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Available online 1 November 2013 After 25 years of intense pre-clinical work on microencapsulated intraperitoneal islet grafts into non-
immunosuppressed diabetic recipients, the application of this procedure to patients with type 1 diabetes mellitus

Keywords: has been a significant step forward. This result, achieved in a few centers worldwide, underlies the safety of biopoly-

Dia!mes mers used for microencapsulation. Without this advance, no permission for human application of microcapsules

ﬁi:zfctaepsules would have ever been obtained after years of purification technologies applied to the raw alginates. To improve

safety of the encapsulated islet graft system, renewed efforts on the capsules' bioengineering, as well as on

Therapy insulin-producing cells within the capsular membranes, are in progress. It is hoped that advances in these two

critical aspects of the cell encapsulation technology will result in wider human application of this system.
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1. Introduction

Ethiopathogenesis of type 1 diabetes mellitus (T1D) is based on auto-
immune -cell selective killing, driven by autoreactive CD4 clones, also
involving a complex cascade of pro-inflammatory and pro-apoptotic
molecules. Different working hypotheses on a possible direct role of infec-
tion agents on pancreatic ([3-cells included) destruction remain unproven
[1]. Nevertheless, and regardless of the acquisition of novel 3-cell destruc-
tion pathways, the near total disappearance of 3-cells within the islets
leads to endogenous insulin deprivation, which clinically translates into
overt diabetes mellitus. Should exogenous insulin supplementation be
obviated or delayed, acute and frequently fatal complications would
ensue. Hence and so far, exogenous insulin continues to be the mainstay
of T1D therapy — virtually the only treatment that allows for T1D patients'
survival. In fact, if appropriately modulated, exogenous insulin therapy
regimens, implemented by the introduction of the new analogic mole-
cules [2], according to established injection algorithms, may substantially
reduce the risk of developing secondary, chronic complications of T1D,
with special regard to micro- and macro-angiopathy, a combination that
leads invariably to retinopathy, disabling neuropathy, cardiovascular
disease and terminal renal failure [2]. However, while life-saving and
able to at least restrain the development ofT1D-linked secondary
multiorgan damage, insulin therapy is associated with several pitfalls,
based on the fundamental principle that exogenous insulin administra-
tion can never mimic the stimulus-coupled insulin secretory kinetics of
normal B-cells under physiological conditions. Moreover, in a minor co-
hort of T1D patients, blood glucose (BG) control, despite applied intensive
insulin therapy regimens, is brittle, regardless of the insulin delivery
system (i.e. conventional vs. minipump). For these reasons and because
in general, as mentioned above, BG control using exogenous insulin will
be imperfect even in the best conditions, there have been strenuous
efforts to substitute the diseased or dead islet (3-cells, associated to T1D,
with fresh and viable tissue derived from cadaveric pancreatic donors.

While this approach has been pursued for over three decades, using
whole donor pancreatic, or isolated islets from donor pancreases, the
initial hopes that such a replacement therapy would rapidly and fully
succeed have been largely shattered. In fact and in particular, whole
pancreatic transplantation remains a quite major surgery, still associat-
ed with high morbidity. Isolated islet grafting procedures, via trans-
hepatic puncture delivery, in T1D patients, have encountered a series
of technical and methodological problems, many of which are still
pending. For both procedures, the recipient's systemic pharmacological
immunosuppression is a necessary condition for allowing the tissue
engraftment and immunologic acceptance. This is not a minor point,
considering that p-cell replacement strategies are not a life-saving
procedure and per se would not justify the use of dangerous immuno-
suppressive regimen protocols. Today islet and pancreas transplanta-
tion may be reimbursed in some countries, and is even cited in the
Clinical Practice Recommendations of the American Diabetes Associa-
tion [2], intended for a limited cohort of T1D patients; however, both
procedures continue to be virtually experimental.

1.1. Clinical islet cell transplantation

Outcomes of clinical islet transplantation (TX) have steadily improved
through eras [3] with special regard to 2007-2010, when, according to
the data of the Clinical Islet Transplant (CIT) Consortium, 65% of the
grafted patients reached insulin-independency at 1 year of post-TX. Less
consistent was the maintenance of insulin independence at 5 years of
TX — which has significantly improved, reaching 40-50% of all treated
patients, only in a few centers worldwide (Edmonton, Minneapolis,
Geneva, Lille and Milano) although still unable to match the clinical
outcome of whole pancreatic grafts. A major problem is that clinical
results obtained by a single whole pancreatic graft may be paralleled by
islets obtained from at least 2-3 if not more cadaveric pancreatic donors.
In selected instances, review of the CIT Registry (CITR) (www.citregistry.

org) data shows that the use of new specific Tc-depleting agents in asso-
ciation with anti-inflammatory molecules allowed extension of insulin
independence, in a few cases, by 60-70%. In these successful cases, the
pro's supporting the islet TX procedure can be summarized as shown in
Table 1.

Such beneficial effects have been deemed to occur, not necessarily in
fully insulin-independent patients but also in patients where the TX was
functioning, in terms of serum C-peptide detection, and with improve-
ments in HbA1c levels [13,14].

However, in these selected centers, according to CITR, crude mortal-
ity associated with the procedure was 3% out of 6 years of elapsed
follow-up per patient (including stroke, heart attack, respiratory dis-
tress syndrome, ketoacidosis and multiorgan failure); while neoplastic
events (0.02/individual/year) also appeared, particularly for lung cancer
and skin tumors.

By the same token, several problems, some apparently quite serious,
still hamper widespread diffusion of the procedure in a large segment of
the T1D population (Table 2).

In summary, these drawbacks remain largely unanswered and restrict
islet transplantation to a selected experimental procedure, applicable to
only a minor cohort of patients with T1D and available in only a few
centers worldwide. To make this approach a cure for T1D, as initially
hoped, the gap between dream and reality is yet to be filled.

2. Immunoprotection of the transplanted islets within selective
permeable, nontoxic microcapsules

2.1. Introductory remarks

Based on the principle that a possible 3-cell substitution cell therapy,
envisioned as a cure for T1D, should target all and not only a minority of
the patients affected by this metabolic disease, some possible solutions
are required. Should grafted islets be enveloped within artificial mem-
branes that selectively regulate cross-permeability of noxious soluble
factors, while preventing access to immunoactive cells and molecules,
immunosuppressive treatment of the recipients could theoretically be
obviated. The physical shield surrounding the islets would attenuate
the impact of acute and chronic immune rejection, also offering the
opportunity to employ less toxic and possibly locally delivered agents
that would generally make the procedure more acceptable.

Additionally, microencapsulation might allow the use of nonhuman
tissue as a resource for donor islets, thereby contrasting with the chron-
ic restricted availability of human donor pancreases.

The immunoprotection approach by physical barriers may be pursued
by the use of macrodevices or microcapsules, both based on the use of
highly selective and nontoxic membranes, variably configured, and com-
prised of highly purified constituent biopolymers. In the beginning of our
research activity on islet immunoprotection, 25 years ago, we selected
microcapsules basically made of alginic acid derivatives complexed with
amino-acid polycations.

Table 1
Clinical islet transplantation: beneficial effects of quality of life (QOL) and chronic
complications.

QoL Improved Reference

[4] MD Bellin, 2011;

[5] T Tharavanij, 2008;
[6] P Fiorina, 2005.

[7] Thompson DM 2011;
[8] Leitao CB 2009.

[9] Del Carro U 2007;
[10] Lee TC 2005.

[11] Warnock GL 2008;
[12] Thompson DM 2008.

Cardiovascular Stabilized/improved

Renal Prevention of GFR decline
Neuropathic Stabilized/improved

Retinal Stabilized/improved
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Table 2
Clinical islet transplantation: adverse factors hampering success of intra-hepatic islet allograft
procedures.

a. Too many islets (IEQ)/recipient required to achieve substantial functional
TX-related clinical effects.

b. Too many islets (IEQ)/recipient required to achieve substantial functional
TX-related clinical effects.

c. Sub-optimal, even if improved, long-term TX functional life-span.

d. Significant toxicity, although improved, of the employed general
immunosuppressive protocols.

e. Islet engraftment problems, with special regard to site of TX effects: liver, due
to immunological, anatomical [15,16] and physiological [17] factors.

f. Cost effectiveness: still an extremely expensive procedure in relation to the achieved
effects.

2.2. General principles

Microencapsulation consists of entrapping cells/tissue within poly-
meric and non-cytotoxic membranes that constitute immunoprotective
barriers. Based on this concept, a wide spectrum of cells, other than pan-
creatic islets, has been immobilized within the microcapsules which may
expand the applicability of this strategy beyond diabetes. However,
it was recently postulated that success of this approach may require
detailed focus on multiple issues concerning biocompatibility and
bioperformance of the microcapsules. Furthermore, microcapsular
three-dimensional architecture, based on highly purified and almost
endotoxin- and protein-free alginates, has been shown to promote
better growth, differentiation and maturation of different cell
types, including mesenchymal stem cells, mESCs, hESCs, neural
stem cells and hepatocytes [18-21]. The vast majority of alginate-
based microcapsules historically measured 600-800 pm in diameter,
although generation of small-size alginate capsules is underway.

Table 3
Physical chemical properties of alginate solution.

1.8% sodium alginate solution

Product description

Concentration: 1.8%

Components

« Keltone LVCR Lot.67432A, stored at 2-8 °C light protected
« Sodium chloride: 0.9%.

Volume: 500 mL

Container PET bottle store

Storage conditions: Stored at 2-8 °C light protected

1.8% sodium alginate solution

Identity and composition

Parameters Results

120,000-190,000 kDa
Mannuronic acid (M) content:
M fraction (Fy) 61%
Guluronic acid (G) content:
G fraction (Fg) 39%.
Viscosity: 1.8% 100-300 cps

pH T20°C=72-76
Microbiology (bacteria, yeast, fungi) Sterile

Endotoxin (EU/mL) <0.5 EU/mL

Protein content 2-2.5 pg/mL
Chemical analysis Ca: <100 ppm

Cu: <40 ppm

Fe: <60 ppm

Hg: <40 ppb

Mg: <40 ppm

Zn: <40 ppm

Pb: <50 ppm

Si: <10 ppm

Mn: <10 ppm

Sr: <40 ppm

As: <100 ppb

Molecular weight
Mannuronic/guluronic acid ratio

Other polymers, such as polyethylene glycol (PEG) [22,23], agarose
[24] and HEMA-MMA (hydroxyethyl methacrylate-co-methyl meth-
acrylate) [25,26], have extensively been used for microencapsula-
tion, with lower performance in islet transplant studies. Some of
them are actually being rescued for application in new technologies
for cell micro- and nano-encapsulation (see below). Because the ma-
jority of successful in vivo graft studies, including pilot clinical trials,
have been conducted only with alginate-based microcapsules, these
deserve most attention. Undoubtedly, the only polymer approved for
fabricating microcapsules for human use remains alginate in its sodium
salt [27]. Extracted from brown sea weeds, the alginic saccharydic poly-
mers (guluronic and mannuronic acid block patterns) since the time of
the first successful reports from Lim and Sun [28] have gained progressive
popularity for the preparation of microcapsules for transplant purposes. A
major issue in using the basic polymer has centered on the unavailability
of ultrapurified alginate [29,30]. Since alginate is the major component of
microcapsules, endotoxin and pyrogen-free criteria have to be thoroughly
fulfilled in order to make this molecule suitable for clinical application
[31].

2.3. Alginic polymer qualification for encapsulation for human use
(University of Perugia technology)

The raw alginate powder available in the market (‘pharmaceutical
grade’) must undergo an ultrapurification process. This eliminates sev-
eral contaminants in order to obtain a final product that is chemically
stable, endotoxin/pyrogen free and of low protein content that can be
stored long-term with no loss of basic desirable physical-chemical
properties (Table 3). This process can be performed in only a few select-
ed centers worldwide, including the University of Perugia [27].

In our laboratory at the University of Perugia, we obtained a
‘clinical-grade’ basic alginate for capsule fabrication, using a special pro-
cess to remove any lipopolysaccharidic contamination (USPatent 2010/
0298262A1). The method is based on a multiple sequential filtration pro-
cess through positively charged filters that allow ultrapurification of the
powder and the resulting solution, and adjustments in pH and osmolality.
Endotoxins are almost completely removed from the original preparation,
whereas physical, chemical and molecular properties of the original
product remain unchanged, as shown by 'H and '*C nuclear magnetic
resonance spectra, examined before and after the polymeric purification
procedure (Fig. 1A, B).

2.3.1. Protein content

Total protein content in the alginate samples was measured, according
to guidelines from the Food and Drug Administration of the USA (FDA) by
NanoOrange kit (Molecular Probes, Invitrogen, Milano, Italy). In particu-
lar, the 1.8% (w/v) alginate solution was diluted to a final concentration
of 1% and assayed according to the manufacturer's instructions using a lin-
ear standard curve generated with bovine serum albumin.

2.3.2. Endotoxin content

The Endosafe (Charles River) was used to quantify the total endotoxin
content of the alginates. In particular, 1.8% (w/v) alginate samples were
diluted 10-fold in LAL reagent water (Charles River) and then fivefold in
Endosafe-specific buffer (Charles River) following the manufacturer's
instructions.

2.3.3. Heavy metal content

Heavy metal content in 1.8% (w/v) alginate solution was assessed
according to standard procedures at the Central Core Clinical Chemistry
Laboratory, Perugia University Hospital, Perugia, Italy.

2.4. Fabrication process

Standard ‘medium-size’ microcapsules were fabricated according to
our published method [29], substantially modified from Sun and Lim
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Fig. 1. (A) "H NMR spectra and (B) '“C-NMR spectra of unpurified versus purified alginate solutions.

[28]. Briefly, ultrapure 1.6% Na-alginate solution was thoroughly mixed
with islets to make a homogeneous alginate/islet cell suspension. The sus-
pension was then extruded through a microdroplet generator (fabricated
in our laboratory) in the form of microdroplets each containing one islet.
The microdroplets were collected in a calcium chloride (CaCly) bath, and
whereby immediately turned into gel microspheres. The gel beads were
finally and sequentially coated with 0.12% poly-i-ornithine (PLO;
Sigma) (single or double coating) and a final outer alginate layer, at
appropriate stoichiometric molar ratios, to produce beads with biocom-
patibility and selective membrane permeability. The final microcapsules
were uniform in size and shape measuring an average 500 pm in equato-
rial diameter, and containing an average of 1-2 islets per capsule. Such
results were obtained after years of trials testing different islet cell
pellet/alginate ratios. Now, in a standard islet encapsulation run, there
are no free islets and few empty capsules.

2.5. Pre-clinical trials

A large number of pre-clinical studies where either allogeneic
or xenogeneic (and autologous for control) islets were encapsulat-
ed and transplanted in non-immunosuppressed animal models of
both artificially-induced and spontaneous diabetes - including

rodents, canines and primates- have been produced by several
centers, including our own, in the past three decades [32-37].
These started with the seminal work of Chang [38] and Sun [39].
These studies showed that, in the best experimental conditions,
the encapsulated islet grafts indeed enabled reversal of hypergly-
cemia for variable periods of time, although diabetes correction
was not indefinite. In the majority of these trials the capsules,
mostly made of basic algin polymers, were implanted
intraperitoneally or sometimes in pre-vascularized beds [40]
showing variable problems. Many of these were related to either
the average capsule size (600-800 um) or the ‘site of implant ef-
fect’. Taken together, these two factors often created unbalanced
graft volume/site surface ratios, with consequential inadequate ox-
ygen/nutrient supply, intracapsular islet death and capsular fibrot-
ic overgrowth. Less tight capsule membranes, usually made of
alginate gels with no amino-acid cation overcoating, were shown
to be permeable to immunoglobulins Ig [41] and were apparently
associated in mice with less performing results. Lessons from ani-
mal models taught us that sufficient islet mass (given the lower
functional performance of encapsulated vs. free islets), capsule
size and graft site effects were major issues to address, in order to
upscale the encapsulated islet graft system for human application.
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2.6. Clinical application of microencapsulated islets for patients with T1D

2.6.1. The University of Perugia experience

Upon completion of long-term pre-clinical trials of encapsulated al-
logeneic and xenogeneic islet transplantation (Tx) in either rodent or
higher mammal models of diabetes, having assessed full safety and sig-
nificant functional performance of our system, mainly due to the avail-
ability of our in-house system for alginate ultrapurification (‘clinical
grade’), we decided to embark on pilot human clinical trials. After a
long series of audits, we were granted permission by the Italian Ministry
of Health to initiate a closed, pilot phase-I clinical trial of microencapsu-
lated human islet allo-Tx into non-immunosuppressed patients with
long-standing T1D, on intensive insulin therapy regimens. So far we
have completed four patients that have been followed-up throughout
5 years after the Tx.

The primary goal of this study was to determine long-term safety of
the encapsulated human islet (HI)Tx. The following parameters were ex-
amined: (1) Tx-related adverse reactions; (2) Tx-directed immune reac-
tivity; and (3) host sensitization to grafted encapsulated islet cell
antigens.

Only excellent human islet preparations (Fig. 2A, B) that were prov-
en morphologically intact and functional, upon static incubation with
glucose, were considered for donor islets, and underwent microencap-
sulation prior to Tx.

We also examined the following metabolic parameters: (1) changes
in exogenous insulin consumption; (2) levels of prior negative serum C-
peptide responsiveness; (3) changes in severe nocturnal hypoglycemia,
as defined by BG,40 mg/dL (patients 1 and 2); and (4) changes in HbAlc
plasma levels.

All four patients were grafted intraperitoneally, under local anes-
thesia and ultrasound echography guidance; except for one case who
received three subsequent grafts, the last delivered under general
anesthesia, by laparoscopic surgery. The aim, in this last instance,
was to deliver the encapsulated islets in areas that would be better
vascularized (i.e. mesentery), unlike the great peritoneal cavity. In
all cases we observed neither adverse reactions to the grafting proce-
dure, nor evidence of immune sensitization. In terms of metabolic
outcome, all patients showed decline of exogenous daily insulin con-
sumption - which nearly halved - except one case that temporarily
suspended the insulin injections. C-peptide levels were detected in
all cases and lasted for 100-480 days, reaching peaks of 1.8 ng/mL
in patient #4 in basal and after stimulation. As a unique finding, no
anti-MHC class I-II, anti-GAD65 antibodies or islet cell antibodies
were detected in any of the transplanted patients throughout the
five years of post-Tx follow-up [42,43]. Hence, microcapsules
prevented any detection of foreign antigens by the host, despite
the lack of immunosuppressive treatment. In our opinion, this was
the most important finding of the study. Obviously, the partial and
transient metabolic benefits obtained by the treatment reflect limi-
tations of this microcapsule generation, particularly concerning
their size with regard to the Tx site. We maintain that smaller micro-
capsules could permit access to Tx sites that are possibly associated
with better biochemical exchange — thereby complying, in a more
efficient fashion, with metabolic requirements of the patients with
T1D. No adverse effects were reported except patient #2, who for near
to five years post-Tx complained of superficial abdominal discomfort.
The pain was associated with a small mass palpable on the anterior ab-
dominal region. Upon ultrasound imaging, the patient underwent minor
surgery, under local anesthesia, that was associated with finding and re-
moving a cyst-like formation, measuring 3 cm, situated beneath the fascia
of the anterior rectus muscle. Evidently part of the microcapsule graft had
not been delivered intraperitoneally, but rather more superficially. After
five years the cyst contained capsules that appeared mostly intact
(Fig. 2C) although the majority contained only necrotic debris of what
were once viable human islets. At that time the patient had returned to
his, prior to Tx, full insulin schedule.

|
Fig. 2. (A) Empty capsules at the end of the procedure. (B) Human islet containing micro-
capsules. (C) Encapsulated human islets retrieved from patient #1, 5 years after TX.

2.6.2. The University of New South Wales, Australia experience

A different phase I clinical study was conducted with barium algi-
nate microcapsules by Tuch and fellow investigators [44]. In this
study, four patients with T1D and no detectable C-peptide were infused
with human islets encapsulated within barium alginate microcapsules
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intraperitoneally without general immunosuppression. C-peptide was
detected on day 1 post-transplantation, and BG and insulin require-
ments decreased, albeit transiently. C-peptide was again undetectable
by 1-4 weeks. In a multi-islet recipient, C-peptide was detected at
6 weeks after the third infusion and remained detectable throughout
2.5 years. Neither insulin requirement nor glycemic control was signif-
icantly affected by the release of this small amount of insulin. To better
understand what occurred in the transplanted capsules, a laparoscopy
was performed in the recipient of the four encapsulated islet infusions
at 16 months after the first procedure. Large numbers of capsules
were found scattered throughout the peritoneal cavity in clusters
attached to the parietal peritoneum, spleen, omentum and kidney. A
biopsy showed that the capsules were intact and surrounded by fibrous
tissue containing thin-walled capillaries with a mild histiocytic re-
sponse. The encapsulated islets were necrotic. The loss of graft function
was probably due to either ischemic necrosis or an inflammatory pro-
cess, possibly initiated by fibrinogen adhering to the capsule's surface.

2.6.3. The Living Cell Technologies (LCT) experience

LCT started collaborative work with the University of Perugia team
in 1999, with exchanges of the respective products (encapsulation tech-
nology from the University of Perugia and post-natal pig islets from
LCT). From this alliance several experimental trials in either rodents or
primates with spontaneous or artificially-induced diabetes were set
up, creating the ground for subsequent initiation of pilot phase I/II clin-
ical trials of microencapsulated porcine islet xenografts into patients
with type 1 (or anyway insulin-dependent diabetes). Two recent stud-
ies describing transplantation of microencapsulated neonatal pig islets
in an alginate matrix confirmed their biocompatibility in non-diabetic
monkeys as well as their capacity to partially regulate diabetes
[45,46]. LCT showed that porcine islet cells had survived in a human pa-
tient 10 years after transplant of pig islet cells [47]. These findings dem-
onstrated the long-term safety, viability and function — although
uncoupled with systemic effects of encapsulated porcine islets in a
human patient, with no general immunosuppression. Two phase I trials
have shown that intraperitoneally infused microencapsulated human
islets can be considered safe for up to 3 years [48]. Although insulin in-
dependence was not achieved, glycemic control was improved, with a
reduction in insulin daily requirement. In 2007, LCT launched a phase
I/lla study in Moscow of encapsulated neonatal insulin-producing
porcine pancreatic islet cells (commercially called DIABECELL®).
Seven patients with insulin-dependent diabetes received 1-3 implants
of DIABECELL® (5000 and 10,000 IEQ/kg), with none showing marked
adverse events at 18-96 weeks after transplantation.

All recipients showed improvements in diabetes control, with lower
glycated hemoglobin (% HbA1c) concentrations. Following the success-
ful completion of this phase I/Ila clinical trial in Russia, LCT launched
phase IIb clinical trials, which are currently underway in New Zealand
and Argentina.

Concerning the Argentinian trial, a press release was issued by LCT at
the end of 2012 reporting the following: For Press Release — 22 November
2012 Sydney, Australia and Auckland, New Zealand - “Living Cell Technol-
ogies Limited (ASX: LCT; OTCQX: LVCLY) today announced the results of
an interim analysis of its Argentinian Phase I/lla clinical trial for
DIABECELL, a breakthrough treatment for people with unstable type 1
diabetes.”

The results clearly demonstrated a clinically significant reduction in
HbAl1c, insulin dose and unaware hypoglycemia, with greater benefit
seen in the patient group receiving the higher dose of DIABECELL®.

These trials, beyond press release statements, cannot be considered
true ‘breakthroughs’, since no exogenous insulin supplementation was
discontinued, and the achieved metabolic results were minor and not
different from what was obtained elsewhere. However, an important
‘take home message’ from these pilot clinical trials is that a major
achievement, namely safety of an encapsulated islet xenograft proce-
dure in humans, has been accomplished. It is expected that a sufficient

islet cell mass per recipient, coupled with better selection of the cap-
sules' site of implanting, as well as improvements in the membranes'
size/formulation will definitely help in achieving a proficient metabolic
outcome.

3. Encapsulated islet allografts in humans with no systemic
immunosuppression: advances and critique

Bringing the alginate-based islet cell encapsulation system into
human trials has coincided with a major achievement, after over two
decades of experimental animal studies. These studies, more convinc-
ingly in some centers, have preliminarily but clearly shown how impor-
tant are the alginate composites, in terms of the selected chemistries
and use of amino-acid polycation outer coating: some capsules' fabrica-
tion principles cannot be ignored without compromising strength of the
graft outcome. Another very recent report confirmed this positive trend
of encapsulated human islets for T1D [49].

The only well-documented study so far conducted at the University
of Perugia incorporated a careful 5 years of post-TX follow-up, with the
following important results:

1. No host immune sensitization towards the encapsulated islet allografts
occurred. This was clearly documented by the absence of anti-MHC
class I-I, as well as anti-GAD65 and ICA AAb throughout the 5 years
of post-TX follow-up;

2. No significant adverse effects have occurred in any of the transplanted
patients, except for one patient where the encapsulated islet suspen-
sion was partially injected into an unwanted site (fascia of the rectus
anterior muscle) and not intraperitoneally as scheduled;

3. Graft function, as demonstrated by C-peptide serum levels lasted for
throughout 400 days of post-TX, in conjunction with a significant de-
crease of HbA1c levels as well as hypoglycemia unawareness epi-
sodes. These results were also deemed to be metabolically relevant,
in terms of overall glucose control in T1D patients, by those authors
that performed non-encapsulated islet allografts into pharmacologi-
cally immunosuppressed patients with T1D.

In our studies we clearly proved the safety of the procedure, as well
as partial but evident graft function. Moreover tolerance of the grafts,
shown by the absence of recipient sensitization, was granted by the ul-
trapure alginate blend ad hoc complexed with PLO.

Other studies, employing different alginate blends (mainly Ba algi-
nates salts) with no polyamino-acid coating, have demonstrated product
safety due to the simplicity of the grafting procedures. Nonetheless, these
did not achieve immunoisolation due to the loose membrane's molecular
weight cut-off, while biocompatibility was variable, sometimes showing
intense peri-capsular fibrotic tissue overgrowth. Only in immunodeficient
mice was biocompatibility evident [49].

Hence the lack of reproducibility of the exhibited results from differ-
ent centers may reflect major differences in algin polymers' purity and
basic chemistry. Many studies have clearly indicated alginate purity as
an indispensable feature for a successful outcome of encapsulated islet
grafts [29-31]. Likewise, imperfect capsule morphology leading to ab-
normal shape, ‘polydispersity’ and islet cell protrusion through the
outer capsule membrane are well known risks for macrophage signaling
[36,37] and encapsulated islet-directed immune targeting. On the con-
trary, rigorously formulated, regularly and smoothly shaped microcap-
sules favor the grafted islets' immunoisolation, biological acceptance
and positive functional graft outcome [50].

The lessons learned from these preliminary encapsulated allogeneic/
xenogeneic islet grafts in patients with T1D worldwide indicate that if
all the state-of-the-art technical principles for islet microencapsulation
are complied with, then positive results in terms of safety and ease of
clinical application may be obtained. However, technical pitfalls still
hamper a clear successful functional outcome of these grafts, with
some issues deserving special attention:
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1. Capsule size. Final graft volume per patient is still excessive, and
smaller capsules would functionally perform better.

2. Site of implant effect. The peritoneal cavity, if easily accessible for the
graft with no traumatizing procedures, is not ideal in terms of both
oxygen/nutrient supply and pharmacokinetics of the secreted insu-
lin. Smaller capsules could be grafted elsewhere.

3. Low functional islet mass loaded in the capsules is associated with
insufficient insulin output.

This latter problem is less stringent with xenogeneic porcine islets
but still a pending problem, as illustrated above.

4. Future directions

New macrodevices, as far as their immunoisolation, biocompatibility
and the embodied islet survival and functional performance are actually
pushing forward, approaching human application, but are not discussed
in this chapter. New strategies for microcapsules are being pursued in
order to counteract weaknesses associated with the conventional prod-
ucts so far illustrated.

4.1. Generation of smaller microcapsules

The focus for the next generation of microcapsules should be on con-
sistently reducing their size to achieve a ‘conformal’ configuration that,
while hosting islets or insulin-producing cell clusters within an
immunoprotective and biocompatible shield, would also enable graft
lodging in smaller areas, possibly not the peritoneal cavity. Several con-
formal capsules are under preparation at this juncture following differ-
ent fabrication procedures (see below).

4.2. Two aqueous-phase emulsification

4.2.1. Alginates

Emulsification has been used to generate a conformal coating
surrounding islets or cell aggregates. Calafiore et al. placed islets
into a two aqueous-phase alginate/PEG/Ficoll emulsion, whereby
alginate-containing Ficoll droplets suspended in a continuous PEG
phase coalesced on individual islet surface, engulfing each islet
within an alginate droplet. This early product was subsequently
treated with CaCl, and coated with a PLO/alginate bilayer. Reagent
stoichiometric molar ratios are extremely important in order to
avoid membrane shrinkage and rupture, with consequential loss
of immunoisolation and biocompatibility properties of these mini-
coatings. This conformal barrier does prevent direct contact be-
tween islets and antibodies, and does not impair insulin secretion
in response to glucose stimulation. In the University of Perugia lab-
oratory this emulsification process was recently optimized to mini-
mize the incidence of incomplete or uneven coating, by overlaying
the cell clusters within thin (20-25 pm) alginate films [35]. Selec-
tive withdrawal of one fluid through a second immiscible phase
has recently been used to encapsulate pancreatic islets [51]. At
this preliminary stage of development it is premature to speculate
on the effective extent of immunoprotection afforded by these
coatings.

4.2.2. PEG

Islets suspended in PEG-diacrylate were layered onto a denser, im-
miscible oil phase, and fluid was withdrawn through a tube placed im-
mediately below the interface. PEG-diacrylate was subsequently photo-
cross linked, resulting in about 10-pum-thick coatings independent of
size of the encapsulated islets. The investigators found it necessary to re-
peat this process to prevent coating defects, ultimately generating coat-
ings of about 20 um thickness. In principle, sequential coating may
allow for the generation of composite coatings, with possible intralayer
embodiment of anti-inflammatory or proangiogenic molecules, with

improvement of the membrane's performance. Two-layer conformal
coatings were found to inhibit the transport of a 140-kDa macromole-
cule and enabled normal dynamic insulin secretion in response to
glucose stimulation [52]. Despite these promising results, about 75% of
the islets were lost during the coating process, while the method's
scalability remains an open issue.

4.2.3. Interfacial polymerization

Strategies to fabricate conformal coatings have also tried to use the
islet surface as a template upon which coatings may be grown or chemi-
cally deposited. Cruise et al. generated about 35-50-um thick PEG-
diacrylate coatings on both porcine [53] and human [54] islets through
a process of interfacial polymerization. Eosin Y, a photoinitiator, is non-
specifically adsorbed to the islet surface, and islets are placed in a solution
containing PEG-diacrylate and triethanolamine. Upon illumination with
light, eosin Y is excited and this initiates the free-radical polymerization
of PEG-diacrylate at the islet-macromer interface. Through parametric
optimization of key process variables, greater than 90% islet viability
and encapsulation efficiency have been reported, and conformally coated
islets were compared to uncoated islets during in vitro glucose perfusion,
and in vivo peritoneal glucose tolerance tests. Pre-clinical trials in diabetic
cynomolgus monkeys and baboons demonstrated the function of subcu-
taneously transplanted conformally coated islets for up to 20 months,
despite discontinuation of low-dose immunosuppression, 1 month
post-transplant [50], although the long-term outcome of this approach
is unknown.

4.2.4. Layer-by-layer assembly of polyelectrolyte multilayer
Layer-by-layer assembly of polyelectrolyte multilayer (PEM) films
represents a bottom-up approach for re-engineering the molecular land-
scape of cell surfaces with spatially continuous and molecularly uniform
ultrathin films. Several groups are currently engaged in this innovative
research. Starting from his original agarose recipe, Teramura et al. [54]
further engineered the capsular membrane using maleimide-conjugated
PEG-lipids, 5000-molecular weight PEG, with subsequent polyvinyl
alcohol bound to PEG. The ultrathin formed membrane seems to be
counterbalanced by complexity of the fabrication process and question-
able long-term stability. Moreover, only in vitro static incubation studies
have been performed with these membranes. A subset of cationic copol-
ymers undergoing conformational changes, which mitigate membrane
disruption and facilitate the deposition of PEMs on cell surfaces - subject
to alterations in composition, reactivity, thickness, and mechanical prop-
erties — are also being developed [55,56]. The first successful in vivo appli-
cation of PEM-engineered cells, which maintained viability and function
upon transplantation and were used as carriers for in vivo delivery of
PEMs containing biomolecular payloads, has been reported. This new
class of polymeric films and the design strategies developed therein
may consolidate a technology for cell transplantation and other therapies
based on engineered cells [55]. It had been previously demonstrated that
PEG chains could reduce the cytotoxicity of polycations [22,57].
Through appropriate control of structural variables, pegylated poly-
L-lysine PLL-g-PEG copolymers can be rendered cytocompatible while
simultaneously facilitating layer-by-layer self-assembly of PEM films,
directly on the surface of cells composing a pancreatic islet. Alginate
was chosen as the polyanionic species. As a demonstration of this con-
cept, cytocompatible PLL-g-PEG copolymers bearing biotin- and azide-
functionalized PEG grafts were used as a terminal layer in film assembly
to confer biological specificity and chemical reactivity, respectively.
Films assembled with biotin-functionalized Alg PLL-g-PEG copolymers
specifically bound Cy3-labeled streptavidin through biorecognition,
providing an easy approach to incorporating biotinylated molecules or
streptavidin drug conjugates into cell surface-supported films. Impor-
tantly, the viability of islets coated with eight bilayer P12PnDc]/alginate
PEM films was statistically indistinguishable (P > 0.01) from untreated
controls both immediately and 18-24 h after the film assembly [57].
Moreover, the functional capacity of islets to release insulin in a
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glucose-responsive manner was not adversely influenced by film
formation, as islets engineered with PEMs secreted statistically similar
amounts of insulin at both basal and high glucose concentrations
compared with untreated controls. Unfortunately, in vivo graft studies
in diabetic animals have shown only partial and short-term evidence
of function [58].

5. Alternative sites of implant

It is plausible that should the new conformal capsules, whether
composed of alginates or alternative biopolymers according to different
fabrication procedures, be proven to retain immunoisolation and biocom-
patibility properties then these new capsules would offer the opportunity
to consider alternative sites of implanting. One possibility would be to
prepare pre-vascularized, artificial polymeric beds situated either in
the subcutaneous space or in the mesenteric area where the small
islet/insulin producing cells' conformal coatings could be deposited.
The macro-beds could be suitable for capsule filling, retrieval or re-
plenishment procedures, should the 3-cell function be exhausted
over time.

6. Conclusions

There are few doubts about the fact that during recent years micro-
encapsulation technologies have substantially progressed, thus making
their application to humans possible after many years of experimental
animal studies only. While human application has been associated
with positive outcomes in terms of the capsules' material qualification
that have resulted in evident safety of the grafted product, several
gaps need to be filled before encapsulated islets and/or insulin-
producing cells with functional performance of sufficient degree of con-
fidence. Towards this end, several centers are intensively working on
capsule engineering to render them suitable for graft in selected areas
closer to metabolic requirements of a diabetic organism.

Should this goal be reached in the near future, the resulting artificial
biohybrid pancreas would certainly displace conventional naked islet
transplantation, under general recipient immunosuppression, for the
final possible cure of T1D.
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