017; Nyqvist et al., 2011;
Paschen et al., 2016; Paschen et al., 2018; Rodriguez-Diaz et al., 2012;
Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al.,
2008; van Krieken et al., 2017). This transplantation setting allows
islet grafts to be satisfactorily viable and to suffer from little immune re-
jection. It has helped us and others accumulate substantial new knowl-
edge on islet biology and diabetes (Chen et al., 2016; Chmelova et al.,
2015; llegems et al., 2013; llegems et al., 2015; Johansson et al., 2015;
Lee et al.,, 2018; Leibiger et al., 2012; Leibiger & Berggren, 2017;
Mojibian et al., 2013; Nyqvist et al., 2011; Paschen et al., 2016;

Paschen et al., 2018; Rodriguez-Diaz et al., 2012; Speier, Nyqvist,
Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al., 2008; van Krieken
et al.,, 2017). Allogeneic islet transplantation into the mouse ACE has
been conducted for longitudinally visualizing dynamic behavior of im-
mune cells and {3 cells in transplanted mouse islets at cellular levels dur-
ing allorejection (Abdulreda et al., 2011). Of note, for therapeutic
transplantation in humans, nearly all cases belong to the allogeneic set-
ting (Marzorati, Pileggi, & Ricordi, 2007; Shapiro et al., 2000; Shapiro
et al., 2006; Shapiro, Pokrywczynska, & Ricordi, 2017). In fact, the xeno-
geneic transplantation setting is really useful especially for human islet
research (Abdulreda et al., 2016). This transplantation setting offers
great feasibility to study human islets in vivo without violating ethical
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Fig. 2. A scheme illustrating the practical procedures of the ACE technology. Typically, they include the folowing four steps. (A) Isolation of islets from the pancreas. (B) Genetic labeling of
islets with biomarkers or biosensors. (C) Transplantation of islets into the ACE either in the imaging or reporter mode (left panel) or in the glycocontrol or metabolic mode (right panel). A
stereomicroscopic photograph showing 5 B6 mouse islets implanted into the B6 mouse ACE (middle pannel). Calbriation bar = 500 um. (D) Confocal/multiphoton microscopy of islets. A
sample confocal image (left insert) showing a MIP-GFP islet engrafted on the MIP-GFP mouse ACE. Calibration bar = 20 pm. The ACE technology consists of two parts, namely the non-
invasive technique for transplanting islets into the ACE including the first three steps and the ACE-based imaging technique of intraocular islets constituted by the last step.

standards. Surprisingly, the implanted human islets not only display
satisfactory survival but also possess a sufficient ability to restore the
normoglycemia in the recipient humanized mice rendered diabetic by
streptozotocin (STZ) treatment (Abdulreda et al., 2016).

2.1.2. Methodological details of islet transplantation into the ACE
Transplantation of islets or other tissues/organs into the ACE in-
cludes the following steps (Fig. 2). The first step is to isolate and prepare
islets or other tissues/organs to be transplanted (Fig. 2A) (Abdulreda
et al., 2013; Kistler et al., 2014; Speier, Nyqvist, Cabrera, et al., 2008;

Speier, Nyqvist, Kohler, et al., 2008). Currently, we focus on the islet as
a microorgan. Generally, isolated islets without being trimmed or
chopped are ready for transplantation since they are the suitable size
to fit into the islet delivering glass micropipette. Usually, however,
other types of naturally existing tissues/organs cannot be directly
transplanted (Kistler et al., 2014). They have to be chopped and
trimmed into pieces in a suitable size (Kistler et al., 2014). Furthermore,
in vitro engineered tissues/organs such as stem cell-derived organoids
including surrogate islets can be designed and produced in a suitable
size for transplantation into the ACE.
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Fig. 3. A scheme depicting the pros and cons of the ACE technology.

Next, the isolated islets and appropriately-prepared tissue/organ
pieces need to be genetically labeled with fluorescent protein bio-
markers or biosensors (Fig. 2B) (Paschen et al., 2016; Paschen et al.,
2018). Although various transgenic (Tg) mice expressing different fluo-
rescent protein biomarkers or biosensors are available, quite a few types
of donor tissues/organs especially isolated from humans need to be
transduced with genetic vectors encoding fluorescent protein bio-
markers or biosensors of interest (Paschen et al., 2016; Paschen et al.,
2018; Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler,
et al., 2008).

Finally, the genetically labeled islets or tissues/organs are
transplanted into the ACE (Fig. 2C) (Kistler et al., 2014; Paschen et al.,
2016; Paschen et al., 2018). They are gently aspirated into an islet-deliv-
ering micropipette, connected by tygon tubing to a threaded plunger sy-
ringe. The tip of the islet-delivering micropipette is beveled and lightly
heat-polished. The final diameter of the micropipette tip opening typi-
cally ranges from 150 to 300 um. Of course, if the size of transplanted tis-
sue/organ pieces cannot be further reduced for some reasons, the tip
opening of the tissue-delivering micropipette can be widen appropri-
ately but not to a large extent. The large corneal hole can hardly be
healed. Upon aspiration of islets into the micropipette, a tiny corneal
hole is made by cautiously inserting the tip of an insulin syringe needle
(29G) through the cornea of recipients normally anesthetized with
isoflurane whose onset, depth, duration and termination are controlla-
ble. Subsequently, the tip of the glass micropipette preloaded with islets
is carefully inserted into the corneal hole. Then immediately, preloaded
islets are slowly injected into the ACE. Finally, the tip of the glass micro-
pipette is cautiously extracted out of the corneal hole. Actually, careful
and skillful transplantation of islets or other tissues/organs into the
ACE can be nearly non-invasive without damaging any blood vessels
(Fig. 2).

Of note, for in vivo microscopic characterization of a few transplants
engrafted in the ACE, the above-described procedures are followed step
by step. If there is no need to perform intravital microscopy of grafts in
the ACE, the second step is not applicable.

2.1.3. Modes of transplantation of islets into the ACE

Generally speaking, we employ the ACE as a unique islet transplan-
tation site aiming to image islet cytoarchitecture, function and viability
and to control glycemic levels in live organisms. To meet these two
aims, we have designed two modes of islet transplantation into the
ACE (Fig. 2C).

First, we implant several to a couple of dozens of islets into the ACE
where they are engrafted separately from each other to image their
morphology and function by high-resolution (Fig. 2C). These sepa-
rately-engrafted islets stay free of mechanical squeezing, physical inter-
action and opaque cover (Speier, Nyqvist, Cabrera, et al., 2008; Speier,
Nyquvist, Kohler, et al., 2008). Therefore, they keep their optical visibility
optimal and their microarchitecture, function and viability more or less

the same as their counterparts in the pancreas of recipients. Further-
more, these intraocular islets change their morphology, function and vi-
ability synchronously with in situ pancreatic islets (Speier, Nyqvist,
Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al., 2008). The structural
and functional images of these transplanted islets faithfully represent or
report the status of their counterparts in the pancreas. For these reasons,
we coined the term “imaging or reporter mode” to describe this trans-
plantation type (Fig. 2C) (Speier, Nyqvist, Cabrera, et al., 2008; Speier,
Nyqvist, Kohler, et al., 2008). For controlling glycemic levels in recipi-
ents, we transplant several dozens to 500 islets into the mouse ACE
and ten-thousand islets into the monkey ACE (Fig. 2C) (Almaca et al.,
2014; Mojibian et al., 2013; Nyqvist et al., 2011; Perez et al., 2011;
Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Speier,
Nyquist, Cabrera, et al., 2008). They squeeze each other aggregating to-
gether in the ACE. The aggregated islets significantly deform without
spherical boundaries and are not suitable for microscopic imaging al-
though their function and viability are intact. However, to our surprise,
the ACE can accommodate sufficient islets to effectively restore
normoglycemia although its space is limited in comparison to other
transplantation sites (Almaca et al,, 2014; Mojibian et al., 2013;
Nyquist et al., 2011; Perez et al., 2011; Rodriguez-Diaz et al., 2012;
Rodriguez-Diaz et al., 2018; Speier, Nyqvist, Cabrera, et al., 2008). It
has been reported that 50 syngeneic islet equivalents (IEQs) engrafted
in the ACE of STZ-induced diabetic C57BL/6 (B6) mice are enough to
produce a significant anti-hyperglycemic activity and to ameliorate sur-
vival of these diabetic mice (Mojibian et al., 2013). However, at least
125-150 syngeneic [EQs suffice to normalize hyperglycemia (Mojibian
etal, 2013; Nyquvist et al,, 2011). This demonstrates that intraocular is-
lets act as a powerful regulator of glucose homeostasis (Almaca et al.,
2014; Mojibian et al., 2013; Nyqvist et al., 2011; Perez et al., 2011;
Rodriguez-Diaz et al.,, 2012; Rodriguez-Diaz et al., 2018; Speier,
Nyqvist, Cabrera, et al., 2008). Therefore, we coined the term
“glycocontrol or metabolic mode” to depict the transplantation type
where a larger number of islets engrafted in the ACE are sufficient to
maintain glucose homeostasis.

2.2. ACE-based imaging technique

We carry out confocal/multiphoton laser scanning microscopy of is-
lets engrafted in the ACE of live recipients in the following order (Fig.
2D) (Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler,
et al,, 2008). First, we anesthetize a recipient animal. Then, the anesthe-
tized recipient is immobilized with a head holder that tilts the eye con-
taining the engrafted islets to a proper orientation for microscopic
imaging. Subsequently, the recipient eyeball is stabilized by using an
eyeball holder. Thereafter, the anesthetized and immobilized recipient
is placed under an upright Leica DMIRBE microscope equipped with a
Leica TCS-SP2 confocal laser-scanner. Finally, the transplanted islets
are illuminated with appropriate laser beams and resultant emissions
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are collected at appropriate wavelengths through an objective lens (Fig.
2D) (Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al.,
2008).

A note of caution needs to be added concerning to anesthetic selec-
tion for different purposes of imaging experiments in the ACE platform.
Some anesthetic agents significantly affect the parameter(s) of interest
and/or have obvious pitfalls that interfere with or even prevent experi-
mental implementation. For example, isoflurane not only impairs glu-
cose-stimulated insulin secretion resulting in hyperglycemia, but also
brings about irregular eyeball/iris movements (Speier, Nyqvist, Kohler,
et al., 2008; Zuurbier, Keijzers, Koeman, Van Wezel, & Hollmann,
2008). Therefore, this anesthetic drug is used for the purpose of imaging
the cytoarchitecture, light scattering, vascularization, innervation of in-
traocular islets in addition to executing transplantation of islets into the
ACE. It is not suitable for monitoring events like [Ca®*; responses to in-
travenous glucose injection and others requiring stable acquisition
(Chen et al., 2016; Speier, Nyqvist, Cabrera, et al., 2008). In fact, a mix-
ture of fluanisone, fentanyl and midazolam has been tested to be satis-
factory for experiments where [Ca?™]; changes in intraocular islets are
imaged following intravenous glucose injection (Chen et al., 2016;
Speier, Nyqvist, Cabrera, et al., 2008).

2.3. Pros and cons of the ACE technology

The ACE technology brings a series of advantages over other imaging
approaches like conventional non-invasive in vivo imaging modalities,
invasive in vivo microscopy and in vitro microscopy (Fig. 3)
(Abdulreda et al., 2013; Koo, Hamilton, & Williamson, 2006; Speier,
Nyquvist, Kohler, et al., 2008; Weigert et al., 2010).

First, this technique is featured with non-invasiveness, which re-
move a great barrier for application of in vivo microscopy (Fig. 3)
(Weigert et al., 2010). Actually, in vivo microscopic imaging could not
be harnessed for two main reasons. On the one hand, only surface tis-
sues/organs in the body such as some parts of the eye and the digestive,
respiratory, urinary and reproductive tracts are accessible to in vivo mi-
croscopy or endoscopy non-invasively (Gastrointestinal Endoscopy
Technology Committee, 2014; Villani et al., 2014). The rest of tissues/or-
gans including pancreatic islets are not because of their anatomical loca-
tions. On the other hand, acute surgical operation causes local physical
and chemical insults such as cutting damage and physical inflammation
as well as systemic traumatic stress. The surgical insults and stress inev-
itably produce unwanted adverse effects on the tissues/organs of inter-
est including pancreatic islets resulting in potential false interpretations
of results. Furthermore, acute surgical operation is not suitable for lon-
gitudinal imaging. We remove the anatomical barrier and avoid the sur-
gical influence by transplanting islets and other tissues/organs into the
ACE equipped with a natural body window (Kistler et al., 2014; Speier,
Nyqvist, Cabrera, et al., 2008). These transplanted islets survive satisfac-
torily on the iris and behave more or less the same way as their counter-
parts in situ in the pancreas (Kistler et al., 2014; Rodriguez-Diaz et al.,
2012; Speier, Nyqvist, Cabrera, et al., 2008). Therefore, the ACE-based
imaging technique has a great advantage allowing repetitive non-inva-
sive in vivo imaging of most, if not all, of the body's tissues/organs in-
cluding islets in the absence of local cutting damage and physical
inflammation as well as systemic traumatic stress (Abdulreda et al.,
2013; Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler,
et al., 2008).

Second, the ACE technology enables transfer of in vitro microscopic
research to in vivo levels (Fig. 3) (Abdulreda et al., 2013; Speier,
Nyqvist, Cabrera, et al.,, 2008; Speier, Nyqvist, Kohler, et al., 2008). The
highly viable and fully functional islets and other tissues/organs
engrafted in the ACE become accessible to microscopy (Abdulreda
et al, 2013; Almaca et al., 2014; Almaca, Weitz, Rodriguez-Diaz,
Pereira, & Caicedo, 2018; Cohrs et al., 2017; Diez et al., 2017; llegems
et al., 2013; llegems et al., 2015; Kemter et al., 2017; Kragl et al., 2016;
Lee et al., 2018; Leibiger et al., 2010; Leibiger et al., 2012; Leibiger &

Berggren, 2017; Mojibian et al.,, 2013; Nyqvist et al., 2011; Perez et al.,
2011; Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Speier,
2011; Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler,
et al,, 2008; van Krieken et al., 2017). Importantly, morphological and
functional profiles detected in vivo reflect true physiological and patho-
logical situations (Abdulreda et al., 2011; Abdulreda et al., 2013;
Abdulreda et al., 2016; Abdulreda & Berggren, 2013; Ali et al., 2016;
Almaca et al,, 2014; Almaca et al., 2018; Avall et al,, 2015; Bader et al,,
2016; Berclaz et al, 2016; Borg et al, 2014; Chen et al,, 2016;
Chmelova et al., 2015; Cohrs et al., 2017; Diez et al., 2017; Faleo et al.,
2014; llegems et al., 2013; Ilegems et al., 2015; Johansson et al., 2015;
Juntti-Berggren et al., 2015; Kemter et al., 2017; Kragl et al., 2016; Lee
et al., 2018; Leibiger et al., 2010; Leibiger et al., 2012; Leibiger &
Berggren, 2017; Miska et al., 2014; Mojibian et al.,, 2013; Nyqvist et al.,
2011; Paschen et al.,, 2016; Paschen et al., 2018; Perez et al., 2011;
Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Schmidt-
Christensen et al., 2013; Shalaly et al., 2016; Speier, 2011; Speier,
Nyquvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al., 2008; van
Krieken et al., 2017). In fact, the majority of previous findings in islet re-
search were obtained from dispersed single islet cells including 3 cells
and isolated islets in the absence of functional nerve endings, vascular
networks and in vivo interstitial fluid. Moreover, these in vitro prepara-
tions also suffer from chemical, enzymatic and mechanical stresses dur-
ing preparation. These harsh circumstances interfere with the cellular
architecture, function and viability of islets. Undoubtedly, caution
should be exercised when using these in vitro findings to explain in
vivo situations (Barker et al., 2013; Leibiger et al., 2012; Weigert et al.,
2010). We need to revisit the knowledge achieved on the basis of in
vitro studies using advanced in vivo approaches such as the ACE
technology.

Third, the ACE technology satisfactorily increases the resolution of
non-invasive in vivo imaging of the body's tissues/organs (Fig. 3). In-
deed, a series of non-invasive in vivo imaging modalities such as biolu-
minescence imaging, computer-assisted tomography, elastography,
magnetic particle imaging, magnetic resonance imaging, positron emis-
sion tomography, photoacoustic imaging and ultrasonography have
been developed and made great contribution to biomedical research
and clinical diagnosis (Abdulreda et al., 2013; Koo et al., 2006; Speier,
Nyqvist, Kohler, et al., 2008; Weigert et al., 2010). Unfortunately, they
are inferior to the ACE-based imaging of cellular architecture, function
and viability because of limitations in resolution (Abdulreda et al.,
2013; Koo et al., 2006; Speier, Nyqvist, Kohler, et al., 2008; Weigert
et al., 2010).

Forth, the ACE technology enables us to run repetitive and longitudi-
nal experiments (Fig. 3) (Abdulreda et al., 2013; Speier, Nyqvist, Kohler,
et al., 2008). Therefore, this approach prevails over invasive in vivo mi-
croscopy and in vitro microscopy (Abdulreda et al., 2013; Speier,
Nyqvist, Kohler, et al., 2008; Weigert et al., 2010). It is well known
that diabetes occurs following the dynamic progression of various path-
ogenic processes, many of which are reversible at their earlier stages
(Taylor, 2013). Therefore, it is important to understand the temporal
pattern of these processes for diabetes therapy, i.e. before 3 cell destruc-
tion and thereby reaching the point of no return.

Fifth, in combination with analysis of systemic metabolic parame-
ters, the ACE-based microimaging technique can serve as a complemen-
tary systems approach to medicine and in particular diabetes by
simultaneously monitoring multiple optical signals, encoding different
morphological and functional parameters of islets engrafted in the
ACE, and systemic metabolic parameters, such as blood glucose, insulin
and C-peptide levels (Fig. 3) (Nielsen, 2017).

Sixth, the ACE technology not only offers non-invasive in vivo imag-
ing platforms, but also a non-invasive in vivo optical manipulation site.
The islets engrafted in the ACE are perfectly accessible to optogenetics,
photorelease approach and photodynamic therapy (Fig. 3) (Kim,
Adhikari, & Deisseroth, 2017; Kwiatkowski et al., 2018; Yang et al.,
1999; Zucker, 2010). This turns the idea of non-invasive manipulation
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of the cellular activity and viability of intraocular islets into reality
through various ways, e.g., optogenetic activation of heterologously-
expressed light-sensing proteins, photorelease of caged Ca®>* and
photoactivation of photosensitizers (Kim et al., 2017; Kwiatkowski
et al., 2018; Yang et al., 1999; Zucker, 2010).

However, the ACE technology not only has merits but also pitfalls.
The technical concerns about any non-invasive in vivo imaging ap-
proach focus on how clearly and deeply it can see. The ACE technology
does not bring into full play the resolution capacity of confocal/multi-
photon microscopy due to the movements of islet grafts caused by res-
piration, heartbeat, pupil constriction and dilation. These movements
can substantially be reduced by adequately immobilizing the head and
eyeball, appropriately adjusting the level of anesthesia and optically or
pharmacologically controlling pupil constriction and dilation (Fig. 3).
By taking these measures, the resolution of the technology can only
reach crude subcellular levels allowing discrimination between the cy-
toplasm and nucleus of relatively small mammalian cells like pancreatic
(3 cells (Fig. 3). The ACE technology cannot as of yet be applied to awake
free-moving animals. The results obtained from anesthetized and re-
strained animals may contain potential pitfalls since anesthesia and
physical restrainment may produce various side effects on imaged islets
and systemic metabolism (Fig. 3) (Zuurbier et al., 2008).

3. Basic knowledge obtained by applying the ACE technology

The ACE technology and its developments have made us and others
accumulate substantial new knowledge on the engraftment, survival,
vascularization, innervation, blood glucose controllability, in vivo dy-
namics of cytosolic free calcium concentration ([Ca®*];) in the B cell
and functional  mass of transplanted islets as well as islet development
(Abdulreda et al.,2013; Ali et al., 2016; Almaca et al,, 2014; Almaca et al,,
2018; Bader et al., 2016; Borg et al., 2014; Chen et al., 2016; Cohrs et al.,
2017; Diez et al., 2017; llegems et al., 2013; llegems et al., 2015; Kemter
et al,, 2017; Kragl et al., 2016; Leibiger et al., 2010; Leibiger et al., 2012;
Leibiger & Berggren, 2017; Mojibian et al., 2013; Nyqvist et al., 2011;
Perez et al., 2011; Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al.,
2018; Speier, 2011; Speier, Nyqvist, Cabrera, et al., 2008; Speier,
Nyqvist, Kohler, et al., 2008).

3.1. The settlement and integration of transplanted islets in the ACE

Islets implanted into the ACE exhibit satisfactory engraftment, rich
vascularization and adequate innervation, demonstrating that they set-
tle down and intimately integrate into the environment of the ACE of
the recipient (Abdulreda et al., 2013; Almaca et al., 2014; Almaca
et al., 2018; Bader et al., 2016; Borg et al., 2014; Cohrs et al., 2017;
Diez et al., 2017; llegems et al., 2013; Ilegems et al., 2015; Kemter
et al., 2017; Kragl et al., 2016; Lee et al., 2018; Leibiger et al., 2010;
Leibiger et al., 2012; Leibiger & Berggren, 2017; Mojibian et al., 2013;
Nyqvist et al., 2011; Perez et al., 2011; Rodriguez-Diaz et al., 2012;
Rodriguez-Diaz et al., 2018; Speier, 2011; Speier, Nyqvist, Cabrera,
et al., 2008; Speier, Nyqvist, Kohler, et al., 2008; van Krieken et al.,
2017).

3.1.1. Engraftment of transplanted islets in the ACE

Transplanted islets readily engraft on the iris where they survive and
keep their cellular composition unaltered (Speier, Nyqvist, Cabrera,
et al., 2008). Although islets can be transplanted into multiple alterna-
tive locations, such as hepatic sinusoids, renal subcapsules, intra-ab-
dominal cavity, omental pouch, gastrointestinal wall, subcutaneous
tissue, skeletal muscle, bone marrow, pancreas, spleen, lung, brain, tes-
tis and thymus, the favorite site is most likely to going be the ACE
(Fiorina, Shapiro, Ricordi, & Secchi, 2008; McCall & Shapiro, 2014;
Pepper, Gala-Lopez, Ziff, & Shapiro, 2013; Shapiro et al., 2000; Shapiro
et al., 2006; Speier, Nyqvist, Cabrera, et al., 2008). Islets rapidly sit on
and attach themselves to the iris a little while after being injected into

the ACE (Speier, Nyqvist, Cabrera, et al., 2008). Thereafter, they gradu-
ally integrate with and fully engraft on the iris within about 4 weeks.
Fully engrafted islets can reside separately or gather into either small
clusters or a macroaggregate, depending on the number and layout of
transplanted islets. The size of the contact interface between an
engrafted islet and recipient iris can vary appreciably. Transplanted is-
lets having smaller or larger contact areas with the iris remain spherical
or become somewhat flatten. No matter how small or large the contact
area is, islets appear to engraft and function equally well. Furthermore,
there is no significant difference in the ratio of 3 cells to o cells between
islets engrafted on the iris and those in the pancreas. Islets engrafted on
the iris do not change their cellular composition (Speier, Nyqvist,
Cabrera, et al., 2008).

3.1.2. Vascularization of transplanted islets in the ACE

The native in situ islet is a highly vascularized microorgan (Jansson
et al,, 2016; Nyman et al., 2008). The intraislet vascular network plays
an important role in maintaining the extracellular milieu of islet cells
through exchange between blood plasma and interstitial fluid
(Jansson et al., 2016). It not only guarantees nutrient supply to and met-
abolic waste removal from islets, but also ensures timely transportation
of hormonal factors like insulin and glucagon to and from islet cells
(Weir & Bonner-Weir, 1990). Therefore, islet vasculature not only
plays an important role in orchestration of the structural integrity and
functional competence of islets, but also systemic metabolism and glu-
cose homeostasis (Jansson et al., 2016; Mazier & Cota, 2017; Weir &
Bonner-Weir, 1990). Furthermore, interactions of vascular endothelial
cells with islet cells and in particular 3 cells are important for islet cell
function (Mazier & Cota, 2017). Undoubtedly, it is of paramount neces-
sity to monitor vascularization of transplanted islets in the ACE and any-
where in the recipient's body.

The ACE technology reveals that some functional blood vessels ap-
pear in islets engrafted on the iris, especially in their regions connected
with the iris, 3 days after transplantation (Speier, Nyqvist, Cabrera, et al.,
2008). Thereafter, these vessels progressively spread in islet grafts
forming appreciable microvascular networks throughout engafted islets
at week 2 posttransplantation. Afterwards, islet vascular density be-
comes greater and greater. It plateaus at week 4 after intraocular islet
transplantation. From then on, intraislet microvascular networks are
typically enriched with densely interweaving, highly tortuous and uni-
formly sized capillaries. On the contrary to their density and distribu-
tion, the diameter of newly formed intraislet vessels shrink from
nearly twice the diameter of a red blood cell at day 3 to about the
same diameter as a single one at day 14 posttransplantation and then
remains constant (Speier, Nyqvist, Cabrera, et al.,, 2008). This indicates
that maturation of newly formed vessels into capillaries occurs in islet
grafts during this period of time (Speier, Nyqvist, Cabrera, et al., 2008).

The transplanted islets intimately integrate themselves with the iris.
The highly vascularized iris of the host provides the foreign islets with
most or even all of endothelial cells for islet revascularization, depend-
ing on whether they carry their own endothelial cells or not (Freddo,
1996; Hayreh & Scott, 1978; Nyquvist et al., 2011). Vascular endothelial
cells remain in freshly isolated islets, but disappear in cultured islets.
Nevertheless, both types of islets are well revascularized to the same ex-
tent over long periods of time due to the dominant contribution of host
endothelial cells. However, the freshly isolated islets display a higher re-
vascularization rate than the cultured islets. To our surprise, the freshly
isolated islets take longer to reverse diabetes than the cultured islets do
when transplanted into the ACE of mice rendered diabetic by STZ injec-
tion (Nyqvist et al., 2011). This means that donor islet's own endothelial
cells participate in islet revascularization on a small scale and are mainly
involved in early revascularization of islet grafts without either elevat-
ing the vascular density or improving the function of islet grafts. Fur-
thermore, transmission electron microscopy reveals that blood vessels
lined with donor and host endothelial cells in islet grafts exhibit a nor-
mal ultrastructure, which is more or less the same as that of islets
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residing in the pancreas and quite homogenous. Ultrastructural exami-
nation cannot discriminate between donor and host endothelial cells.
Vascular endothelial and islet cells are slightly separated by a thin base-
ment membrane. Intraislet capillary walls are composed of thin endo-
thelial cell bodies with fenestrations covered by a diaphragm (Nyqvist
etal, 2011).

3.1.3. Innervation of transplanted islets in the ACE

Immunofluorescence microscopy reveals that adequate sympathetic
and parasympathetic innervations occur in mouse islet engrafted on the
iris (Rodriguez-Diaz et al., 2012). The density of sympathetic and para-
sympathetic terminals in the islet grafts retrieved from the ACE is very
similar to that in islets residing in the pancreas. It appears that reinner-
vation follows after revascularization during islet engraftment on the
iris. Autonomic nerve endings sparsely appear in close proximity to
the islet grafts at day 3 posttransplantation. Sympathetic terminals in-
vade into the islet grafts, mostly surrounding blood vessels, within 15
days after transplantation and those adjacent to blood vessels expand
between days 15 and 30 posttransplantation. Afterwards, sympathetic
endings become the neighbor of islet cells and plateau around 90 days
after transplantation by rising their density and complexity. Parasympa-
thetic reinnervation similarly occurs in the islet grafts. It shows up near
intraislet vessels at early stages and then in close vicinity to endocrine
cells. However, parasympathetic terminals reinnervate the islet grafts
somewhat more slowly than sympathetic ones do. In addition to the
above in vitro visualization, in vivo characterization of parasympathetic
reinnervation of islets engrafted on the iris has also been performed in
Tg mice expressing green fluorescent protein (GFP) specifically in cen-
tral and peripheral cholinergic neurons, including somas and processes
of the parasympathetic nervous system. The combination of the ACE
technology with these Tg mice reveals that GFP-positive cholinergic
neurons and processes emerge in wild type islets engrafted on the iris
in a similar way to those present in situ in the pancreas (Rodriguez-
Diaz et al,, 2012).

It is noteworthy that interspecies differences in parasympathetic in-
nervation of native in situ islets remain in islet grafts on the iris as exem-
plified in B6 and 129 x 1 mice (also known as 129/Sv] mice, being an
inbred strain and most commonly used to generate embryonic stem
cells for making knockout mice) (Rodriguez-Diaz et al., 2012). When is-
lets isolated from B6 or 129 x 1 mice are transplanted into the ACE of
nude mice, the former islets are reinnervated on the iris as they are in-
nervated in situ in the donor mice, whereas the latter islets only receive
few cholinergic fibers like 129 x 1 mouse islets embedded in the pan-
creas. Furthermore, the mice carrying B6 mouse islet grafts display
light-induced facilitation of blood glucose excursions, but those accom-
modating 129 x 1 mouse islet grafts do not. This reveals the importance
of parasympathetic innervation in modulation of glucose-stimulated in-
sulin secretion in addition to interspecies differences in parasympa-
thetic innervation (Rodriguez-Diaz et al., 2012).

The ACE is not only equipped with the cornea as a transparent body
window but also the unique light-sensitive control facility, i.e. iridic cho-
linergic parasympathetic/adrenergic sympathetic nerves (McDougal &
Gamlin, 2015; Meek, 2009; Meek & Knupp, 2015). Both the sympathetic
and parasympathetic nervous systems are involuntary. Therefore, the
term autonomic nervous system is used to cover both the sympathetic
and parasympathetic nervous systems. Nevertheless, the parasympa-
thetic output to the iris sphincter muscle is easily controllable with
light since it increases proportionally with light intensity detected by
the retina (McDougal & Gamlin, 2015). In addition, the sympathetic out-
put to the iris dilator muscles is negatively related to light strength
sensed by the retina, but the sympathetic response to light is more
slowly and less obviously than the light-induced parasympathetic re-
sponse (McDougal & Gamlin, 2015). These responses are mediated by
the two classical neurotransmitters acetylcholine and noradrenaline,
which play an important role in regulation of islet hormone secretion
(McDougal & Gamlin, 2015). Therefore, these light-sensitive features

can be used to non-invasively manipulate hormone secretion from the
innervated islets on the iris (Rodriguez-Diaz et al., 2012). STZ-treated
mice transplanted with 300 islets either in the ACE or under the kidney
capsule are normoglycemic. The former exhibit higher circulating insu-
lin and glucagon and lower blood glucose levels than the latter when
exposed to ambient light. Importantly, the former show a decrease in
plasma insulin levels and an increase in blood glucose concentration,
whereas the latter display no changes in glycemic levels when moved
from a bright ambient to a dark one. The former reduce their blood
glucose concentration but the latter still cannot alter this metabolic pa-
rameter in response to reexposure to ambient light. The light exposure-
induced effects are mainly attributed to action of acetylcholine released
from iridic parasympathetic endings on muscarinic receptors of
engrafted islet cells. Glucose tolerance tests illustrate that the ambient
light facilitates blood glucose clearance in mice transplanted with 300
islets in the ACE, but not under the kidney capsule. The effect is ablated
by the muscarinic receptor antagonist atropine and mimicked by the
muscarinic receptor agonist pilocarpine (Rodriguez-Diaz et al., 2012).
These findings demonstrate that the iridic parasympathetic pathway
not only send branches into islet grafts on the iris but also modulate
the function of the engrafted islets (Rodriguez-Diaz et al., 2012).

It is worthwhile to note that human islets are innervated by auto-
nomic nerves differently from mouse ones. Few parasympathetic fibers
are present and some sympathetic terminals distribute in the human
islet where sympathetic axons preferentially innervate vascular smooth
muscles and rarely contact endocrine cells. Such an autonomic innerva-
tion pattern remains in human islets engrafted on the iris and is not
likely to mediate the effect of ambient light on insulin secretion de-
tected in mouse intraocular islets (Rodriguez-Diaz et al., 2012).

3.2. Function of transplanted islets in the ACE

The most important thing to consider when predicting the clinical
value of implantation of islets into the ACE is whether the implantation
is able to maintain glucose homeostasis in recipients. On the other hand,
cellular functions of islets critically rely on [Ca®™]; signaling in islet cells
including P cells (Berggren et al., 2004; Cabrera et al., 2008; Yang et al.,
2014; Yang & Berggren, 2005a, 2006). Therefore, we have selected the
effectiveness of transplanted islets in the ACE for normalizing glycemic
levels and in vivo dynamics of 3 cell [Ca®]; as priorities in the develop-
ment phase of the ACE technology (Almaca et al., 2014; Mojibian et al.,
2013; Nyquist et al., 2011; Paschen et al., 2018; Perez et al., 2011;
Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Speier,
Nyqvist, Cabrera, et al., 2008).

3.2.1. Glycemic control by islets engrafted in the ACE

In fact, 300 mouse islets engrafted in the ACE of mice rendered dia-
betic by STZ injection fully restore normoglycemia post-transplantation
and keep the recipients nondiabetic before removal of the graft-bearing
eye (Speier, Nyqvist, Cabrera, et al., 2008). Random glycemic levels of
these mice rise up to over 500 mg/dl after STZ injection, drop to about
100 mg/dl within 2 weeks post-transplantation and stay around 100
mg/dl for >200 days (Speier, Nyqvist, Cabrera, et al., 2008). The recipi-
ents immediately suffer from diabetes again after removal of the graft-
bearing eye and their random blood glucose returns back to high levels
similar to those observed in STZ-induced diabetes before islet trans-
plantation. These intraocular islets also effectively reverse glucose intol-
erance in the STZ-treated mice. They make the STZ-treated mice remove
blood glucose as efficiently as intact control mice during intraperitoneal
glucose tolerance tests. Time courses of blood glucose concentrations
following intraperitoneal glucose injection start with an initial value of
about 100 mg/dl at time point 0, peak at around 400 mg/dl in 20 min
and gradually drop to more or less the same value as the initial one at
the 120-min time point. This is the first demonstration of effective gly-
cemic control by islets engrafted in the ACE (Speier, Nyqvist, Cabrera,
et al., 2008). Later, 300 mouse islets engrafted in the mouse ACE have
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been confirmed to reliably and efficiently normalize blood glucose
levels in recipients, indicating these intraocular islet grafts contain an
optimal 3 cell mass for glycemic normalization (Rodriguez-Diaz et al.,
2012; Rodriguez-Diaz et al., 2018). Furthermore, it has been found
that STZ-induced diabetic mice become normoglycemic following
transplantation of 150 syngeneic islets into their ACE (Nyqvist et al.,
2011). A titration with 25, 50, 75, 125 mouse islets implanted into the
mouse ACE has revealed that at least 125 intraocular islets can restore
normoglycemia in recipient mice (Mojibian et al., 2013). These two
studies verify that the marginal mouse islet mass transplanted into the
mouse ACE for glycemic normalization is about 125-150 mouse islets
(Mojibian et al., 2013; Nyqvist et al., 2011). However, the marginal
human islet mass engrafted in the humanized mouse ACE for glycemic
normalization is 1000 human islet [EQs (500 human IEQs in each ACE)
(Abdulreda et al., 2016). In fact, 200 intraocular islets even from 18-
month-old mice are sufficient to normalize hyperglycemia, but need
longer time to fully function than those from 2 months old mice
(Almaca et al., 2014). Moreover, A STZ-induced diabetic baboon
transplanted with 20,000 allogeneic IEQs and then 18,000 IEQs on day
292 post-transplantation in the ACE displays reduced fluctuations in
fasting blood glucose, corroborating that the transplanted islets amelio-
rate glucose homeostasis (Perez et al., 2011). Importantly, comparison
of effectiveness for glycemic control reveals that 50 intraocular mouse
islets can produce a hypoglycemic effect equivalent to that yielded by
>200 renal subcapsular mouse islets (Mojibian et al., 2013). The findings
demonstrate that islets engrafted in the ACE not only normalize blood
glucose levels but also do so more effectively than those at other trans-
plantation sites (Mojibian et al.,, 2013; Nyqvist et al.,, 2011; Perez et al.,
2011; Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Speier,
Nyqvist, Cabrera, et al., 2008).

3.2.2. [Ca®*]; signaling in transplanted islets in the ACE

The physiological and pathological roles of [Ca®"]; have been exten-
sively studied in dispersed single islet cells and isolated islets under
non-physiological in vitro conditions (Berggren et al., 2004; Cabrera
etal., 2008; Yang et al,, 2014; Yang & Berggren, 2005a, 2006). Such con-
ditions inevitably interfere with [Ca®*]; and corresponding signaling
pathways in these in vitro preparations. Obviously, in vivo investigation
of [Ca®™]; signaling in islet cells is inevitably needed under different
physiological and pathophysiological conditions.

Owing to the important roles of [Ca®™]; in physiology and pathology
of  cells and other islet cells, > cell [Ca®*]; dynamics in islets engrafted
on the iris has been characterized during the development of the ACE
technology (Berggren et al., 2004; Cabrera et al., 2008; Speier, Nyquvist,
Cabrera, et al., 2008; Yang et al., 2014). Within islet grafts loaded
with the Ca®* indicators Fluo-4 and Fura-Red, (> cells display a robust
[Ca®T]; response to systemic administration of the sulfonylurea com-
pound glibenclamide, which closes adenosine triphosphate-sensitive
K" (Karp) channels resulting in plasma membrane depolarization, volt-
age-gated Ca®>™ (Cay) channel opening, Ca>" influx and [Ca®*]; rise in 3
cells (Speier, Nyqvist, Cabrera, et al., 2008; Yang et al., 2007; Yang et al.,
2014). Such a [Ca®*]; response begins within 30-40 s after injection of
glibenclamide into the tail vein. It is characterized by a rapid initial
rise followed by a sustained increase. Furthermore, (> cells in different
regions of the islet graft exhibit simultaneous [Ca®*"]; increases with a
similar pattern in response to stimulation with glibenclamide. This syn-
chronized [Ca?"]; response reflects that the 3 cells in different regions of
the islet graft are tightly coupled. Moreover, [Ca%*]; responses in the
same islet cells within the islet graft can be repeatedly registered at dif-
ferent time points (Speier, Nyqvist, Cabrera, et al., 2008). 3 Cell [Ca®>*];
dynamics of Tg mouse islets, whose P cells specifically express the
Ca?™ sensor protein GCaMP3 (Tg GCaMP3), engrafted in the ACE follow-
ing injection of high glucose into the tail vein. After overnight-fasting,
mouse [3 cell [Ca%™]; is relatively stable before glucose injection, quickly
rises to its peak after intravenous glucose injection and then gradually
falls down to a lower plateau with or without oscillations (Chen et al.,

2016). Interestingly, intraocular islets display significantly quicker
[Ca®™]; responses to glucose stimulation than isolated islets in vitro.
The former show the initial [Ca®T]; peak within <1 min after intrave-
nous bolus injection of glucose, whereas the latter need to be exposed
to glucose for 3-4 min to produce their first [Ca®*]; transient (Chen
etal, 2016; Jing et al,, 2005; Salunkhe et al,, 2016). It is interesting to fig-
ure out the causes of this difference. Undoubtedly, the ACE technology
serves as a powerful approach to understand in vivo islet physiology
as exemplified by in vivo dynamics of 3 cell [Ca®>*]; (Chen et al., 2016;
Speier, Nyqvist, Cabrera, et al., 2008).

3.3. B Cell mass and insulin secretory capacity of transplanted islets in the
ACE

Establishment of the ACE technology primarily aims at imaging the in
vivo dynamics of 3 cell mass and function due to the utmost importance
of functional (3 cell mass in maintenance of glucose homeostasis and in
development of diabetes (DiMeglio et al., 2018; Halban et al., 2014;
Katsarou et al.,, 2017; Meier & Bonadonna, 2013; Pugliese, 2017;
Rhodes, 2005). 3 Cells are endowed with unique light scattering proper-
ties which the ACE technology can detect without fluorescence or genetic
labeling. Islets emit light scattering signals mainly depending on zinc-in-
sulin crystals within insulin secretory granules (Ilegems et al., 2015). By
employing the ACE technology, Chmelova et al. and [legems et al. have in-
dependently characterized the light scattering properties of islets
engrafted in the ACE (Chmelova etal,, 2015; llegems et al.,2015). By mea-
suring light scattering signals, the ACE technology enables quantification
of the in vivo dynamics of both intraocular islet volumes and insulin gran-
ule density. The former and latter reflect real-time [3 cell mass and insulin
secretory capacity, respectively, in different metabolic situations, such as
fasting state or hyperglycemia. This approach prevails over other
methods because of higher resolution and sensitivity as well as no artifi-
cial influences (Alanentalo et al., 2010; Cline, Zhao, Jakowski, Soeller, &
Treadway, 2011; Hara et al., 2003; llegems et al., 2013; llegems et al.,
2015; Lamprianou et al., 2011; Reiner et al.,, 2011; van Krieken et al.,
2017; Villiger et al., 2009; Virostko et al., 2013).

Notably, the volume and density of light scattering signals emitted
from intraocular islets roughly reflect but do not necessarily equate in-
sulin secretory capability. First, these signals are not solely contributed
by zinc-insulin crystal-containing secretory granules but also other cel-
lular components in intraocular islets. Second, not all these secretory
granules are release-competent in response to glucose stimulation. In
fact, only 50 out of a total of about 10,000 insulin secretory granules
per ( cell are primed and situated in the immediately releasable pool
for instantaneous exocytosis upon glucose stimulation (Barg, Eliasson,
Renstrom, & Rorsman, 2002; Rorsman & Renstrom, 2003). For the ACE
platform, imaging actual insulin secretion is of outmost importance.
Currently, there are two basic kinds of in vitro imaging modalities for
measurement of actual insulin secretion. One is using extracellular insu-
lin-sensitive fluorescent dyes such as a fluorescent zinc probe and the
other is employing genetically encoded fluorescent indicators for imag-
ing insulin released from  cells (Li D et al,, 2011; Suzuki T et al., 2017).
We are adopting these in vitro imaging modalities into our ACE platform
to intravitally image insulin secreted from intraocular islets.

3.4. Pancreatic islet development in the ACE

The ACE technology makes non-invasive in vivo cellular imaging of
the developing pancreas practical. Pancreatic buds from 10.5-day
mouse embryos carrying the GFP gene driven by a mouse insulin pro-
moter (MIP-GFP) can now be transplanted into mouse ACE. The ACE
technology reveals that the transplanted bud undergoes satisfactory en-
graftment, rich vascularization and progressive growth (Ali et al., 2016).
Sparse GFP-positive cells emerge on day 4 after transplantation. There-
after, more and more GFP-positive cells appear and aggregate into
expanding cell clusters throughout the transplanted bud. In vitro
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immunofluorescence labeling verifies that the pancreatic progenitor
cells in the engrafted bud well differentiates into exocrine and endo-
crine cells, expressing amylase and the islet hormones insulin, glucagon
and somatostatin, respectively. The pancreatic bud engrafted on the iris
does not differ from the native in situ developing pancreas in their
cytoarchitecture. In addition, in vitro insulin secretion assay demon-
strates that [ cells originated in the transplanted pancreatic bud re-
trieved from the ACE show a similar insulin-secretory response as
native fetal (3 cells, but predominate over in vitro cultured buds in this
regard. This work demonstrates that the ACE suffices to provide suitable
development environments for growth, differentiation and function of
pancreatic buds. E10.5 mouse pancreatic buds possess adequate intrin-
sic signals to drive differentiation into specialized pancreatic exocrine
and endocrine cells. Hence, the ACE technology is suitable for monitor-
ing in vivo pancreatic islet development at cellular resolution in a non-
invasive, longitudinal manner (Ali et al,, 2016).

4. Diabetes knowledge gained by using the ACE technology

The ACE technology in conjunction with other approaches has of-
fered great feasibility for executing a variety of insurmountable tasks
such as real-time intravital imaging of autoimmune insulitis, functional
(> cell mass and cellular insulin resistance as well as islet allorejection
(Chmelova et al., 2015; Paschen et al.,, 2016; Paschen et al., 2018). This
technology has satisfactorily been employed for intravitally evaluating
rejuvenation of aged islets and antidiabetic drugs in human islets
(Abdulreda et al., 2016; Almaca et al., 2014). It has also successfully
been used in non-human primates to lay the foundation for its clinical
application for treating diabetes (Diez et al., 2017; Perez et al., 2011).
The findings gained using the ACE technology are discussed below.

4.1. In vivo dynamics of islet allorejection in the ACE

Upon establishment, the ACE technology has been used to character-
ize in vivo behavior of effector T cells in DBA/2 (H-2¢) mouse islets
transplanted into the ACE of MHC-mismatched B6 (H-2") mice where
activated and memory T lymphocytes express GFP (Abdulreda et al.,
2011). These T lymphocytes appear in three different shapes: round,
elongated and ruffled. Round cells surround islet grafts in the early
phase of transplantation. Elongated ones move long distances at a
mean instantaneous velocity of about 3.5 pm/min. Ruffled ones gather
together in islet grafts and travel along a complex trajectory. Interest-
ingly, the proportion and density of ruffled cells increase during acute
rejection. In vivo immunolabeling with fluorophore-conjugated anti-
bodies verfies that GFP-labeled T cells infiltrating into islet grafts are ac-
tivated and consist of 280% CD8™" and < 10% CD4 " cells. Interestingly,
70% GFP-labeled T cells contact apoptotic islet cells. Interestingly, the
former also carry lysotracker-labeled lytic granules. Furthermore, abun-
dant infiltration of GFP-labeled T cells into allogeneic islets occur in par-
allel with islet destruction. Unlike syngeneic islet grafts, allogeneic ones
in the ACE of STZ-induced diabetic mice quickly lose their action against
hyperglycemia due to acute rejection. Moreover, GFP-labeled T cells
move with significantly higher velocities within the islets during acute
rejection than before. Admittedly, islet grafts in the ACE undergo
allorejection somewhat slowly in comparison to those under the kidney
capsule consistent with the immune privilege of the ACE (Abdulreda
etal,2011).

In addition, the suitability and competence of the ACE technology in
measuring in vivo dynamic changes of effector T cells in islet allografts
have been further proven by acutely manipulating these T cells. Injec-
tion of TAK-779, a specific antagonist of the chemokine receptors
CCR5 and CXCR3, into the ACE converts the majority of the highly dy-
namic T cells into stationary round ones within 10 min. The effect is ef-
fectively reversed by subsequent injection of CXCL9/CXCL10, the natural
ligands to CXCR3, into the same ACE. Furthermore, systemic administra-
tion of TAK-779 delays initial infiltration of T cells into islet allografts

and acute rejection. The treatment reduces the relative proportion
of the ruffled cells in islet grafts, and significantly slows down overall
T-cell velocity (Abdulreda et al., 2011).

The above findings confirm that the ACE technology is optimal for
intravital cellular imaging of immune responses to allogeneic islets in
a longitudinal and non-invasive fashion (Abdulreda et al., 2011). This
approach to problems related to islet allograft rejection will significantly
benefit clinical islet transplantation that almost exclusively belong to al-
lotransplantation (Shapiro et al., 2017).

4.2. In vivo dynamics of immune and islet cells in the ACE during T1D
insulitis

T1D results from the autoimmune-mediated destruction of {3 cells,
namely autoimmune insulitis (DiMeglio et al., 2018; Katsarou et al.,
2017; Kopan et al., 2018; Pugliese, 2017). In vitro evidence suggests
that this 3 cell-specific autoimmune process comprises dynamic im-
mune cell infiltration, multiplex immune cell interplay, immune cell-
cell interaction and progressive loss of (3 cell mass and function
(DiMeglio et al., 2018; Katsarou et al., 2017; Morgan, 2017; Pugliese,
2017). The ACE technology has revealed in vivo dynamics of these auto-
immune events at cellular levels (Chmelova et al., 2015; Miska et al.,
2014; Mojibian et al., 2013; Schmidt-Christensen et al., 2013).

4.2.1. Autoimmune insulitis in islets implanted into the ACE

The immune privilege of the ACE and separation of intraocular islets
from the local pancreatic immune milieu raise a concern whether auto-
immune insulitis in the pancreas can be recapitulated in syngeneic islet
grafts in the ACE of the non-obese diabetic (NOD) mice, an animal
model of human T1D. Several groups including ours have indepen-
dently addressed this concern by employing several recipient NOD
mouse substrains and other mouse strains in combination with corre-
sponding immune cell donor mice (Chmelova et al., 2015; Miska et al.,
2014; Mojibian et al., 2013; Schmidt-Christensen et al., 2013). The re-
cipient mouse strains include NOD, NOD bearing severe combined im-
munodeficiency mutation (NOD SCID), NOD recombination activating
gene 2-deficient (NOD Rag2 /™), RIP-HA mice whose 3 cells specifically
express influenza hemagglutinin (HA) under control of the rat insulin
promoter (RIP) and MIP-GFP/RIP-HA mice generated by crossing MIP-
GFP mice with RIP-HA mice (Chmelova et al., 2015; Miska et al., 2014;
Mojibian et al., 2013; Schmidt-Christensen et al., 2013). The immune
cell donor mouse strains involve NOD whose CD11c™ cells express
GFP (NOD CD11c¢c-GFP), NOD whose Foxp3™ cells express GFP
(NOD Foxp3-GFP), NOD whose 3 cell-specific CD4" BDC2.5 effector
T (Ter) cells express cyan fluorescent protein (CFP) (NOD CD4*
BDC2.5 T.-CFP), NOD whose {3 cell-specific CD4* BDC2.5 regulatory T
(Treg) cells express GFP (NOD CD4* BDC2.5 Teg-GFP) and TCR-HA
mice expressing T cell receptor o/p chains specific for the MHC Class I
[-E4-restricted determinant site 1 of HA (TCR-HA) (Chmelova et al.,
2015; Miska et al., 2014; Mojibian et al., 2013; Schmidt-Christensen
et al,, 2013).

Stereomicroscopic observation by Mojibian et al. has revealed that
syngeneic islets transplanted into the ACE are prone to autoimmune at-
tack in both recipient NOD and NOD.SCID mice (Mojibian et al., 2013).
Accelerated by adoptive transfer of splenocytes from NOD mice with
new onset diabetes, marginal and significant autoimmune destruction
occur in intraocular islets at 2 and 4 weeks, respectively, after the adop-
tive transfer. During the autoimmune destruction, intraocular islets pro-
gressively display ruffled borders, noticeable holes, increased
transparency and decreased size. Importantly, insulitis patterns are sim-
ilar and insulitis scores are correlated between intraocular and in situ
pancreatic islets. This demonstrates that intraocular islets can serve as
a mirror of in situ pancreatic islets during autoimmune destruction
(Mojibian et al., 2013).

Schmidt-Christensen et al. have investigated the autoimmune
insulitis in syngeneic islets transplanted into the ACE of recipient NOD
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Rag2~/~ mice following adaptive transfer of CD11c™ and Foxp3™ cells
from NOD CD11c¢-GFP and NOD Foxp3-GFP, respectively (Schmidt-
Christensen et al., 2013). The results demonstrate that the adoptively
transferred CD11c™ cells infiltrate and accumulate in islet grafts at 2
weeks resulting in 3 cell disappearance. The adoptively transferred
Foxp3™ cells appear in intraocular islets similarly to the adoptively
transferred CD11c™ cells. However, there is no immune cell infiltration
in syngeneic islet grafts in the ACE of control B6 Rag2™/~ mice
reconstituted with spleen cells from B6 Foxp3-GFP reporter mice.
These findings verify that the autoimmune insulitis selectively occur
in NOD Rag2~/~ rather than B6 Rag2 '~ islets following adaptive trans-
fer of corresponding immune cells (Schmidt-Christensen et al., 2013).
Moreover, CD11c™ or Foxp3™ cell infiltration into intraocular islets mir-
rors autoimmune insulitis in the recipient pancreas (Schmidt-
Christensen et al., 2013).

By employing adoptive transfer of 3 cell-specific CD4" BDC2.5 Tefr
cells alone or together with CD4" BDC2.5 Tieg cells purified from NOD
CD4* BDC2.5 Te-CFP and NOD CD4*+ BDC2.5 Tyeg-GFP mice, Miska
et al. have characterized autoimmune insulitis in NOD SCID mouse islets
engrafted in the ACE of syngeneic recipients (Miska et al., 2014). The
adoptively transferred T cells interplay with each other and interact
with B cells regardless of the immune privilege of the ACE. The {3 cell-
specific CD4" BDC2.5 Te cells destroy islets engrafted in the ACE as
they did in in situ pancreatic islets. Co-transferred CD4* BDC2.5 Treg
cells produce similar protection of CD4™ BDC2.5 T cell-mediated de-
struction in islets engrafted on the iris and in those located within the
recipient pancreas. These observations demonstrate that the above
transplantation setting is technically sound for non-invasive, intravital,
longitudinal and cellular imaging of T cell-mediated pathogenesis of
T1D (Miska et al., 2014).

In recent work by Chmelova et al., they have found that RIP-HA
mouse islets implanted into the ACE of syngeneic recipients serve as a
reliable mirror of in situ pancreatic islets during the onset and remission
of autoimmune diabetes following adoptive transfer of CD4* T cells
from TCR-HA mice and treatment with Anti-CD3 mAb (Chmelova
et al., 2015). They have also generated MIP-GFP/RIP-HA mice by cross-
ing MIP-GFP mice with RIP-HA mice (Chmelova et al., 2015). In such
crossbred mice, 3 cell-specific expression of both HA and GFP not only
allows reliable induction of autoimmune insulitis but also microscopic
quantification of 3 cell mass. This enables intravital and non-invasive
imaging of dynamic changes in 3 cell mass and insulin-secretory func-
tion during autoimmune insulitis in intraocular islets. They have dem-
onstrated that adoptive transfer of preactivated CD4™" T cells isolated
from TCR-HA mice reliably induces autoimmune insulitis in MIP-GFP/
RIP-HA™ islets engrafted in the ACE of RIP-HA ™ recipient mice. Abun-
dant preactivated CD4" T cells appear in the vasculature of the
engrafted islets and their associated iris 3 days after adoptive transfer.
Following that, the adoptive transfer rapidly reduces the 3 cell-specific
GFP signal from intraocular islets. Only about 1% of this GFP signal is de-
tectable 17 days after adoptive transfer. Massive CD45 cells infiltrate
into the engrafted islets killing most of the (3 cells. In addition to reduced
( cell mass, insulin-secretory function drops dramatically as evidenced
by a drastic decline in the islet backscatter signal during autoimmune
insulitis. Meanwhile, the islet vasculature undergoes reorganization
along with autoimmune destruction of (3 cells (Chmelova et al., 2015).
Furthermore, the 3 cell mass and insulin-secretory function of intraocu-
lar islets change in syngeneic NOD.SCID recipients similarly as in synge-
neic MIP-GFP/RIP-HA recipients during autoimmune insulitis
(Chmelova et al., 2015). These findings verify that in vivo dynamics of
{3 cell mass and function can be microimaged in intraocular islets during
autoimmune insulitis without interruption by the immune privilege of
the ACE (Chmelova et al., 2015).

The above results verify that autoimmune insulitis can indeed be
reproduced in the ACE of several recipient NOD mouse substrains and
other mouse strains following adoptive transfer of immune cells from
corresponding donor mice (Chmelova et al., 2015; Miska et al., 2014;

Mojibian et al., 2013; Schmidt-Christensen et al., 2013). Strikingly, the
critical events of autoimmune insulitis including the behavior of differ-
ent immune cells and the impairment of 3 cell mass and function can be
microscopically quantified in a non-invasive, longitudinal and intravital
manner (Chmelova et al., 2015; Miska et al., 2014; Mojibian et al., 2013;
Schmidt-Christensen et al., 2013). Especially noteworthy is that the ACE
loses its immune privilege when engrafted with syngeneic islets in the
above mouse models (Chmelova et al., 2015; Miska et al., 2014;
Mojibian et al., 2013; Schmidt-Christensen et al., 2013). This is due to
vascularization of transplanted islets that then become accessible to
the immune system of the recipients (Mojibian et al., 2013). Actually,
Schmidt-Christensen et al. have found that lymphatic vessel endothelial
hyaluronan receptor 1 appear in eyes engrafted with islets but not in in-
tact contralateral eyes and Foxp3™ cells are rarely but surely extrava-
sated from blood vessels into the islet parenchyma (Schmidt-
Christensen et al., 2013). These results provide evidence that the im-
mune privilege of the mouse ACE transplanted with syngeneic islets
were broken due to lymphatic neogenesis and vascularization
(Schmidt-Christensen et al., 2013).

4.2.2. Foxp3™ Ty and Cd11c™ cell infiltration into islets engrafted in ACE

Foxp3™ Treg cells are potential candidates to control autoimmune
diseases including insulitis in T1D, but in vivo dynamics of recruited
Foxp3™ cells in islets has remained mysterious until we developed the
ACE technology (Long & Buckner, 2011; Tang & Bluestone, 2008). This
technology has now unraveled this mystery in syngeneic islet grafts in
the ACE of NOD mice adoptively transferred with spleen cells from
NOD mice carrying Foxp3™ cells genetically labeled with GFP
(Schmidt-Christensen et al., 2013). Three-dimensional tracking has
disclosed that Foxp3™ cells exhibit round, ruffled and elongated profiles
in the engrafted islets as activated and memory T lymphocytes do
(Abdulreda et al., 2011; Schmidt-Christensen et al., 2013). Round and
elongated Foxp3™ cells mostly appear around the main inflammatory
site. In fact, they belonged to the same population of Foxp3™ cells,
being elongated during moving likely to serve as inflammation inspec-
tors and turning into a rounded shape at rest. Ruffled Foxp3™ cells in-
vade into the main infiltration. They are intimately bound up with the
main inflammatory activity, probably reflecting their destruction of
{3 cells, interactions of T, cells with their target leucocytes and their ac-
tivation of Teg cells (Schmidt-Christensen et al., 2013).

CD11c* cells have been recognized to be a key cellular regulator of
autoimmune insulitis (Turley, Poirot, Hattori, Benoist, & Mathis, 2003).
However, the intravital trajectory of CD11c™ cells during autoimmune
insulitis has long been a conundrum. Dynamics of CD11c™ cells has
been visualized in NOD Rag2 /™ islets engrafted in the ACE of NOD
Cd11c-GFP mice whose Cdl11c® cells express GFP (Schmidt-
Christensen et al., 2013). These GFP-labeled Cd11c™ cells comprise a
mixture of immune cells including CD11c* F4/80~ dendritic cell
(DC)-like cells and CD11c* F4/80" macrophages. CD11c™ F4/80~ DC-
like cells mainly infiltrate into islet grafts, whereas CD11c¢™ F4/80" mac-
rophages surround them. Most CD11c™ cells carrying ramified protru-
sions reside in the infiltrated regions of islet grafts. These DCs are
repeatedly stretching and pulling back their dendrites, and are likely
to probe their surroundings in line with their likely role in antigen pre-
sentation. A minority of CD11c™ cells are small mobile and round and
located in the periphery of engrafted islets. Their specific role is ambig-
uous (Schmidt-Christensen et al., 2013).

4.2.3.CD4™ Top; CD4™ Treq, CD8™ Torand CD11c™ cell behavior in the ACE
engrafted with islets

Dynamic immune cell interactions within islets have been believed
to take center stage in autoimmune insulitis, but never been character-
ized in vivo (DiMeglio et al.,, 2018; Katsarou et al., 2017; Morgan, 2017;
Pugliese, 2017). To fill the gap, Miska et al. have monitored self-antigen-
specific T cell behavior in the mouse ACE engrafted with syngeneic islets
following adoptive transfer of self-antigen-specific T cells including
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CD4" Ter, CD4™ Tyeg and CD8™ Tegr cells genetically labeled with fluores-
cence proteins (Miska et al., 2014). The antigen-specific CD4™" Te cells
invade into islet grafts and contact with their target (3 cells. Correspond-
ingly, apoptotic signals occur in the interface between CD4™" T cells
and 3 cells and on {3 cells. The direct contact between antigen-specific
(D47 Tegcells and their target (3 cells may account for CD4™ Teg cell kill-
ing of their target 3 cells in damaged islet grafts, regardless of the ab-
sence of CD8™ T cells (Miska et al.,, 2014).

In the ACE co-transplanted with islets of Tg mice whose (3 cells spe-
cifically express ovalbumin (ovalbumin™ {3 cells) and those whose 3
cells do not express ovalbumin (ovalbumin™ 3 cells), CD8* OT1 Tg
Teer cells, which specifically recognize ovalbumin, selectively kill
ovalbumin™ { cells but not adjacent ovalbumin~ {3 cells. Interestingly,
the adjacent ovalbumin™ { cells instead significantly and quickly
grow at the interface of immune destruction. Such growth results
from cell replication rather than hypertrophy and only occurs to
ovalbumin ™ islets in close juxtaposition with damaged ovalbumin™ is-
lets, but not to evidently separate ones. The quick replication of
ovalbumin™ (3 cells in an inflammatory milieu may be used in a positive
way for islet regeneration and diabetes therapy (Miska et al., 2014).

Treg cells orchestrate complex mechanisms to control immune effec-
tor function at the target tissue (Josefowicz, Lu, & Rudensky, 2012). The
contact-dependent T,.g Suppression occurs in vitro, but is uncorrobo-
rated in vivo in nonlymphoid target tissues such as islets (Hagness
et al., 2012; Mempel et al., 2006; Nakamura, Kitani, & Strober, 2001;
Tang et al., 2006). Miska et al. have now revealed that most CD4™" Teg
cells directly contact CD4* T cells with reduced motility in protected
islets engrafted in the ACE of NOD SCID mice reconstituted with anti-
gen-specific CD4™ Tyeq and Tegr cells (Miska et al., 2014). These findings
verify that the contact-dependent CD4™" T, suppression operates in
islet grafts in the ACE (Miska et al., 2014).

The homeostasis of antigen-presenting DCs critically takes part in
autoimmune damage of pancreatic islets (Dissanayake et al., 2011).
However, involvement of DCs in interactions between Ty, cells and
Tegr cells is not known especially in vivo. The ACE technology enables
in vivo dynamic microimaging of direct contact-based interactions
among CD4™" T,eg, CD4™ Tesr cells and CD11c DCs in CD4™" T cell-
protected islet grafts in the ACE (Miska et al., 2014). In fact, direct con-
tact-based interactions between CD4* Tieg and CD4™ T cells exist
with or without CD11c¢* DCs, the latter being in the majority. Indeed,
the stable interaction of DCs with T,eg cells and Ter cells has been
shown in in vitro draining lymph nodes. However, such interactions
are not involved in stable T,eg-Tefr cell contact (Tang et al., 2006). There-
fore, it appears that DCs do not obligate contact-based Treg-Tesr cell inter-
action. The functional relevance of rare Tyg cell-Teg cell-DC interaction
remains to be addressed and should not be simply extrapolated from
in vitro findings (Miska et al., 2014).

In damaged islet grafts where CD4™" T cells predominate over
CD4™ Treg cells, CD4™ Treg and CD4™ Tegr cells interact with each other
in a persistent manner as seen in protected islet grafts. However, the
ratio of CD4™" Tieg cells to CD4™ Teg cells and the interaction index, i.e.,
the number of CD4 ™ T,eg-CD4™ Teg cell interaction pairs divided by
the number of CD4™ T cells, significantly decrease in damaged islet
grafts in comparison to protected ones. These decreases reflect reduced
CD4™ Ty cell protection and thus precipitates immune damage rather
than protection. In fact, islet grafts can undergo either immune protec-
tion or damage in the ACE of NOD SCID mice reconstituted with the
same mixture of CD4+ BDC2.5 Tyeg cells and CD4* BDC2.5 T cells in
the same batch of experiments. Correspondingly, these mice either suf-
fer from diabetes or stay away from the disease. This happens because
the imbalance of CD4™ T cells versus CD4™ T cells in islet grafts ap-
pears in some mice but not in others. Indeed, CD4™" T cell density and
CD4+ Treg/CD4+ Tesr cell ratio increases and decreases, respectively, in
damaged islet grafts when diabetes occurs in mice. Importantly, these
islet grafts not only suffer infiltration of CD4* Ty and CD4™ T cells,
but also show a significant reduction in both CD4™ T, cell density

and CD4™ Tyee/CD4™ Tegr cell ratio prior to the occurrence of immune
damage and the onset of diabetes. This emphasizes that early CD4 ™"
Treg cell recruitment to the inflammatory site is more important than
late CD4 ™ T infiltration into the same site in controlling the fate of
islet grafts and the onset of diabetes. Furthermore, after acute depletion
of CD4™ T, cells, CD4™ Teg cells released from depleted interaction
partners are able to recover their aggressiveness (Miska et al., 2014).

The evidence that CTLA4 functionally regulates both Treg and Tes
cells suggests that CTLA4 may be involved in CD4™ T;eg-CD4™ Teg cell
interaction (Teft, Kirchhof, & Madrenas, 2006; Wing et al., 2008). The
possible involvement is verified by blocking CTLA4 with anti-CTLA4-an-
tibody. CTLA4 blockade has no immediate effect on CD4™ Tyeg-CD4™ Tegr
cell interaction, but does gradually decrease CD4 ™" T;eg-CD4™" Ty inter-
action pairs and their interaction time. Furthermore, CTLA4 blockade in-
creases the motility of CD4™ T,eg and CD4* T cells. The findings
suggest that CTLA4 positively influences CD4™ Tyeg-CD4™ Tegr cell inter-
action through reducing the motility of CD4™ Ty and CD4™ T cells
(Miska et al., 2014).

4.2.4. B Cell mass/function dynamics in islets engrafted in the ACE during
autoimmune insulitis

Data suggest that 3 cell mass and function undergo complex changes
during autoimmune insulitis progression and remission (DiMeglio et al.,
2018; Katsarou et al., 2017; Pugliese, 2017). The true dynamics of these
critical events in T1D cannot be visualized directly without adequate ap-
proaches. By using the ACE technology, Chmelova et al. have got this
task done satisfactorily (Chmelova et al., 2015). They have microscopi-
cally characterized {3 cell mass/function dynamics by measuring (3 cell-
specific GFP and light scattering signals, as readouts of (> cell mass and
function, emitted from MIP-GFP/RIP-HA™ islets engrafted in the ACE
of RIP-HA™ recipient mice reconstituted with preactivated TCR-HA' T
cells. In this setting, the adoptive transfer induces autoimmune insulitis
in both intraocular islets and those in the pancreas resulting in hyper-
glycemia. Initial insulitis rapidly induces significant (3 cell destruction
and marginal p cell degranulation, but not hyperglycemia indicating
that an autoimmune attack not only reduces 3 cell mass, but also im-
pairs 3 cell function prior to hyperglycermia. Subsequently, hyperglyce-
mia appears. At such a moment, immediate intervention of
autoimmune infiltration with anti-CD3 mAbs timely ceases 3 cell de-
struction but not 3 cell degranulation. This brings about a hyperglyce-
mic phase where [3 cells are quantitatively reduced and functionally
exhausted. Thereafter, 3 cells are continuously degranulated and be-
comes almost empty of insulin-secretory granules, whereas GFP sig-
nal-derived 3 cell volume significantly increases almost in parallel
with hyperglycermia. Finally,  cells become regranulated along with
euglycemia restoration. Of note, meanwhile, the increased GFP signal-
derived P cell volume unexpectedly dropped back to the basal level.
However, this happened due to reduced expression of GFP resulting
from decreased insulin promotor activity in MIP-GFP 3 cells without
being related to apoptosis. Therefore, this decline phase of GFP signal-
derived p cell volume does not reflect decreased {3 cell mass. This is ver-
ified by analysis of total islet volume as discussed below (Chmelova
et al,, 2015).

To induce autoimmune infiltration in either of intraocular islets or
those situated in the pancreas, different tansplantation settings are cho-
sen by combing RIP-HA™ or RIP-HA ™ donor islets with RIP-HA™ or RIP-
HA™ recipient mice (Chmelova et al,, 2015). By this way, distinct roles of
autoimmune infiltration and hyperglycemia on 3 cell mass and function
are characterized, i.e. adoptive transfer of preactivated HA-specific
T cells destroys RIP-HA ™ islets without influencing RIP-HA ™ islets. Se-
lective autoimmune infiltration in MIP-GFP/RIP-HA™ donor islets
engrafted in the RIP-HA™ recipient ACE not only destroys, but also
degranulates [3 cells in these islet grafts in the absence of
hyperglycermia. Subsequent intervention with Anti-CD3 mAb rapidly
blocks not only further destruction but also degranulation of (3 cells. Of
note, the immune intervention does not induce an increase of GFP
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signal-derived (3 cell volume, which occurs in the presence of both auto-
immune infiltration and hyperglycermia. In contrast, following adoptive
transfer of preactivated HA-specific T cells into the ACE of RIP-HA™ re-
cipients, consequent hyperglycemia rapidly depletes insulin granules
and increases 3 cell volume in GFP/RIP-HA™ islet grafts in the absence
of autoimmune infiltration. The effects disappear following glycemic
normalization by eliminating autoimmune attack with Anti-CD3 mAb
antibody. These findings demonstrate that either autoimmune infiltra-
tion or hyperglycemia degranulates {3 cells impairing insulin secretory
capacity independently of each other, whereas hyperglycemia alone is
responsible for increased islet 3 cell volume following treatment with
Anti-CD3 mAb antibody (Chmelova et al., 2015).

Interestingly, total islet volume measurements reveal that transient
hyperglycemia induced by combining initial adoptive transfer with T
cells and subsequent immune intervention brings about a continuous
elevation of B cell mass that sustains even after restoration of
euglycemia (Chmelova et al., 2015). This event is mainly attributed to
glucose-induced {3 cell proliferation since a remarkable increase of 3
cell number, a mild enlargement of 3 cell size and an unaltered inci-
dence of 3 cell apoptosis are observed (Chmelova et al., 2015).

Furthermore, glucose intolerance not only appears during the onset
period of adoptive transfer-induced diabetes but also lasts for additional
two weeks after immune intervention-induced remission of the disease
before it recovers to its basal level (Chmelova et al., 2015). Importantly,
such a glucose intolerance changes in antiparallel with the granular
density of 3 cells in intraocular islet grafts and plasma insulin levels dur-
ing the onset and remission of the autoimmune diabetes. It is worth-
while to notice that 3 cells in intraocular islets do not undergo further
replication but cumulative regranulation during remission of the auto-
immune diabetes. Apparently, amelioration of glucose intolerance sub-
sequent to the immune intervention-induced remission of adoptive
transfer-induced diabetes critically relies on the functionality of individ-
ual 3 cells and in particular the insulin secretory capacity rather than the
number of these cells. These findings pinpoint the importance of resto-
ration of glucose homeostasis by relieving the metabolic burden of
(3 cells to regain their function (Chmelova et al., 2015).

Chmelova et al. have also visualized the morphological and func-
tional plasticity of human islets transplanted into the ACE of RI>-HA™
mice adoptively reconstituted with CD4™ T cells isolated from TCR-HA
mice and treated with anti-CD3 mAb (Chmelova et al,, 2015). Human is-
lets are reasonably engrafted and vascularized on the iris of RIP-HA™
mice even in this xenotransplantation setting. The engrafted human is-
lets behave somewhat differently from the mouse intraocular islets in
response to transient hyperglycemia induced by adoptive transfer of
CD4™" T cells and treatment with anti-CD3 mAb. The adoptive transfer
does not influence the morphology and viability of the transplanted
human islets, but effectively induces autoimmune insulitis and 3 cell de-
struction in in situ endogenous islets of the recipient mice resulting in
autoimmune diabetes exhibiting severe hyperglycemia. Subsequent
treatment with anti-CD3 mAbs efficiently induces the remission of au-
toimmune diabetes by immediately halting 3 cell destruction in recipi-
ent mice. Surprisingly, the backscatter signal from the transplanted
human islets drastically increases just before onset of hyperglycemia
following the adoptive transfer probably due to predominant involve-
ment of human « cells. Thereafter, this signal drops to a nadir of about
60% and recovers once the recipient mice become normoglycemic. In re-
sponse to hyperglycemia, human 3 cell mass, reflected by total islet vol-
ume, just undergoes a moderate, delayed and transient increase
peaking at about 125% after two weeks of hyperglycemia onset. This
can be explained by the fact that human 3 cells undergo relatively low
glucose-induced replication in comparison to mouse 3 cells or by
other factors such as age and species. The findings suggest that human
p cells display a similar functional plasticity as mouse ( cells during
transient hyperglycemia, but only transiently undergo a slight but sig-
nificant morphological change during transient hyperglycemia
(Chmelova et al,, 2015).

4.3. In vivo alterations in (3 cell function, mass and insulin resistance in the
ACE during T2D development

Insulin resistance and functional (3 cell mass deficiency serve as key
players in T2D development, but their relative contribution varies not
only among individual patients but also during the course of the disease
(American Diabetes Association, 2014; Danaei et al., 2011; Inzucchi,
2012). Analysis of systemic glucose disposal points out that individuals
with T2D progressively develop insulin resistance in their hepatocytes,
skeletal muscles, adipocytes and even pancreatic 3 cells and gradually
lose their B cell function and mass throughout the progression from
the prediabetes stage to overt T2D (American Diabetes Association,
2014; Avall et al., 2015; Danaei et al., 2011; Halban et al., 2014;
Inzucchi, 2012; Meier & Bonadonna, 2013; Rhodes, 2005; Samuel &
Shulman, 2016; Weir, Laybutt, Kaneto, Bonner-Weir, & Sharma, 2001).
Indisputably, it is of upmost importance to visualize in real-time
changes in these pathogenic events non-invasively, intravitally, longitu-
dinally and microscopically. The ACE technology together with other
methodologies have microscopically visualized in vivo dynamic profiles
of  cell [Ca®™[;, function, mass and insulin resistance in islets engrafted
in the ACE during T2D development (Chen et al., 2016; Paschen et al.,
2016; Paschen et al., 2018).

4.3.1. B Cell [Ca® ™ ]; dynamics and mass in islets engrafted in the ACE during
development of HFD-induced prediabetes

By applying the ACE technology in Tg GCaMP3, MIP-GFP and B6 mice,
Chen et al., have characterized {3 cell [Ca%™]; and mass of mouse islets
during progression to prediabetes induced by 17-week high fat diet
(HFD) feeding from the initial euglycemic state through the compensa-
tory phase of insulin resistance (Chen et al., 2016). HFD feeding
increases the integrated basal level of [Ca®™]; significantly after 8
weeks and decreases the glucose-induced initial peak and integrated
glucose-stimulated level of [Ca®*]; significantly after 1 and 4 weeks. In
vivo backscatter and GFP imaging shows a gradual rise in 3 cell mass of
intraocular islets following HFD exposure, reaching a significant level at
4 weeks and doubling in size after 16 weeks. As expected, HFD-fed
mice gradually gain body weight, exhibit elevations in glycemic levels,
plasma insulin concentrations and insulin secretory response to glucose
and suffer from glucose intolerance and prediabetes. Furthermore, in
vivo B cell [Ca®T]; efficacy, derived by dividing glucose-stimulated
plasma insulin by the product of glucose-stimulated [Ca®*]; per minute
and fold changes in islet mass at corresponding time points, significantly
rises after 1 week of HFD treatment due to activation of Epac signaling. In
vivo P cell functional index, obtained by dividing glucose-stimulated
plasma insulin by fold changes in 3 cell mass at corresponding time
points, does the same. These findings demonstrate that the altered B
cell [Ca®"]; dynamics and efficacy prevail over increased 3 cell mass to
compensate for insulin resistance and prediabetes (Chen et al., 2016). In-
triguingly, 2-week normal diet (ND) refeeding suffices to restore the 17-
week HFD feeding-induced defects except increased body weight and
cell mass and thereby reverses prediabetes (Chen et al., 2016).

4.3.2. 3 Cell insulin resistance of islets engrafted in the ACE

Recently, the dynamics of 3 cell insulin resistance in ACE-engrafted
islets whose  cells specifically express insulin resistance biosensor
(BIRB) has been demonstrated (Paschen et al., 2016). Application of
BIRB in T2D mice homozygous (ob/ob) for the obese spontaneous mu-
tation verifies that this biosensor enables non-invasive microscopic
evaluation of the dynamics of in vivo (3 cell insulin resistance. The ob/
ob mice exhibit short-lasting hyperinsulinemia, hyperglycemia and sys-
temic insulin resistance that reaches its peak and drops back to normal
when aged 3 and 10 months, respectively. As mentioned earlier, 1-
month time is required for full vascularization and innervation of the
transplanted islets on the recipient mouse iris. For a best fit to these
time frames, syngeneic islets transduced with adenoviral (Ad)-RIP-
BIRB are transplanted into the ACE of age-matched littermate recipient
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B6, ob/+ and ob/ob mice at the age of two months. After one month, in
vivo [3 cell insulin resistance is assessed by microscopically quantifying
the ratio of nuclear to cytosolic FoxO1(H215R)-GFP signal in engrafted
islets for an 8-month period. As expected, significantly more insulin re-
sistant (3 cells are present in Ad-RIP-BIRB-transduced islets engrafted in
the ACE of 3-month old ob/ob mice than in those of age-matched ob/+
mice. By 10 months of age, the percentage of insulin resistant [3 cells in
Ad-RIP-BIRB-transduced islets implanted in ob/ob mouse ACE signifi-
cantly drops to a level similar to that in age-matched ob/+ mice. This
dynamics of in vivo 3 cell insulin resistance occurs in phase with that
of systemic insulin resistance as validated by glucose and insulin toler-
ance tests. In contrast, the percentage of insulin resistant 3 cells keeps
stable and remains significantly lower in the experimental settings of
ob/+ and B6 mice than in that of ob/ob mice. Furthermore, immunocy-
tochemistry and immunoblot analysis confirm that 3 cell insulin resis-
tance detected in Ad-RIP-BIRB-transduced islets engrafted in the ob/
ob mouse ACE also happens in in situ pancreatic islets of the same recip-
ients mice. These findings verify that the ACE technology is suitable for
monitoring the in vivo dynamics of cellular insulin resistance, as exem-
plified in 3 cells, in any types of cells if they are transducible by Ad-RIP-
PIRB and engraftable in the ACE (Paschen et al.,, 2016).

More recent work has characterized {3 cell insulin resistance, func-
tional 3 cell mass and 3 cell [Ca®™]; during diet-induced diabetes by
combing the AEC technology, expression of BIRB, [ cell fluorescence
metabolic transcriptional-response indicator (BFLUOMETRI) and
GCaMP3 reporter in [3 cells or islet cells and analysis of systemic metab-
olism (Paschen et al., 2018). Diabetes-prone male B6 islets expressing
these biosensors engrafted in the ACE of syngeneic recipients gradually
suffer from 3 cell insulin resistance, consequently lose functional (> cell
mass, but display no change in 3 cell [Ca®>*]; within 8-week exposure
to a combination of HFD and high sucrose diet (HSD) (HFD-HSD). Anal-
ysis of systemic metabolism shows that these recipient mice develop
T2D as evidenced by obesity, insulin and glucose intolerances, and
noncompensatory insulin release, but not pyruvate intolerance
reflecting liver insulin resistance. Importantly, substitution of HFD-
HSD by normal chow diet can satisfactorily reverse both the intraocular
P cell defects and the systemic diabetic phenotypes, indicating a great
plasticity of functional 3 cell mass during development of prediabetes
under dietary stress. Interestingly, B cell insulin resistance develops
only following exposure to HFD-HSD feeding but not to treatment
with HSD, HED or HFD plus high fructose diet (HFrD) (HFD-HFrD), sug-
gesting lipotoxicity together with sucrose overload is accounted for the
development of 3 cell insulin resistance in this context. These findings
provide evidence that different types of unhealthy diets can induce dia-
betes through distinct pathogenic mechanisms such as p cell, liver, mus-
cle and fat insulin resistance (Paschen et al., 2018). The ACE technology
enables defining a critical time point where {3 cell insulin resistance and
functional 3 cell mass can be reversed which is important for T2D
prevention.

4.4. Rejuvenation of aged islets engrafted in the ACE of young recipients

Age is one of the main risk factors for developing T2D (Niccoli &
Partridge, 2012). This is at least partially due to age-associated alter-
ations of islet function and structure (Chang & Halter, 2003;
Dillberger, 1994; Gumbiner et al., 1989). However, whether they are in-
trinsic or extrinsic still remains a matter of debate. To circumvent this
issue, Almaca et al. have evaluated the functional recovery, proliferation,
vascularization, blood flow, fibrosis and inflammation of young (2
months old) and aged islets (18 months old) implanted into the ACE
of young and old mice with STZ-induced diabetes by employing the
ACE technology in conjunction with other approaches (Almaca et al.,
2014).

The engrafted aged islets surprisingly reverse diabetes in most of the
young diabetic recipients and the engrafted young islets expectedly en-
able all of the young diabetic recipients to become normoglycemic

during the first 3 months after transplantation. However, only half of
the aged diabetic recipients grafted with aged islets become
normoglycemic 6 months post-transplant. Indeed, the young diabetic
recipients grafted with aged islets display a decrease in blood glucose
disposal in comparison to those with young islets before 7 months
post-transplant but after that period the former do not differ from the
latter anymore in glucose tolerance. Moreover, they are indistinguish-
able in terms of plasma insulin levels, grow and gain body weight at a
similar rate within 9 months after transplantation. Interestingly, the
aged islets engrafted in the ACE of young recipient mice proliferate
more actively than the young islets in the same host environment.
This is likely attributed to higher blood glucose levels in the early
stage of transplantation of aged islets in young recipients. More interest-
ingly, the transplanted aged and young islets are gradually vascularized
to a similar extent although the former display a less dense vasculature
consisting of larger blood vessels with fewer branches and accommo-
dating faster and more turbulent blood flow in comparison to the latter
in the first month after transplantation. Importantly, increases in the fi-
brosis marker laminin and macrophage density in in situ aged pancre-
atic islets did not prevail in the aged islets grafts 11 months after
transplantation (Almaca et al,, 2014).

Undoubtedly, prolonged exposure to the environment in a young or-
ganism can revitalize aged islets by reversing the age-associated inflam-
mation and fibrosis of islet vasculature (Almaca et al., 2014). Such
revitalized islets can adequately secrete insulin and adaptively prolifer-
ate in response to high glucose burden, thereby governing glucose ho-
meostasis (Almaca et al., 2014). The age-associated defects of islet
function and structure appear to be extrinsic and reversible (Almaca
et al, 2014).

4.5. Appraisals of antidiabetic drugs in the humanized mouse ACE engrafted
with human islets

The ACE of humanized immunodeficient mice has been used as a
human islet transplantation and imaging site for appraisals of antidia-
betic drugs (Abdulreda et al., 2016). The antidiabetic drug liraglutide
has been appraised in human islets transplanted into the ACE of
immunedeficient athymic nude mice who suffer from STZ-induced dia-
betes (Abdulreda et al., 2016; Sfairopoulos, Liatis, Tigas, & Liberopoulos,
2018). Each mouse transplanted with 1000 human IEQs (500 human
IEQs in each ACE) is subjected to systemic treatment with liraglutide,
All liraglutide-treated mice restore normoglycemia in about two
weeks, whereas only 70% of control mice treated with saline become
normoglycemic in almost double the time. During the initial treatment
period with liraglutide, no adverse systemic side effects occur. Unex-
pectedly, however, prolonged treatment with liraglutide do not further
improve the function of the human islets, but instead progressively de-
teriorate them as evidenced by gradual loss of glycemic control and im-
paired insulin release from the intraocular human islets. Moreover, the
intraocular human islets retrieved after 250 days post-transplantation
still show a typical distribution of o and {3 cells without a sign of cell
death. These results may suggest that long-term treatment with
liraglutide progressively deteriorates the transplanted human islets
even though it initially and temporarily boosts their function. These ob-
servations indicate that long-term use of incretin mimetics can exhaust
(3 cells in T2D patients leading to compromised glucose homeostasis due
to excessive stimulation of overburdened 3 cells. (Abdulreda et al.,
2016).

4.6. Preclinical application of the ACE technology in non-human primates

Indeed, the ACE of humanized mice can accommodate human islets
for in vivo investigation of their physiological processes and pathological
changes (Abdulreda et al., 2016). Despite of this, the complexity and pit-
falls associated with this human-mouse chimera are not negligible
(Walsh et al., 2017). Hence, non-human primates are admittedly
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deemed to be the ultimate preclinical and translational research model
due to their close phylogenetic relationship to humans (Contreras,
Smyth, Curiel, & Eckhoff, 2004; Pound, Kievit, & Grove, 2014). It is there-
fore important to extend the application of the ACE technology to non-
human primates.

4.6.1. Intravital imaging of macaque islets transplanted into the
autorecipient ACE

Recently, the ACE technology has been applied to the clinically
relevant human surrogate macaque (Diez et al., 2017). Macaque
islets transplanted into the ACE of partially-pancreatectomized
autorecipients attract some iris pigment epithelial cells on top of them
within 4 days post-transplantation, but are still visible. They are readily
engrafted on the iris. Their vascularization initially occurs between 4
and 10 days after islet transplantation. Large-diameter microvessels
first appear and then progressively branch into smaller microvessels
in islet grafts. The vascularization of macaque islets engrafted on the
macaque iris resembles that in in situ macaque islets and mouse islets
transplanted into mouse ACE. Furthermore, o, 3 and 6 cells intermingle
with one another. TH-positive sympathetic fibers innervate vascular
networks throughout islet grafts retrieved after a post-transplantation
period of up to 210 days in a similar manner as observed in in situ ma-
caque islets. In all, the cytoarchitecture, vascularization and innervation
of the engrafted islets are appropriately preserved verifying that the
macaque ACE provides autologous islets with an adequate niche compa-
rable to the pancreas in macagues. This experimental setting using a
clinically relevant human surrogate definitely brings more benefits to
basic, translational and clinical research on human health and disease
than that using rodents (Diez et al., 2017).

4.6.2. Preclinical transplantation of baboon islets into the baboon ACE

To extend the ACE technology to clinical applications, the preclinical
model where the ACE of a STZ-induced diabetic baboon is transplanted
with allogeneic islets has been successfully established (Perez et al.,
2011). The baboon is subjected to a first transplantation of 20,000
IEQs, pancreatectomy on day 256 after the first transplantation to ablate
possible insulin secretion from residual endogenous islets escaping
from STZ treatment and a second transplantation of 18,000 [EQs. Most
of the transplanted islets aggregate together on the iris of the recipient.
They are well engrafted and richly vascularized. Their cytoarchitecture,
insulin- and glucagon-immunocytochemical profiles remain un-
changed. <15% of intraocular islets disappear during the 357-day obser-
vation period. A series of clinical variables verify that islet grafts function
well, thereby ameliorating blood glucose homeostasis. The recipient ba-
boon requires less exogenous insulin and shows a gradual decrease in
HbA1c and reduced fluctuations in fasting blood glucose. Importantly,
C-peptide levels increase in both the plasma and the aqueous humor,
but are higher in the latter than in the former after islet transplantation.
C-peptide levels rise in response to challenges with either glucose or
glucagon. The effect is abolished after removal of the transplanted eye.

Furthermore, thorough eye examinations of both the transplanted
eye and the contralateral non-transplanted eye show that the trans-
plantation of 38,000 baboon IEQs into a baboon ACE produced no
major adverse effects on eye function and structure. The recipient has
no behavioral signs indicative of being blind. Neither mechanical defects
nor immune/inflammatory responses occur in the transplanted eye or
the contralateral non-transplanted eye. The cornea, conjunctiva, aque-
ous humor, optic nerve and retina are normal. Our data suggest that
the ACE can be safely used as a clinical islet transplantation site for
treating diabetes (Perez et al., 2011).

5. Prospective avenues for the ACE technology
The ACE technology brings us significantly closer to understanding

the role of islets in the maintenance of glucose homeostasis and the de-
velopment of diabetes. However, the present state-of-the-art for the

ACE technology still leaves room for improvement, and current knowl-
edge gained using this technology is still limited.

Undoubtedly, various interesting aspects in the diabetes arena await
us to advance by employing the ACE technology. Perhaps clinical appli-
cation of the ACE technology in patients with diabetes is one of the most
challenging objectives. The ACE technology demonstrates that both
mouse and human islets engrafted in the ACE act as the powerful regu-
lators of glucose homeostasis in mice and non-human primates (Almaca
et al,, 2014; Mojibian et al., 2013; Nyqvist et al., 2011; Perez et al., 2011;
Rodriguez-Diaz et al., 2012; Rodriguez-Diaz et al., 2018; Speier, Nyqvist,
Cabrera, et al., 2008). This because the ACE offers intraocular islets an
immune-privileged niche, oxygen-rich milieu and metabolic stress-re-
ducing environment where they undergo rich vascularization and
dense innervation, survive better and become functionally stronger
(Abdulreda et al., 2013; Almaca et al., 2014; Almaca et al., 2018; Bader
et al., 2016; Borg et al., 2014; Cohrs et al., 2017; Cunha-Vaz, 1979;
Diez et al., 2017; Freddo, 1996; Hayreh & Scott, 1978; llegems et al.,
2013; llegems et al., 2015; Kemter et al., 2017; Kragl et al., 2016; Lee
et al., 2018; Leibiger et al., 2010; Leibiger et al., 2012; Leibiger &
Berggren, 2017; McDougal & Gamlin, 2015; Mojibian et al., 2013;
Nyqvist et al., 2011; Perez et al., 2011; Rodriguez-Diaz et al., 2012;
Rodriguez-Diaz et al., 2018; Shalaly et al., 2016; Sharifipour et al.,
2013; Speier, 2011; Speier, Nyqvist, Cabrera, et al., 2008; Speier,
Nyqvist, Kohler, et al., 2008; Streilein et al., 1992; van Krieken et al.,
2017; Zhou & Caspi, 2010). The findings in mice and non-human pri-
mates spur us to see what will happen if human islets are transplanted
into the ACE of patients with diabetes. In fact, we are performing clinical
trials to evaluate the human ACE as a new transplantation site for
treating diabetes (Berggren et al., unpublished data). We expect that
the ACE as a transplantation site for diabetes therapy in human should
prevail over others such as hepatic sinusoids because of the same bio-
logical merits as described for rodents and non-human primates
(Cunha-Vaz, 1979; Freddo, 1996; Hayreh & Scott, 1978; McDougal &
Gamlin, 2015; Sharifipour et al., 2013; Streilein et al., 1992; Zhou &
Caspi, 2010). Of note, it is too early to judge whether this is true or
not. The conclusion whether or not the human ACE is the optimal clin-
ical islet transplantation site for treating diabetes should be made by
comparing the success rate of the aforementioned clinical trials to
those applying other sites such as the portal vein in terms of graft sur-
vival, function, and insulin independence when necessary data are
available. Furthermore, caution should be exercised when using the
human ACE as a clinical islet transplantation site. The islet receiving ca-
pacity of the ACE to reverse diabetes is significantly lower than other
sites. The purity, viability and functionality of human islet preparations,
obtained through currently used procedures, vary significantly from
batch to batch. They are less uniform in size and more irregular in
shape than rodent islet preparations (Ricordi, Lacy, Finke, Olack, &
Scharp, 1988; Yamamoto et al., 2009). The currently used procedures
for human islet isolation should be improved to obtain high-quality
human islets with few or no exocrine tissues to maximize the number
of islets implanted into the limited space of the ACE.

It is well known that uncontrolled diabetes as a systemic degenera-
tive disease progressively leads to a series of diabetes complications due
to hyperglycemia-induced damages to peripheral nerves and microvas-
cular networks throughout the entire body. In fact, these complications
are the real culprit responsible for compromising the patients' life qual-
ity and depriving their lives (Forbes & Cooper, 2013; Harcourt, Penfold,
& Forbes, 2013). Diabetic neuropathy and vasculopathy have attracted
great attention of scientists and clinicians. They could use the ACE tech-
nology as new research and diagnostic tools to image pathological
changes of peripheral nerves and microvascular networks in the iris or
tissues/organs engrafted on it.

Immunodeficient mice bearing human-derived tissues as a human-
ized mouse model have been proven to be useful in the development
of new drugs or treatment regimens (Walsh et al., 2017). The human-
ized mouse model turns a series of ethically impossible ideas into reality
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and impressively contributes to in vivo evaluation of the efficacy and
toxicology of potential new drugs before they move into clinical trials
(Walsh et al., 2017). The humanized mouse model in combination
with the ACE technology can be applied for intravital assessment of
therapeutic and toxicological effects of new antidiabetic drugs in islets
and other relevant tissues like liver, skeletal muscle and adipose tissue.

The ACE technology needs a special confocal/multiphoton micro-
scope equipped with a high-performance, continuous autofocus func-
tion in combination with a servomechanism-driven target-chasing
system. Another limitation of this technology is the imaging depth and
working distance. This makes the ACE technology inferior to conven-
tional non-invasive in vivo imaging modalities like CT, MRI and PET
whose penetration depth has no limit (Koo et al., 2006).

Currently, the ACE technology can only be applied to anesthetized,
restrained animals. General anesthesia and physical restraining can pro-
duce various side effects, especially on imaged islets and systemic me-
tabolism (Zuurbier et al., 2008). We are currently solving these
challenges in upgrading this technology for research on awake and
freely-moving animals.

Clinical islet transplantation represents a promising therapy for dia-
betes, but falls into a dilemma due to the scarce human islet availability
and allogeneic immune rejection of transplanted islets (Marzorati et al.,
2007; McCall & Shapiro, 2014; Pagliuca & Melton, 2013; Shapiro et al.,
2000; Shapiro et al., 2006; Shapiro et al., 2017). Fortunately, induced
pluripotent stem cell (iPSC) technology offers promising solutions to
this dilemma (Takahashi et al., 2007; Yu et al., 2009). Together with
the organoid approach, iPSC technology can create immune rejection-
free human iPSC-derived surrogate islets from the patient's own so-
matic cells (Maehr et al., 2009; Millman et al., 2016; Pagliuca et al.,
2014; Rezania et al., 2014). This potentially removes the need for do-
nated pancreases and immunosuppressive regimens. However, human
iPSC-derived surrogate islets, which secrete notably less insulin follow-
ing glucose exposure even at quite high concentrations, have not been
used to treat patients with diabetes since they cannot mature in vitro
into authentic pancreatic islets (Pagliuca et al., 2014; Rezania et al,,
2014). It is clear that generation of an unlimited amount of human
iPSC-derived surrogate islets is not a difficult task. However, currently
there is no way to fully differentiate human iPSC-derived surrogate is-
lets in vitro into authentic islets with the exquisite glucose sensitivity
and delicate insulin secretory responsiveness. Nevertheless, human
iPSC-derived surrogate islets can normalize blood glucose levels to a
certain extent in STZ-induced diabetic immunodeficient mice several
months post-transplantation (Pagliuca et al., 2014; Rezania et al,,
2014). Obviously, the transplanted human iPSC-derived surrogate islets
can only execute their anti-hyperglycemic action in vivo until they dif-
ferentiate to a certain stage of maturation. As of yet, the basics and un-
derlying mechanisms of the in vivo maturation of the transplanted
human iPSC-derived surrogate islets has remained a conundrum due
to the lack of appropriate in vivo approaches. The ACE technology allows
visualization of in vivo differentiation of the same stem cell-derived
organoids including human iPSC-derived surrogate islets non-
invasively, longitudinally and repeatedly. In fact, we are mechanistically
dissecting the in vivo maturation of human iPSC-derived surrogate islets
using the ACE technology to establish effective target- or mechanism-
based approaches to direct and fine-tune this process for diabetes
therapy.

Islets consisting of electrically excitable endocrine cells critically rely
on complex electrical events to govern their function and in particular
islet hormone secretion through a variety of ion channels (Berggren
et al., 2004; Shi et al., 2014; Yang et al., 1999; Yang et al., 2007; Yang
et al., 2014; Yang et al., 2015; Yang & Berggren, 20053, 2005b, 2006).
However, we are still ignorant of how these ion channels behave in
vivo due to anatomical barriers to in situ pancreatic islets for patch
clamp experiments. Most, if not all, of the electrophysiological studies
on these ion channels have been performed with dispersed single islet
cells and isolated islets which are deprived of functional nerve endings,

vascular networks and in vivo interstitial fluid and experience different
types of harmful stress during preparation (Yang & Berggren, 2006). Di-
rect translation of findings obtained from these in vitro preparations to
what happens in vivo can inevitably introduce biases and errors
(Barker et al., 2013; Leibiger et al., 2012; Weigert et al., 2010). Therefore,
it is important to find a way to intravitally characterize ion channels in
islets under healthy and diabetic conditions. The ACE technology
opens up the possibility to study ion channels in islets in vivo.

6. Conclusions

Challenged by the inaccessibility of islets in situ and spurred by the
importance of functional 3 cell mass and insulin sensitivity in health
and diabetes, we have established the ACE technology (Speier,
Nyquvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al., 2008). This
technology allows in vivo microscopy of islet cytoarchitecture, function
and viability in physiological situations and functional (3 cell mass defi-
ciency, cellular insulin resistance and autoimmune insulitis under dia-
betic conditions in a non-invasive, longitudinal and real-time manner
(Abdulreda et al., 2011; Abdulreda et al., 2013; Abdulreda et al., 2016;
Abdulreda & Berggren, 2013; Ali et al., 2016; Almaca et al., 2014;
Almaca et al., 2018; Avall et al., 2015; Bader et al., 2016; Berclaz et al.,
2016; Borg et al., 2014; Chen et al., 2016; Chmelova et al., 2015; Cohrs
et al., 2017; Diez et al., 2017; Faleo et al., 2014; Ilegems et al., 2013;
llegems et al., 2015; Johansson et al., 2015; Juntti-Berggren et al.,
2015; Kemter et al., 2017; Kragl et al., 2016; Lee et al., 2018; Leibiger
et al., 2010; Leibiger et al., 2012; Leibiger & Berggren, 2017; Miska
et al., 2014; Mojibian et al., 2013; Nyquvist et al., 2011; Paschen et al.,
2016; Paschen et al., 2018; Perez et al., 2011; Rodriguez-Diaz et al.,
2012; Rodriguez-Diaz et al., 2018; Schmidt-Christensen et al., 2013;
Shalaly et al., 2016; Speier, 2011; Speier, Nyqvist, Cabrera, et al., 2008;
Speier, Nyqvist, Kohler, et al., 2008; van Krieken et al., 2017).

The ACE serves as an optimal imaging site and provides implanted
islets with the special nursery bed, i.e., the iris, where they undergo en-
graftment, rich vascularization and dense innervation, keep their cellu-
lar composition unaltered and survive in an oxygen-rich milieu and
immune-privileged niche (Abdulreda et al., 2013; Almaca et al., 2014;
Almaca et al., 2018; Bader et al., 2016; Borg et al., 2014; Cohrs et al.,
2017; Cunha-Vaz, 1979; Diez et al., 2017; Freddo, 1996; Hayreh &
Scott, 1978; llegems et al., 2013; Ilegems et al., 2015; Kemter et al.,
2017; Kragl et al., 2016; Lee et al., 2018; Leibiger & Berggren, 2017;
Leibiger et al., 2010; Leibiger et al., 2012; McDougal & Gamlin, 2015;
Meek, 2009; Meek & Knupp, 2015; Mojibian et al., 2013; Nyqvist et al.,
2011; Perez et al., 2011; Rodriguez-Diaz et al., 2018; Rodriguez-Diaz
et al.,, 2012; Shalaly et al., 2016; Sharifipour et al., 2013; Speier, 2011;
Speier, Nyqvist, Cabrera, et al., 2008; Speier, Nyqvist, Kohler, et al.,
2008; Streilein et al., 1992; van Krieken et al., 2017; Zhou & Caspi,
2010). Importantly, islets engrafted in the ACE are able to control glu-
cose homeostasis in recipients, whose endogenous {3 cells are depleted
by STZ treatment (Almaca et al., 2014; Mojibian et al., 2013; Nyqvist
et al,, 2011; Perez et al,, 2011; Rodriguez-Diaz et al., 2012; Rodriguez-
Diaz et al., 2018; Speier, Nyqvist, Cabrera, et al., 2008). Furthermore,
the ACE technology reveals that intraocular islets display characteristic
[Ca®™]; responses to systemic administration of high glucose (Chen
et al,, 2016). Moreover, this technology enables in vivo visualization of
dynamic changes in functional 3 mass of islets engrafted into the ACE
and development of pancreatic buds implanted into the ACE at cellular
resolution in a non-invasive, longitudinal and real-time manner (Ali
et al., 2016; Chmelova et al., 2015; Paschen et al., 2018).

The ACE technology has enabled unique intravital observations on in
vivo dynamics of immune cell infiltration, multiplex immune cell inter-
play, immune cell-p cell interaction and 3 cell mass/function during the
onset and remission of autoimmune diabetes (Chmelova et al., 2015;
Miska et al., 2014; Mojibian et al., 2013; Schmidt-Christensen et al.,
2013). Novel in vivo investigations visualize the dynamic profiles of
B cell [Ca®*];/function/mass and insulin resistance in islets engrafted
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in the ACE during T2D development (Chen et al., 2016; Paschen et al.,
2016; Paschen et al.,, 2018). They also reveal the rejuvenation of aged is-
lets in the ACE of young mice rendered diabetic by STZ injection, T cell
behavior in intraocular islets during allorejection and compromised hy-
poglycemic activity of human islets in the humanized mouse ACE fol-
lowing long-term treatment with the antidiabetic drug liraglutide
(Abdulreda et al., 2011; Abdulreda et al., 2016; Almaca et al., 2014). Fur-
thermore, application of the ACE technology in non-human primates
demonstrates that macague islets are well engrafted in the macague
ACE where they preserve their cytoarchitecture, vascularization and in-
nervation, and show a characteristic local blood flow (Diez et al., 2017).
Importantly, it also verifies that 38,000 baboon IEQs engrafted in an al-
logeneic baboon ACE rendered diabetic by STZ treatment are able to
ameliorate hyperglycemia and have no major adverse effects on eye
function and structure, suggesting that the human ACE can be safely
used as a clinical islet transplantation site for treating diabetes (Perez
etal., 2011).

Remarkable advances in the development and application of the ACE
technology motivate us to delineate some prospective avenues, such as
its application in antidiabetic drug discovery and clinical diabetes prac-
tice. Hence, we expect that the ACE technology will greatly contribute to
the prevention and cure of diabetes.
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