ABSTRACT

Inhibition of TLR4 Minimizes Islet Damage due to Sterile Inflammation and Improves
Islet Transplant Outcomes

Charles A. Chang, Ph.D.
Co-Mentor: Robert R Kane, Ph.D.
Co-Mentor: Bashoo Naziruddin, Ph.D.

Islet transplantation has emerged as an important treatment option for brittle type 1
diabetes and as an adjunct procedure after total pancreatectomy to prevent brittle diabetes.
The efficacy and long-term function of islet transplantation have significantly improved
over the last two decades. However, transplant outcomes are still largely compromised due
to inflammation mediated prior to and after transplantation which results in the loss of as
much as 50% of the islet graft. Toll-like receptor 4 (TLR4) has been identified as a major
pro-inflammatory mediator of sterile inflammation by sensing damage-associated
molecular patterns (DAMPs) and compromising graft function, making it a putative
therapeutic target. Here, we study the effects of TLR4 blockade during the peri-transplant
period on islet transplant outcomes using TAK-242, a small molecule inhibitor of TLR4,
and a combination of basic biological assays as well as in vivo transplant models in mice.
The results of early TLR4 blockade during islet isolation demonstrate a markedly reduced
inflammatory profile in islets post-isolation which translated to reduced islet damage post-

transplant and overall improved transplant outcomes with a cure rate of 75% for treated



islets and 29% for untreated islets. Next, we developed a TLR4-antagonist prodrug and a
chemical conjugation method to link the prodrug to the surface of islets which is slowly
released, creating drug-eluting islets. Transplantation of a marginal dose of 100 modified
islets into the kidney subcapsular space resulted in a cure rate of 100% compared to 0% for
unmodified islets. In conclusion, we demonstrate that TLR4 is a major mediator of islet
graft loss during the peri-transplant period. Therapies directed to inhibit this receptor,
before and after transplant, are a promising avenue for improving islet transplant outcomes.
The addition of TAK-242 to media during the isolation process is a rapidly translatable
approach to clinical use, while the surface modification technique opens a broad range of

possible transplant applications.



Inhibition of TLR4 Minimizes Islet Damage due to Sterile Inflammation and Improves
Islet Transplant Outcomes

by
Charles A. Chang, B.S.
A Dissertation

Approved by the Institute of Biomedical Studies

Robert R. Kane, Ph.D, Director

Submitted to the Graduate Faculty of
Baylor University in Partial Fulfillment of the
Requirements for the Degree
of

Doctor of Philosophy

Approved by the Dissertation Committee

Robert R. Kane, Ph.D., Co-Chairperson

Bashoo Naziruddin, Ph.D., Co-Chairperson

Michael C. Lawrence, Ph.D.

Alex Tong, Ph.D.

Patrick J. Farmer, Ph.D.

Accepted by the Graduate School
August 2018

J. Larry Lyon, Ph.D., Dean

Page bearing signatures is kept on file in the Graduate School.



Copyright © 2018 by Charles A. Chang

All rights reserved



TABLE OF CONTENTS

LIST OF FIGURES ...ttt ettt s v

ACKNOWLEDGEMENTS ..ottt sttt st e viii

CHAPTER ONE ..ottt 1

INEPOAUCTION ..ottt ettt eaeeas 1

CHAPTER TWO .ttt bbbt 6

Literature REVIEW .......cc.coiiiiiiiiiiiiiiiiicicecee et 6

CHAPTER THREE

Preliminary WOTKS. ......cooiiiiiiii et e 22

CHAPTER FOUR ...ooiiiiiiiieeee ettt 33
Early TLR blockade attenuates sterile inflammation-mediate stress in islets

during isolation and promote successful transplant outcomes ................... 33

INtrodUuCtion ......c..coouiiiiiiiiiiiiiiiie e 34

Materials and Methods .........ccoceeiiiiiiiiiiniieeeee e, 36

RESUILS ..o 41

DISCUSSION vttt ettt ettt ettt e e e eeeas 53

CHAPTER FIVE .ottt 57
Ex-Vivo Generation of Drug-Eluting Islets Improves Transplant Outcomes

by Inhibiting TLR4-Mediated NFkB Upregulation ...........cccccceeveeeeveenneen. 57

INtrodUCHION .....oueiiiiiiiiiiiiceee e 58

Materials and Methods ........c.ccoevviiiiiiiiiiniincceccee 60

RESUILS ..o 67

DISCUSSION .ottt 86

CHAPTER SIX .ottt 91

CONCIUSIONS ..cniiiiiiiieictet ettt 91

REFERENCES ...ttt 95



LIST OF FIGURES

Figure 2.1. TLR4 intracellular signaling pathway ...........ccccoeevieiieiiiienieeiieie e 17
Figure 2.2. TLR4 plays a role in multiple pathways to compromise graft survival .......... 18
Figure 3.1. Assessment of IBET762 toxicity in MING cells ........ccccoeverieniiiinienieicnee, 23
Figure 3.2. IBET762 inhibition of inflammation in hPBMCs ........ccccccceviiiininieirnne. 24
Figure 3.3. Surface labelling of islet with CD47 peptide .........cocveeviveriieciieniieiieieeeeieene 26
Figure 3.4. Neutrophil infiltration of islet grafts ..........cccoevveviieiiiniiiiicce e, 26
Figure 3.5. CD47 peptide conjugation to DBCO-beads ...........cccceveeririiininniniinieieeee 27
Figure 3.6. Structure of TAK-242 ... 28
Figure 3.7. Cytokine expression in samples with or without TAK-242 treatment ............ 29

Figure 3.8. Mean blood glucose in mice after islet transplant with or

without systemic TAK-242 treatment ..........ccccceceeveevieniencniieneenieneeneene 29
Figure 3.9. Islets after reaction with high dose NHS ..........ccooviiiiiiiiiiie, 31
Figure 3.10. Time-dependent fluorescent labelling of cells .........cccoeevvvieeiiieiiiieiiiieeies 32
Figure 4.1. Islet transplant OULCOMES .........c.eeerueeiiiieeriieecieeeieeeeee e eree e e e eeveeeeeaeeens 43
Figure 4.2. Blood glucose graphs of individual islet recipients ..........ccccoeeveeeeiieenieeennnennns 44
Figure 4.3. Serum markers of islet damage and inflammation post-transplant ................. 45
Figure 4.4. Islet kidney graft histological analysis ...........cccceeevieriiieniieeciieceie e 46
Figure 4.5. Inflammatory gene expression analysis after islet isolation ..............cccceeueeenn. 48
Figure 4.6. Gene expression levels of inflammasome proteins ..........cccceeevveeecveeerieeenneenns 49

Figure 4.7. Proinflammatory gene expression in islets treated with TAK-242
before or after 1SOlation .........cceeeviiiiiiiiiieeieeeeeeeee e 50

vi



Figure 4.8. Proinflammatory chemokine expression in islets isolated with

LAberase TL ....cc.coiiiiiiiiiieicecr ettt 50
Figure 4.9. Semiquantitative western blot analysis of MAPKs and P65 ..............cc........ 52
Figure 4.10. Assessment of islet viability and function ............cccceeeevenieninienienienenee 53

Figure 5.1. TAK-242 is non-toxic to beta cells and dose-dependently
inhibits TLR4-mediated NFKB upregulation .........c..ccccecveveiiiniincnnicnnns 69

Figure 5.2. TAK-242 inhibits TLR4-mediated inflammation in murine
PANCTEALIC TSIELS ..veieiiiieiiieciiee e e 70

Figure 5.3. Protection of mouse islets against tHMGB1-mediated TLR4

inflammation with TAK-242 ... 71
Figure 5.4. Cleavable prodrug ChemiStry .........cccceveeriiiiiniiniiiinieneeeeeceee e 72
Figure 5.5. Verification of linker chemistry ..........coccooeviiniiiiniiniecee 74
Figure 5.6. Chemically modified Kidneys ...........ccceviiviniiniiiiniiiiiiciccceceeciecene 75
Figure 5.7. Assessment of linker KINEtICS ........cceevuiriiniriiiniiniiiinececeeeeeceecee e 77
Figure 5.8. Modified islet viability and functionality assays ..........cccccecereenenicnceniennene. 79
Figure 5.9. Assessment of drug-eluting islet protection in Vitro .........cccceeevveeecvieeeieeennenns 81
Figure 5.10. Islet dose titration with TAK-242 pretreated islets .........ccccoeeveeeciieincieeennens 83
Figure 5.11. Islet transplant outcomes and function in a syngeneic model ....................... 85
Figure 5.12. Blood glucose of mice after islet graft removal by nephrectomy ................. 86

vil



ACKNOWLEDGMENTS

I thank the following for training me during my studies, for imparting their graduate
wisdom, and for their friendship: Gumpei Y oshimatsu, M.D.-Ph.D., Mazhar Kanak, Ph.D.,
Babatope Akinbobuyi, Ph.D., Joshua M. Horton, Ph.D., Matthew R. Byrd, M.S., and
Zacharie J. Seifert, M.S.

I thank the following for directly assisting me in completing projects and writing
manuscripts: Babatope Akinbobuyi, Ph.D., Jeremy M. Quintana, Gumpei Y oshimatsu,
M.D.-Ph.D., Wagqgas Z. Haque, Prathab S. Balaji, Ph.D, and Kayla Murphy.

I thank the following for training me in clinical pancreas procurement, islet
isolation, and transplantation: Gumpei Yoshimatsu, M.D.-Ph.D, Rauf Shahbazov, M.D.-
Ph.D, and Mazhar Kanak, Ph.D.

I thank Ana Rahman, Yoshiko Tamura, and Yang Liu for training me in cGMP
facility aspects and for technical assistance with experiments.

I thank Betsy Stein, Nicolas Onaca, M.D., and Ernest Beecherl, M.D., for
administrative and clinical support of the Clinical Islet Transplantation department at the
Baylor University Medical Center.

I would also like to thank Robert R. Kane, Ph.D, Michael C. Lawrence, Ph.D, and
Bashoo Naziruddin, Ph.D, for their friendship, guidance, and help over the past several
years. They have been critical in achieving this success for me.

Financial support from Baylor University Medical Center, Baylor Scott & White

Research Institute, and Baylor University is gratefully acknowledged

viil



CHAPTER ONE

Introduction

Organ and tissue transplantation is an important and often life-saving treatment
option for various diseases and disorders ranging from various cancers to organ failure due
to chronic inflammation, genetic mutations, autoimmunity, or viral infection. The
successful outcomes of transplantation have improved greatly over the past few decades
and are now performed routinely as standard of care . Despite the advancements made,
short- and long-term graft function and survival remain suboptimal and a challenge to be
overcome >,

Islet transplantation is an archetypal model of transplantation °. It is performed as
an alternative to pancreas transplantation or to exogenous insulin injections for the
treatment of brittle type 1 diabetes (T1D) complicated by problematic hypoglycemia, and
as an adjunct procedure after pancreatectomy to restore glycemic awareness and control.
The success of islet transplantation, while it has made significant improvements in the past

two decades ¢

, remains impaired due to islet graft loss post-transplant and long-term
rejection.

In most cases, an allogeneic donor is utilized as the source of organs and tissues to
be transplanted. Standard protocols for using allogeneic tissue requires the systemic
administration of immunosuppression to the recipient to prevent graft rejection ’. Though

immunosuppression is necessary to facilitate long-term graft function, it also acts as a

double-edged sword in that it carries increased infection and cancer risk and is cytotoxic



to some degree ¥!!. To avoid the risks of immunosuppression, sub-optimal drug doses are
used, compromising the anti-rejection potency. Therefore, finding ways to localize and
minimize or eliminate the need for long-term systemic immunosuppression is a critical
goal to reduce off-target side effects and improve the efficacy of treatment.

Our method for addressing the issue of systemic immunosuppression has
progressed first through choosing a drug candidate in which to design a pro-drug and linker
platform around. Using an inhibitor of a pro-inflammatory innate immune receptor, we first
described and demonstrated the chemistry and islet surface modification methods to make
it possible for further work. This was an extensive process that required a steep learning
curve of all the assays required in order to produce reliable data. While no experiments
were performed with immunosuppressive drugs, such as FK506, in the context of
allotransplant with our surface modifies islets, the data and methods described in the
following chapters paves the way for allogeneic transplant studies with a pro-drug form of
FK506 or other immunosuppressive compound.

Short-term graft survival is influenced by organ procurement and storage

12 and post-transplant factors including innate immunity !°, which may

conditions
negatively affect graft function. Islet transplant success is significantly compromised due
to inflammation during the peri-transplant period and has a high rate of primary graft
dysfunction. The instant blood-mediated inflammatory reaction (IBMIR) and sterile
inflammation are responsible for the loss of as much as 50-70% of islets within a brief

period post-transplant ', Loss of this islet mass often fails to facilitate single-donor

insulin independence, and multiple donor pancreases are required to achieve long-term



insulin independence !”. Therefore, ameliorating islet inflammation and damage during the
peri-transplant should be a priority in improving islet transplant efficacy.

The mechanisms behind acute graft inflammation and injury are of intense interest
in order to develop effective therapies. In recent years, the importance of innate immune
receptors such as TLRs have become understood to play an important, if not integral, role
in transplant outcomes. Of particular interest to this study was TLR4, the canonical receptor
for gram-negative bacterial lipopolysaccharide (LPS) '®. TLR4 has been elucidated as
major mediator of sterile inflammation by acting as a promiscuous receptor for DAMPs '°.
Studies in animal models of islet transplantation using o-TLR4 mAbs and TLR4-/- mice
have demonstrated the positive effects role of inhibiting this receptor in transplantation

outcomes 2%?!

, making it an attractive therapeutic target. A recently developed and
clinically-tested small molecule inhibitor of TLR4, TAK-242 22, was identified and used
as a basis for further study here.

Since islets are inflamed due to the procurement and isolation process prior to
transplant 2*, we were interested to see if early TLR4 blockade during the isolation process
would reduce inflammation in islets prior to transplant by reducing TLR4 activation. The
results demonstrated that early TLR4 blockade in islets by the addition of TAK-242 to the
collagenase solution is sufficient to significantly reduce the expression of key
inflammatory proteins, reduce islet damage post-transplant, and improve transplant
outcomes. This treatment protocol is attractive since it avoids direct administration of a

potentially immunosuppressive drug and has the potential for translation to clinical use due

to the simplicity of use and previously demonstrated non-toxic profile.



Additionally, since the majority of islet damage is due to sterile inflammation and
IMBIR after transplant, we sought to inhibit this inflammation with TAK-242 using a
localized drug delivery method to avoid off-target effects of systemic administration. We
developed a pro-drug that can be conjugated to live tissues and releases TAK-242 at a
tunable rate. We then demonstrated in vitro that when modified with the pro-drug, islets
are protected from TLR4 stimulation for multiple days. In an animal transplant model
experiment, we were able to demonstrate that, with a marginal dose of just ~100 islets, we
can reverse diabetes in 100% of recipients with modified islets compared to a cure rate of
0% in recipients receiving unmodified islets.

The results from these experiments demonstrate that TLR4 plays a role as a sterile
inflammation receptor in islet transplantation and suggest that TAK-242 has the potential
to be translated to clinical usage to reduce sterile injury in islets pre- and post-transplant.
Additionally, our novel pro-drug and conjugation chemistry holds great promise in islet
transplantation and may be translatable to solid organ transplant as well.

Although this dissertation is presented in a logical developmental order to simplify
reading, it is not a chronological record of the experiments. First, in vivo and in vitro assays
were performed with TAK-242, demonstrating the potential of this compound. After the
TAK-linker compounds were synthesized, the in vitro assays necessary to study them were
developed followed by in vivo transplant models. While the surface modification paper
was being prepared and submitted, TAK-242 was evaluated in a relevant islet isolation-
transplant model of total pancreatectomy with islet autotransplant (TPIAT). These
experiments (early TLR4 blockade) began by simply looking at pro-inflammatory gene

expression in islets treated with TAK-242 during the isolation process, during which islets



are stressed. After observing that early TLR4 blockade reduced the expression of key
inflammatory proteins, we began an in vivo transplant model in which we monitored mice
for 60 days post-transplant. During the transplant experiment, we filled in the intracellular
signaling and other mechanism gaps with various in vitro assays.

As for project contributions, the early TLR4 blockade project was my own design
with minor experimental input by my mentors. The surface modification project has been
a long effort in the Kane and Naziruddin groups. Jeff Sorelle and Mazhar Kanak laid much
of the foundational groundwork regarding chemical modification of islet surfaces, aided in
part by Joshua Horton. All the work involving TLR4 as a target occurred during my PhD
studies. Joining a transplant research lab after working in an organic chemistry lab left a
steep learning curve to overcome in order to develop the proper assays for studying islet
surface modification and its effects. The prodrug chemistry was designed and compound
synthesis were performed in Dr Kane’s lab, while all islet work was performed by me in

collaboration with other scientists in Dr Naziruddin’s lab.



CHAPTER TWO

Literature Review

The pancreas is an organ responsible for producing and secreting zymogens, such
as trypsinogen, which are necessary for the proper digestion of food ?*. Zymogens are
produced in acinar cells, which makes up the bulk of the pancreatic parenchyma and is
referred to as the exocrine portion of the pancreas since the produced zymogens are
secreted into the pancreatic duct and eventually into the duodenum 2°. The pancreas is also
home to the islets of Langerhans, which are micro-organs that make up approximately 1-
2% of the pancreas mass and are responsible for the pancreas endocrine function. Islets are
comprised primarily of a, B, 8, €, and PP endocrine cells, in addition to harboring resident
macrophages and fibroblasts, and are also vascularized and innervated %°. a-cells secrete
glucagon, a hormone peptide that is produced in response to hypoglycemia and inhibited
by hyperglycemia 7. B-cells secrete insulin in response to increased blood glucose to
promote glucose uptake into cells and the conversion of glucose to glycogen %, §-cells
secrete somatostatin to regulate the function of a- and B-cells *-*2. e-cells secrete the
growth hormone ghrelin which plays a role in digestion and glucose metabolism 33, PP
cells secrete islet amyloid pancreatic polypeptide/amylin which promotes the function of
pancreas and islet cells, insulin, and has apparent neuro-protective effects **3¢. All these
cells must work together to maintain a fragile yet critical balance of blood glucose levels.
Of the different islet cell types, B-cells are the most numerous cells of an islet, followed by
a-cells *7. The remaining cells make up just 10-20% of an islet, emphasizing the B-cells

primary role in glucose homeostasis. B-cells are the most studied and arguably the most
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most important cells within an islet. Dysregulation or damage of pB-cells leads to diabetes
mellitus (DM).

Diabetes Mellitus is a disease defined by chronic hyperglycemia due to impaired
B-cell and insulin function *. This disease is a major cause of morbidity and mortality in
the U.S. and is considered a “gateway” disease that leads to cardiovascular and kidney
disease *. The economic burden of DM is considerable, estimated to be greater than $300B
annually in the U.S. due to medical costs and lost productivity *. In severe cases of DM,
patients can present with “brittle” diabetes, which is when there is severely compromised
glycemic control, hypoglycemic unawareness, severe hypoglycemic events, and frequent
hospitalization *!.

The pathologies of DM can be grouped into three main classifications: Type 1,
Type 2, and Type 3¢ *2. Type 1 diabetes mellitus (T1D) is the autoimmune destruction of
B-cells primarily mediated by immune cells such as B- and T-cells ***. Originally referred
to as “juvenile diabetes” due to its early onset in most cases, T1D often sets in by puberty
and affects 5-10% of all diabetics ***. To-date, there is no known cure or preventative
therapy *’. While there are suspected genetic and epigenetic links, these alone cannot
explain the increasing incidence worldwide *%, therefore the causes of T1D remains
incompletely understood but environmental influences are thought to contribute to
increasing incidence worldwide *°. The only standard of care for TID in the U.S. is
exogenous insulin injections, either via manual multiple daily injections or through insulin
pumps which may be augmented with continuous glucose monitoring >>°!. Although these

treatments are somewhat effective in the majority of T1Ds, there is a sub-population of



non-responders who continue to suffer from severe glycemic lability, diabetic ketoacidosis
(DKA), and severe hypoglycemic events, despite aggressive treatment.

Type 2 diabetes mellitus (T2D) is the most common form of DM, making up 80-
90% of all diabetics and affecting 12-14% of all US adults >2. 40% of Americans are
considered prediabetic **. T2D is defined as impaired insulin sensitivity leading to impaired
and inadequate compensatory insulin activity >*. T2D is a heterogenous disease that may
affect any combination of the secretion of insulin from B-cells, the production of insulin,
tissue sensitivity to insulin, and the activity of insulin. Current treatment options include
medications such as metformin, diet and exercise, bariatric surgery, and exogenous insulin
in severe cases >,

Type 3c diabetes mellitus (T3cD) is the least commonly known or recognized form
of DM 3% This form of DM is not caused by direct injury or insult to the B-cells, but
rather as a secondary or bystander effect. T3cD is DM that occurs as a result of injury to,
or disease of, the exocrine pancreas that causes islet inflammation and damage *°. The most
common cause of T3cD is chronic pancreatitis (CP) which accounts for ~80% of cases °'.
CP itself is a heterogenous disease with many possible causes and factors. The etiology of
CP is still not fully understood, though it is accepted that it progresses first through acute
pancreatitis (AP) and recurrent acute pancreatitis (RAP) before being diagnosed as CP .
The prevalence of T3c¢D is thought to be as high as 9-10% of diabetics although it could be
higher due to limitations of reliable lab tests or lack testing at all, and misclassification
occurs frequently >*%3. Genetic mutations exacerbated by alcohol and smoking are the most
common cause of CP, followed by pancreatic ductal strictures 2%, The treatment options

for CP vary depending on the diagnosed etiology on a case-by-case basis. Oftentimes, duct



stenting or removal of gallstones is sufficient to prevent RAP. For CP with intractable pain,
removal of the whole or parts of the pancreas is performed. Damage to the pancreas due to
CP and removal of the pancreas leads to exocrine insufficiency which can be treated by
supplemental pancrelipase. In the cases where there is significant islet loss, either through
inflammation and fibrosis or pancreatectomy, insulin injections are necessary to maintain
glycemic control.

Of the three types of DM, only T2D leads to relative insulin insufficiency, while
both T1D and T3cD lead to absolute insulin insufficiency. As mentioned above, T2D can
almost be completely managed with medications and lifestyle changes. T1D and in some
cases, T3cD, on the other hand require supplemental insulin for survival. In the U.S.,
currently exogenous insulin is currently the standard of care for insulin insufficiency.
However, there are two main fields of study for treating insulin insufficiency: 1.
Developing an artificial pancreas, and 2. B-cell replacement therapy.

The original sensor-augmented closed-loop insulin delivery system, or artificial
pancreas, was designed to continuously infuse a low bolus of insulin and respond to
increases in whole blood glucose ®%. In the early years of development, and indeed even
now, many technical problems arose such as developing pump algorithms and
counterregulatory mechanisms to effectively manage glucose excursions while minimizing
the risk of hypoglycemia ¢-%. Over the years, the artificial pancreas has become a fusion
of technology and biomedical engineering, comprised of a body-mounted continuous
glucose monitor (CGM), insulin pump, and a platform device such as a smartphone ’°. The
artificial pancreas has made significant progress since the initial inception of the idea,

primarily driven by technological advancements. Multiple trials published in recent years



report the findings from the first at-home studies with a modern device and found that it is
able to improve glycemic control, but there were still some hypoglycemic events "7,
Nevertheless, the artificial pancreas continues to make significant progress as a complete
replacement to the current standard of intensive insulin therapy. Commercial sale of these
devices has recently been approved in the U.S. *-°. Future priorities for improving the
artificial pancreas include developing a bi-hormonal pump that secretes both insulin and
glucagon 7°, improving pump algorithms to better control glycemia, improving the user-
friendliness of the systems, and possibly translating the technology to younger users .
B-cell replacement therapy is another approach to controlling diabetes and can be
performed by multiple methods. Currently, allogeneic pancreas transplantation is the most
common procedure for B-cell replacement with over 40,000 registered cases 7. For this
procedure, a pancreas, and most often a kidney due to renal failure due to DM, from a
deceased donor is procured and transplanted into someone with T1D who is then put on
life-long immunosuppression. Pancreas transplantation is successful in regards to patient
survival (>95% at 1 yr) and long-term graft function (~90% at 1 yr, 73% at 5 yr, and 56%
at 10 yr) 3°. However, the procedure is invasive and results in a significant amount of post-
transplant morbidity and mortality %2, Despite the high percentage of patient survival and
demonstrated efficacy, the number pancreas transplants for the treatment of T1D has gone
down in recent years, possibly due to a combination of improved insulin pumps and
medical DM management as well as insufficient advertising and referrals to specialized
transplant centers **. Given the high rate of morbidities associated with whole-pancreas

transplantation, high cost, and the emergence of less invasive effective treatment options,

the popularity of pancreas transplant may continue to decline.
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Islet transplantation is emerging as an effective, minimally invasive treatment
option for brittle diabetes secondary to T1D or T3cD #. The first islet transplant in humans
for the treatment of T1D dates back to the 1980s *°. Similarly, the first human autologous
islet transplants after pancreatectomy were performed in the 1980s *. The early allo-islet
transplants were plagued by poor long-term outcomes due to peri-transplant inflammation
and ineffective cytotoxic immunosuppression %, Efficacy of islet transplantation may
also be affected by poor organ allocation for whole pancreas vs islet transplant since the
best organs are used for whole organ transplants *°. In 2000, the clinical islet program at
the University of Alberta in Edmonton, published their results on islet transplants into 7
patients using a corticosteroid-free immunosuppression regimen who remained insulin-free
after 1 year *°. This landmark publication introduced an important paradigm shift in islet
transplantation that brought focus onto improving induction immunotherapy, steroid-free
immunosuppression, and the multiple donors needed to achieve the islet dose necessary to
achieve insulin independence. The follow-up publication dampened enthusiasm for islet
transplantation due to poor long-term islet graft function °!. In the meantime, the focus of
islet transplantation shifted to improving collagenase blends to increase islet yields and

92,93

function °>%3, anti-inflammatory induction therapy and T-cell depletion therapy ®°*, and

islet immunoisolation and encapsulation 7.

Even with modern protocols, achieving single-donor insulin independence with
islet transplantation remains a challenge. An additional challenge is the shortage of donor
organs available for transplant %°. To this end, there is great interest in both

xenotransplantation and stem cell-derived islet cells. In xenotransplantation, islets from

one species is transplanted into a recipient of another species. The most promising source
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of xenogeneic islets for humans are islets from pigs which, if clinical trials are successful,
would allow for a virtually limitless supply of islets *3. The primary problem with using
porcine islets is that they are more immunogenic than human islets, therefore requiring
more immunosuppression. Additionally, sourcing designated pathogen-free animals is
difficult, requiring costly specialized facilities *°.

Stem cell-derived islet cells can come from multiple sources: 1. Embryonic stem
cells (ESCs), 2. Induced pluripotent stem cells (iPSCs), and 3. Adult stem cells 119, Like
xenotransplantation, stem-cell derived islet cells may provide a virtually limitless supply
of endocrine cells for transplant. Current protocols are able to efficiently mature stem cells
into glucose-responsive, insulin-secreting B-cell-like cell '°*. However, these cells face by
similar challenges to both allogeneic and xenogeneic islets in that they remain
immunogenic and do not function as well as native islets '%. If xenotransplantation or stem
cell derived islet cells are to be successful, it is anticipated that they will have to be
encapsulated to prevent rejection or aggressive immunosuppression '%.

Islet encapsulation is the process of surrounding islets inside a protective boundary

for the purpose of minimizing immune cell infiltration. Islets can be macro-encapsulated

107 108

inside a device , micro-encapsulated inside a polymer sphere , Or nano-
encapsulated/surface modified with polymers or bioactive compounds *>!%%!1% Macro-
encapsulation devices have demonstrated limited efficacy in trials, likely due to poor
nutrient transport, poor device vascularization, suboptimal transplant sites, and the limited
doses of islets or stem cell-derived B-cells being transplanted due to size limitations !,

Micro-encapsulated islet cells have shown some promise in clinical trials, but run into the

same limitations in long-term outcomes as macro-encapsulated islets and require very-high
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doses of islets *7-!!2113 Additionally, the polymers and gels used for macro-encapsulation
are often immunogenic and become compromised due to fibrotic attack, limiting the long-
term protection afforded by encapsulation ',

Nano-encapsulation of islets has led to the most successful transplant outcomes in
animal models °>!'*, but has not been studied in humans. The advantages of surface
modification vs macro- and micro-encapsulation are the negligible increase in graft volume
and the negligible impact on nutrient transport. The minimal increase in graft volume is
critical since islets are traditionally infused into the hepatic portal vein which can only take
a limited mass of tissue before portal vein thrombosis or total occlusion occurs ''°. The
liver as a transplantation site for islets remains the most effective for islet function, however

117 increased toxicity !'8, and poor glucagon

it does have drawbacks such as decreased pO:
activity ''°, therefore alternative sites for transplant are being explored 2.

While islet encapsulation is a promising method for protecting islets against
immune attack after transplant, further challenges to islet graft function and survival are
inflammation due to sterile stressors such as hypoxia, ischemia, and endogenous DAMPs
121 In an attempt to address these insults, researchers have used oxygenation drugs or
devices %, anti-inflammatory drugs targeting key inflammatory proteins and pathways '>*
125 and DAMP-neutralizing antibodies .

The innate immune system is known to play a major role in organ inflammation
and dysfunction after organ transplantation '2°. Activation of these innate immune

pathways upregulate inflammatory pathways through NFkB, MAPKs, AP-1, and IRFs,

which mediate the production of pro-inflammatory proteins and may recruit immune cells,
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triggering an adaptive immune response '*’. Toll-like receptors (TLRs) have been heavily
implicated for their role in compromising organ grafts 25,

TLRs were first described in fruit flies and since then have been well studied as
innate pathogen recognition receptors in mammals '>>!3°. There have been 10 TLRs
identified in humans and 12 in mice '*!. TLRs are part of the Toll/interleukin-1 receptor
superfamily which also includes the interleukin-1 receptors due to the shared homology of
their intracellular domains '*2. The hook-shaped extracellular domains of TLRs are
comprised of tandem repeats of leucine-rich regions which confers their specificity for
different ligands. TLRs 1, 2, and 6 bind gram positive bacterial lipoproteins and
peptidoglycans, and form TLR1/TLR2 and TLR2/TLR6 heterodimers when activated.
TLR4 is the canonical receptor for gram negative lipopolysaccharides and certain
endogenous ligands. TLR3 binds viral dsRNA, TLRS binds flagellin, TLR7/8 binds
ssRNA, and TLR9 binds CpG DNA motifs '*3. TLRs 3/4/5/7/8/9 form homodimers when
activated. The function of TLR10 remain unknown, but it may act as a regulatory receptor
for cell-surface TLRs '**. TLRs 1/2/4/5/6/10 are found on the cell surface while TLRs
3/7/8/9 are found in intracellular compartments.

The recognition of a PAMP or DAMP by their corresponding TLRs results in the
activation of signaling pathways that promote the upregulation of pro-inflammatory
cytokines, chemokines, and inflammation-associated proteins via MyD88-dependent or
MyD88-independent pathways '*3. The MyD88-dependent pathway, utilized by all TLRs
except TLR3, is known to activate the NFkB and the c-fos/c-jun AP-1 pathway via
MAPKs, both of which are involved in inflammatory responses '*¢. On the other hand, the

MyD88-independent pathway is utilized by TLR4 and the endosomal TLRs 3/7/8/9. The

14



MyD88-independent pathway signals via IRFs recruited to TRIF domains on TLRs.
MyDS88-independent activation of IRFs through TRIF, and thus TLRs 3/7/8/9, is
predominantly responsible for anti-viral responses by upregulation of type I interferons %,

While TLRs were initially believed to only respond to pathogens such as bacterial
cell wall components or viral genomic particles, it was soon discovered that certain TLRs
also bind and respond to endogenous ligands and DAMPs '*’. Endogenous ligands include
damage or “danger” associated molecular patterns such as heatshock protein fragments,
extracellular matrix fragments like fibrinogen, heparan sulfate, hyaluronan, HMGB1, and
even mRNA 38, The ability of endogenous ligands to trigger not only the innate immune
system but also the adaptive immune system suggests that pathogen recognition receptors
such as TLRs may have evolved to sense ‘“danger” rather than act as self-nonself
surveillance receptors '*°. Various TLRs have been implicated in playing a role in
autoimmune diseases such as encephalomyelitis (TLR 2) '4°, autoimmune arthritis (TLRs
3/4) 141192 lupus (TLRs 7/9) 4, and many other diseases '**. The mechanisms by which
TLRs play a role in autoimmunity include aberrant activation or dysregulation of
endosome-restricted TLRs 3/7/8/9 which causes immune cells such as DCs to be activated

145

by self-nucleic acids and drive an adaptive B- and T-cell response '*°, or chronic

inflammation triggering the release of DAMPs and continuing a cycle of TLR4-mediated
autoimmunity '4°.

TLRs have also been implicated in mediating transplant graft failure '4”. While both
TLR2 and TLR4 TLR4 are often implicated, TLR4 is the most commonly studied in

affecting transplant outcomes '°. TLR4 was the first TLR identified in mammals and is

the most well-studied TLR overall *%1%  TLR4 activation by a ligand induces
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homodimerization and signals via both the MyD88-dependent, which leads to AP-1 and
NFkB nuclear translocation, and the MyD88-independent pathway which activates IRFs
(Figure 2.1). TLR4 has been shown to play a role in ischemia/reperfusion injury by acting
as a promiscuous receptor for DAMPs, such as HMGBI, released by stressed and damaged
cells %151 Studies using TLR4" models and a-TLR4 antibodies have demonstrated
reduced ischemia injury and improved graft function 215215% Importantly, a TLR4”~ model
using recombinant HMGB1 did not alter IRI in mice, demonstrating a critical
HMGBI1/TLR4 interaction '*>. Additionally, TLR4 has been implicated in exacerbating
allo-rejection, resulting in poorer allograft success °%1°7,

Although simply targeting TLR4 may not block the majority of sterile
inflammation generated during transplant, it is an attractive target since it is a non-vital
receptor and some inflammation is actually beneficial for survival '3, As summarized in
Figure 2.2, TLR4 has been implicated to play a role in several biological processes. In
triggering IBMIR, TLR4 activation may activate innate immune effectors such as
neutrophils, macrophages, and dendritic cells into a pro-inflammatory state and drive graft
infiltration. Activation of TLR4 on platelets has been linked to thrombosis formation '>°.
Ischemia/reperfusion injury is also driven by TLR4-mediated signaling in concert with the
release of DAMPs from damaged cells to drive a strong sterile inflammation response '*°.

Global inhibition of major inflammatory pathways such as NFkB or MAPKs may
result in significant cell death '°"-162, Besides being a non-vital receptor, there is also a
commercially available, clinically-tested TLR4 antagonist, TAK-242, allowing for rapid
use in new trials '®*. TAK-242 is a small molecule that functions by binding to Cys747 in

the intracellular domain of TLR4 !, Initially developed to treat sepsis, TAK-242 has been
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65 autoimmune disorders

shown effective in a range of settings including hyperplasia !
166.167 " brain trauma '°%, and reduction of pain '%°. It has also completed a double-blind,
placebo-controlled phase 3 clinical trial for the treatment of sepsis and demonstrated good

tolerability, but was unfortunately not effective against severe sepsis ',
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Figure 2.1. TLR4 intracellular signaling pathway.
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Besides TAK-242, other TLR4 antagonists exist, which tend to be Lipid A
derivatives. Lipid A is the hydrophobic region of gram negative bacterial LPS which
anchors LPS to the outer bacterial membrane '7°. One such derivative, eritoran (E5564),
has also demonstrated a good safety profile through a phase 2 clinical trial !”!. It should be
noted that while TAK-242 binds to TLR4 in its intracellular domain, Lipid A derivatives
bind to the extracelluar region in a similar fashion as LPS. Another factor that made TAK-
242 an attractive drug for our purposes is its sulfonamide motif, which is common in
medicine and allows for further chemical manipulation. Based on the demonstrated safety
and potency of TAK-242, and it’s easy of chemical manipulation, we chose this this drug
for our studies in islet transplantation and surface modification.

Our islet surface modification chemistry takes advantage of the flexibility and
biocompatibility of bioorthogonal “Click” chemistry ">, Click chemistry is attractive for
use on organic tissue and even inside living organs due to its rapid reaction in
physiologically-compatible conditions and buffers '73. This is a far cry from how chemical
reactions were traditionally planned: by carefully choosing solvents, modulating reaction
temperatures, excluding atmospheric gasses and moisture, adding catalysts, and also
chemical protection and deprotection of reactive groups !’*. The value and importance of
the development of Click chemistry can be best observed by examining how this has
allowed scientists to interrogate biomolecules in vitro and in vivo, observing them in their
native habitat, and elucidating molecular interactions in cells as well as in whole organisms
175 One of the first examples of Click chemistry used metabolically-incorporated azide-
labelled glycoconjugates to express azides on the cell surface which were then reacted with

a biotinylated triarylphosphine to create cell-surface adducts !, Intracellular reporters
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77 and

using azide-alkyne reactions with modified nucleic acids to track DNA synthesis !
metabolite accumulation !”® have also been reported, demonstrating the power of Click
chemistry in answering basic questions in biology and aiding in diagnosing diseases.
Previously, other groups have used Click chemistry to successfully conjugate biologically
active and inert molecules to the islet surface. A popular inert molecule has been
polyethylene glycol (PEG). Coating an islet with PEG has been shown to help reduce
allosensitization post-transplant *>!'7°. Active molecules, such as VEGF, have also been
tested on islets '*°. Combinations of a steric barrier (PEG) with bioactive compounds
(anticoagulants) have also been studied '8!,

The concept of conjugating drugs to carriers to improve their half-lives and
pharmacokinetics, and therefore improve their therapeutic potential is an important
development in drug delivery '*2. Drug-macromolecule carriers have been described and
FDA-approved for use '*3. However, the obvious limitations of drug-carriers are the loss
of drug-potency due to conjugation and, depending on the carrier, restriction to
extracellular spaces. Therefore, to overcome such limitations, developing a cleavable linker
that can be covalently attached to the carrier was important. Cleavable pro-drug linkers
have already been described and studied on inert polymer carriers 34185, This approach by
Santi et al. utilizes a carrier bearing a succinimidyl carbonate group for attachment to an
amine-containing drug, an electron-withdrawing tunable modulator to control the rate of
B-elimination cleavage, and an azide for strain-promoted azide-alkyne cycloaddition to a
carrier. Using exenatide as an example, they were able to increase its half-life 56-fold by
conjugation to a PEG carrier. Their results demonstrate the feasibility of creating cleavable

prodrugs which are effective in improving the pharmacokinetics of the therapeutic. In our
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studies, we borrow their cleavable linker design to create out TAK-242 prodrug. To our
knowledge, the combination of both Click chemistry on living tissues with a cleavable pro-

drug carrier is novel to our studies here.
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CHAPTER THREE

Preliminary Works

In focusing on the chemical modification of the surface of islets with therapeutic
compounds, we first had to search for effective drugs for reducing inflammation and the
effects of IBMIR in islets after transplantation. The hallmarks of IBMIR are inflammatory
cytokine production, leukocyte infiltration, and coagulation ', To address these, we
identified IBET762, CD47, and dabigatran, respectively. IBET762 is an anti-inflammatory
inhibitor of bromodomain and extra-terminal domain proteins which act as nuclear
transcription factors and activate T cells '*7. CD47 is known as the “don’t-eat-me” signal
that prevents immune cells from phagocytosing “self” cells !#8. Dabigatran is a potent direct
thrombin inhibitor (DTI) which effectively inhibits thrombosis and is an attractive
alternative to heparin since it has an effective antidote in the case of overdose '*°. Later,
we identified TLR4 as a major mediator of sterile inflammation as well as TAK-242, a
22,190

small molecule antagonist of TLR4 which was amenable to chemical modification

The works and findings regarding these preliminary efforts are described here.

IBET762
IBET762 was first studied on MING6 cells to assess the range of non-toxic doses.
Briefly, MING cells were plated in a 96-well plate at a density of 15,000 cells/well and
cultured for 24 hours prior to treatment with IBET762 at various concentrations for up to

72 hours. Viability was measured by MTT assay. The experiment revealed that IBET762
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was negligibly toxic to MING6 cells up to 72 hours at a concentration of 500nM (Figure

3.1).
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Figure 3.1. Assessment of IBET762 toxicity in MING6 cells. MING6 cells were treated with
the indicated concentration of IBET762 for the indicated time and viability was determined
by MTT assay. Statistical significance determined by Student’s ¢ test. Data represented as
means+SD

The ability of IBET762 to protect human peripheral blood mononuclear cells
(hPBMCs) for protection against inflammation was studied '°!. Briefly, whole blood was
isolated from healthy human donors and the PBMCs isolated by treating it with ACK lysis
buffer in order to lyse red blood cells. The isolated PBMCs were then treated with IBET762
and challenged with a standard PMA + lonomycin protocol. Activation was measured by
CXCL10 upregulation after 6 hours. The results show that IBET762 reduced the expression

of CXCL10 in hPBMCs (P = 0.07; Figure 3.2). These results were quite promising,
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demonstrating effective reduction in PBMC activation, and inhibitors of BET proteins are

of great interest in the cancer field.
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Figure 3.2. IBET762 inhibition of inflammation in hPBMCs. hPBMCs were treated with
PMA + Ionomycin with or without the indicated concentration of IBET762 for 6 hours.
CXCLI10 expression was assessed by RT-PCR. Statistical significance determined by
Student’s t test. Data represented as means+SD.
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CD47
The CD47 peptides was synthesize from the originally published sequences for

112, modified with a terminal biotin and azide to make

human, mouse, and scramble contro
it amenable for conjugation to surfaces and fluorescent labelling. Initially we tried
enzymatically conjugating the peptide to islets using microbial transglutaminas. However,
the modification results were inconsistent and may have induced significant apoptosis in
islets. Fortunately, we demonstrated it was possible to conjugate the peptide to the surface
of islets using click chemistry, first priming the surface with a NHS-DBCO (Figure 3.3).
When islets modified with the CD47 peptide were transplanted into the kidney subcapsular
space, we observed a reduction in neutrophil infiltration, marked by a reduction in
infiltrating Ly6-G+ cells compared to untreated islets (Figure 3.4). Later, it was confirmed
that the N3 on the peptide would allow for rapid conjugation to DBCO-beads and was
detectable by a streptavidin-488 fluorophore (Figure 3.5). While CD47 peptide conjugation
was not thoroughly studied here, it remains an option of great interest and is currently being

studied to coat transplantable devices and dialysis tubing to prevent adhesion and activation

of coagulation and immune cells.

Hoe342 SA-488

Figure 3.3. Surface labelling of islet with CD47 peptide. Human islets were surface-
functionalized by reacting with NHS-DBCO, CD47 peptide, and streptavidin-488
sequentially for 1 hr each at room temperature.
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Figure 3.4. Neutrophil infiltration of islet grafts. C57BL/6 islets were modified with CD47
or left untreated then transplanted into the kidney capsule of diabetic syngeneic mice. 72
hours post-transplant, graft-bearing kidneys were recovered, and frozen sections prepared
for immunofluorescent staining. Blue — Nuclei, Green — Insulin, Red — Ly6G.
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Figure 3.5. CD47 peptide conjugation to DBCO-beads. Top row — phase contrast and
fluorescent image of beads alone. Middle row — phase contrast and fluorescent image of
beads reacted with CD47 peptide and streptavidin-488. Bottom row — phase contrast and
fluorescent image of beads reacted with azido-488.



TAK-242

Preliminary studies with TAK-242, a small molecule inhibitor of TLR4 (Figure
3.6), provided us with surprising and exciting results. In addition to proving to be very
effective in inhibiting LPS-mediated TLR4 activation, it was also effective against non-
specific sterile inflammation in our models. In an in vitro blood loop model, islets pre-
treated with TAK-242 were able to reduce the upregulation of important cytokines in islets
when mixed with blood (Figure 3.7A-D). In a basic in vivo syngeneic transplant mode, we
found that systemic administration of TAK-242 (3ug/kg) to the recipient prior to islet
transplantation was sufficient to significantly improve transplant outcomes with a marginal
dose of 200 islets (Figure 3.8). However, it should be noted that what is defined as a
“marginal” dose may vary quite a bit depending on transplantation skill, culturing
conditions, and counting method. Here, a marginal dose is defined as an untreated islet
dose at which recipient animals typically do not achieve euglycemia or non-fasting blood

glucose <200mg/dL.
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Figure 3.6. Structure of TAK-242
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Figure 3.7. Cytokine expression in samples with or without TAK-242 treatment. Whole
RNA collected from sample tubes after 6 hours incubation time were analyzed for iNOS
(A), CXCL10 (B), CCL2 (C), and Tissue Factor (D). Statistical significance was not
achieved in any of the treated islet samples likely due to the experiment being performed
in duplicate, significantly reducing statistical power. Statistical significance was
determined by Student’s 7 test. Data represented as means+SD.
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Figure 3.8. Mean blood glucose in mice after islet transplant with or without systemic
TAK-242 treatment. 200 islets were transplanted into the kidney supcapsular space of
diabetic mice with or without a 3pg/kg intraperitoneal injection of TAK-242.
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Given the excellent results obtained from preliminary studies with TAK-242, we

chose to target TLR4 for our proof-of-concept studies for islet surface modification.

Modification Chemistry

While the synthesis of the TAK-242 pro-drug was being developed, we began to
examine effective modification methods. The bioorthoganol linker that was utlized had an
N-hydroxysuccinimide (NHS) moiety on one end to react with primary amines on tissue
surfaces, and a dibenzocyclooctyne (DBCO) on the other end which readily reacts with
azides (N3) to promote strain-promoted azide-alkyne cycloaddition (SPAAC).

There were 3 main hurdles in optimizing the modification chemistry. First, there
were solubility issues with the NHS-DBCO at any concentration above 1uM in aqueous
buffer. This challenge could not be remedied by prolonged vortexing or heating, as both
would reduce the active compounds half-life. Instead, the aqueous buffer should be added
directly and rapidly to the appropriate volume of stock solution, followed by pipetting and
vortexing. While this method often works, it is still important to visually inspect the diluted
solution for clarity to ensure proper dilution. Otherwise the preparation of the working
solution should be repeated until the compound is appropriately dissolved.

Next, experiments were performed to determine an effective concentration of the
compounds that would quickly label the surface while remaining non-toxic. Previous
studies suggested 1mM as an effective dose for NHS modification of islets . However,
this concentration was not soluble with the NHS-DBCO we were using, likely because our
linker contained a shorter hydrophilic PEG spacer (dAPEG4 vs PEGsso0). A 1:10 dilution to

100uM was still very poorly soluble and resulted in significant islet death (Figure 3.9).
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Fortunately, a further dilution to 25uM allowed for efficient surface modification with

negligible toxicity.

Figure 3.9. Islets after reaction with high dose NHS. Islets were reacted with 100uM NHS-
DBCO and cultured overnight. The next day, islets were fragmented and breaking down
into single cells.

After identifying a good working concentration, we had to determine an appropriate
reaction time in order to get the most effective coverage. The previous studies reacted the
islets with NHS-PEGss00-NH2 for 1 hour at r.t., which we used as a starting point for
testing. With our compounds, 1hr allowed for robust surface labelling, but bordered on
toxic at doses greater than 25uM. Additionally, time-course experiments suggest that islets

may be sufficiently labelled after just 10-30 minutes (Figure 3.9). It’s unadvisable to go

longer than 1 hour to reduce intracellular reactions with the NHS compound.
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Figure 3.10. Time-dependent fluorescent labelling of cells. Single cells were reacted with
NHS-DBCO for the indicated time points, then with N3-488 for 30 minutes.

In conclusion, multiple compounds were tested in preliminary experiments for their
efficacy against different aspects of IBMIR and sterile inflammation. IBET762 is a potent
anti-inflammatory and remains of great interest in diseases with chronic inflammation such
as cancer. CD47 has been demonstrated to be effective in reducing the activation of the
innate immune system and is being studied for applications in nanoparticle delivery and
medical device surface coatings. TAK-242 was found to have broad anti-inflammatory
effects despite targeting a single cell-surface receptor. The chemical modification protocol,
while presented here is a working protocol, could be further optimized to reduce the time

necessary for sufficient labelling.
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CHAPTER FOUR
Early TLR Blockade Attenuates Sterile Inflammation-Mediated Stress in Islets
During Isolation and Promotes Successful Transplant Outcomes
Abstract

Background: During the isolation process, pancreatic islets are exposed to an
environment of sterile inflammation resulting in an upregulated inflammatory state prior
to transplantation. Toll-like receptor 4 (TLR4) has been identified as a major mediator of
sterile inflammation. Therefore, we sought to determine whether early TLR4 blockade
would be effective in reducing inflammatory burden in islets pre-transplant.

Methods: Pancreatic islets from C57BL/6 mice were treated with a TLR4
antagonist during the pancreatic ductal perfusion and digestion steps of the isolation
process. Isolated islets were then analyzed for inflammatory markers by RT-PCR, western
blot, immunofluorescent staining, and functionality in vitro. A syngeneic transplant model
using a marginal mass of islets transplanted intraportally into mice with streptozotocin
(STZ)-induced diabetes was performed to determine transplant outcomes after early TLR4
blockade.

Results: Diabetic mice receiving 150 islets treated with early TLR4 blockade
achieved euglycemia at a higher rate than mice receiving untreated islets (75% vs 29%; p
<0.05). Serum markers for islet damage and inflammation were significantly reduced post-
transplant. Both the expression of key inflammatory genes and the activation of mitogen-

activated protein kinases (MAPKSs) were reduced by early TLR4 blockade
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Conclusions: Early TLR4 blockade protects islets from sterile inflammation-
mediated stress sustained during isolation and promotes positive transplant outcomes. Our
findings support the use of early TLR4 blockade during clinical islet isolation procedures

to reduce pre-transplant inflammation and improve transplant outcomes.

Introduction

Pancreatic islet cell transplantation is an important treatment option for brittle type
1 diabetes and as an adjunct procedure after total pancreatectomy to prevent brittle type 3¢
diabetes '"*!%3. Research into multiple facets of islet transplantation, such as anti-
inflammatory regimens, has significantly improved islet transplant outcomes *'*°. Yet,
despite improvements made in the past two decades, early graft loss and sustained islet
function remain a challenge '’.

Evidence suggests that islet transplant outcomes are compromised by inflammation
sustained prior to transplantation 2. The organ procurement process subjects tissues to
sterile stressors and damage, which may promote acute rejection post-transplant, but also
provides a potential window for therapeutic interventions prior to transplantation which
remains largely unexplored '*!%®. The process of isolating pure islets generates an
environment of sterile inflammation mediated by ischemia, hypoxia, enzymatic and
mechanical digestion, oxidative stress, and the release of endogenous damage-associated
molecular patterns (DAMPs) from stressed and damaged cells '°%%, Therefore, reducing
sterile inflammation pre-transplant may be an important step for improving transplant

outcomes.
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While the upregulation and activation of inflammatory markers in tissues is
commonly observed after organ procurement and islet isolation, the mechanisms by which
this inflammation occurs remain understudied. Previously, studies highlighted the roles of
mitogen-activated protein kinases (MAPKSs) and the NFkB pathway in upregulated stress

responses in islets during and after isolation 201203

. Targeting these pathways has
demonstrated protection of islets against apoptosis post-transplant 2°+2%_ However, these
treatments require sustained exposure to agents that inhibit vital signaling pathways and
are potentially toxic to islet physiology or require systemic administration of compounds
with broader off-target toxic side effects, making them inappropriate for clinical use 2°7-2%,
Thus, selectively targeting a nonvital innate inflammatory pathway with a clinically safe
compound is necessary to avoid these complications and provide a rapidly translatable
methodology.

Recent evidence has elucidated the role of Toll-like receptors (TLRs) in poor
transplant outcomes '**2!0. Of particular interest is TLR4, the canonical receptor for Gram-
negative bacterial lipopolysaccharide. Activation of TLR4 triggers a robust inflammatory
cascade that ultimately results in the production of inflammatory cytokines and possibly
cell death 2!!, Recently, TLR4 has been described as a promiscuous, noncanonical receptor
for DAMPs and certain cytokines such as high mobility group box 1 (HMGBI1) and C-X-
C motif chemokine 10 (CXCL10) 2'223, Moreover, TLR4 is observed to be highly
upregulated in multiple organs by ischemia/reperfusion injury after transplant 2154214,
TLR4-deficient murine models and treatments targeting TLR4 and its endogenous ligands

have shown positive results in preventing aberrant inflammation and acute graft rejection

20,160 Therefore, we hypothesized that TLR4 was complicit in mediating islet inflammation

35



during the isolation process and that early blockade could reduce this inflammation and
improve transplant outcomes.

In the present study, we investigated the therapeutic potential of early TLR4
blockade in the islet isolation process to inhibit sterile inflammation sustained during and
after isolation. We used a syngeneic murine model to determine whether a single early
treatment is sufficient to significantly improve transplant outcomes. Then we examined the
expression of key proteins and cytokines known to compromise transplant outcomes, as
well as elucidated the downstream signaling pathways differentially activated by early
TLR4 blockade. For this study, TAK-242, a small molecular inhibitor of TLR4, was
identified as an ideal candidate due to its immunity to enzymatic degradation and its safety

as demonstrated by a phase II clinical trial 2!,

Materials and Methods

Mice

Male wild-type C57BL/6 mice 6-7 weeks old were purchased from Envigo
(Houston, TX) and housed at the Institute of Metabolic Disease at Baylor University
Medical Center for at least 5 days prior to use. Animal experiments were approved by the

Institutional Animal Care and Use Committee at Baylor Scott & White Research Institute.

Islet Isolation

Islets were isolated from C57BL/6 mice using a previously described method with
minor modifications 2!°. Briefly, pancreases were perfused with collagenase type V (1
mg/mL; Sigma-Aldrich, St. Louis, MO) or Liberase TL (0.125 mg/mL; Roche Diagnostics,

Indianapolis, IN, USA) containing either 0.01% DMSO or 3 uM TAK-242
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(MedChemExpress, Monmouth Junction, NJ) via common bile duct injection, digested at
37°C for 18-20 minutes, and then purified via discontinuous density gradient. After
isolation, islets were either used immediately or cultured in RPMI supplemented with 1%
penicillin/streptomycin, 10 mM HEPES, and 1% BSA (Sigma-Aldrich) at 37°C and 5%

CO2.

Islet Transplantation

Recipient mice were made diabetic by a single intra-peritoneal injection of
streptozotocin (STZ; 200mg/kg; Sigma-Aldrich) 5-7 days prior to transplant. Diabetic
mice are defined as having a nonfasting blood glucose >400 mg/dL for two consecutive
days. Immediately after isolation, 150 Islets were transplanted intraportally via a 27 G
winged infusion set into diabetic recipient mice under general anesthesia with isoflurane.
After transplant, mice are considered cured on the first day of two consecutive blood
glucose measurements <200 mg/dL. Blood glucose was measured with a Breeze 2 Blood
Glucose Meter (Bayer HealthCare LLC, Mishawaka, IN, USA) by tail-vein prick. Mouse

body weight was measured concurrently with blood glucose.

Intraperitoneal Glucose Tolerance Test

Mice were fasted for 6 hours by placing them in fresh cages with no food but access
to water ad libitum. Then, a 2 mg/kg bolus of glucose was injected intraperitoneally into
the mice as a 20% w/v glucose solution. Blood glucose was measure before injection (time

0) and then every 30 minutes for 150 minutes by tail-vein prick.
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Serum Biomarker Analysis

Immediately after isolation with or without TAK-242, 200 islets were transplanted
into the kidney subcapsular space of STZ-induced diabetic mice. Serum was isolated from
~200pL of blood taken from mice via the tail vein prior to transplant, 4 hours post-
transplant, then days 1, 2, 3, and 7. Serum samples were frozen at -80°C after collection
until analysis.

miRNA was isolated from 50uL serum using the miRCURY RNA Isolation Kit —
Biofluids (Exiqon Inc, Woburn, MA, USA) according to manufacturer instructions with
optional DNAse treatment, converted to cDNA with the miRCURY LNA Universal RT
microRNA PCR kit with UniSp6 RNA for loading control according to manufacturer
instructions (Exiqon). cDNA was diluted 1:40 in nuclease-free water and assayed by real-
time PCR using ExiLENT SYBR Green master mix with miRCURY LNA primers for hsa-
miR-375 and UniSp6 (Exiqon) on a Bio-rad CFX Connect (Hercules, California, USA)
with the following program: 95°C 10 min, then 40 cycles of 95°C, 10 s; 60°C, 1 min.
Relative expression was calculated using the 2*-AACT method normalized to UniSp6.

Serum cytokines for IL-6, CXCL1, and CXCL10 was measured by multiplex
analysis with a Milliplex MCYTOMAG-70K kit (EMD Millipore Corporation, Billerica,
MA, USA) according to manufacturer instructions with undiluted serum. Samples were
incubated overnight at 4°C with shaking and analyzed on a Luminex 200 (Luminex

Corporation, Austin, TX, USA).

Islet qRT-PCR Analysis
Total RNA was isolated from samples using TRIzol (Invivogen, San Diego, CA)

and converted to cDNA using a high-capacity cDNA reverse transcription kit (Applied
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Biosystems, Waltham, MA) following manufacturer instructions. Quantitative expression
of genes of interest was determined using SsoAdvanced Universal SYBR Green Supermix
(Bio-rad) on a Bio-Rad CFX Connect with the following program: 95°C, 10 minutes; 40
cycles of 95°C, 15 seconds; and then 60°C, 1 minute. Primers for qRT-PCR analysis were
purchased from commercially available stock (Integrated DNA Technologies, Coralville,
IA). Relative gene expression was calculated using the 2*-AACT method normalized to

18S mRNA.

Western Blotting

At different time points, islets from the different groups were rinsed 2x with ice-
cold DPBS supplemented 1:100 with Halt Protease and Phosphatase Inhibitor (Halt)
Cocktail (ThermoScientific, Rockford, II, USA) lysed in RIPA buffer (ThermoScientific)
supplemented 1:50 with Halt by sonication with a Bioruptor (Diagenode, Denville, NJ,
USA) for 4 rounds of: 15 s ON, 1 min OFF, on low power at 4°C. After lysis, 4x Laemmli
sample buffer (Bio-Rad) supplemented with 0.25% 2-mercaptoethanol was added to the
samples and immediately boiled at 95°C for 5 min or frozen at -20°C. Samples were then
loaded into and resolved on 12% Tris-Glycine nUView gels (NuSep, Germantown, MD,
USA) in a Mini-PROTEAN electrophoresis chamber (Bio-Rad) at 90V for 10 minutes,
then 200V for 50 min. Proteins were transferred to 0.22um PVDF membranes (azure
biosystems, Dublin, CA, USA) via semi-dry transfer with a Trans-Blot SD (Bio-Rad) at
10V for 40 minutes using Schafer-Nielsen buffer with 10% methanol. After transfer,
membranes are air-dried for at least 30 minutes prior to blocking with 5% BSA in TBST
0.1% for 1 hr at room temperature. Primary antibodies were incubated with the blot

overnight at 4°C with gentle agitation, and secondary antibodies were incubated with the
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blot for 1 hr at room temperature before ECL development with SuperSignal West Dura
Extended Duration Substrate (ThermoScientific) according to manufacturer instructions
with 3 x 5 min TBST washes between each step. After development, blots were stripped
with Restore Western Blot Stripping Buffer (ThermoScientific) for 20 min at 37°C with
gentle agitation, re-blocked with 5% BSA, then re-probed. Stripping efficacy was
confirmed by developing the stripped blots with SuperSignal West Femto Maximum
Sensitivity Substrate and imaging for 30-60s (ThermoScientific). All antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA) and used at 1:1000
dilution unless otherwise stated. Antibodies used: B-actin (1:2000, #4970), phospho-
ERK1/2 (1:2000, #4370), ERK1/2 (#9102), phospho-P38 (#4511), P38 (#9212), phospho-
P65 (#3033), P65 (#8242), phospho-SAPK (#4668), SAPK (9252), a-Rabbit IgG HRP-
linked (1:2000, #7074). Band density was measure using Fiji (http://fiji.sc/) *'°. Relative
densities were calculated and compared using the ([phospho]:[actin])/([total]:[actin])

method to normalize relative activation across membranes.

Islet Viability Assessment

Whole islets are stained with 1pg/mL Hoechst 33342 and propidium iodide (PI) for
20 minutes at room temperature, rinsed 3 x 5 min with DPBS, then mounted on slides with
cover slips before imaging on an Olympus FSX100. Viability was determined by counting
the total number of both Hoechst 33342- and PI-positive cells using Fiji (http:/fiji.sc/) and

calculating the percentage of PI-positive cells compared to Hoechst 33342-positive cells.

40



Glucose-Stimulated Insulin Secretion

Islets are incubated with low glucose (2mM) for 1 hour to equilibrate the islets, low
glucose again for 1 hr, then 1 hr in high (20mM) glucose solution in KRBH + 0.2% BSA
at 37°C. Media samples were collected immediately after islet incubation and frozen at -
80°C or analyzed immediately for insulin content measured using a mouse insulin ELISA
kit (ALPCO Diagnostics, Salem, NH, USA) according to manufacturer instructions.
Stimulation index is defined by the concentration of insulin in high glucose solution

divided by insulin concentration in low glucose solution after equilibration.

Statistical Analysis

All data were presented as means = SEM. Survival was compared by log-rank
(Mantel-Cox) test. Single pairwise comparisons were performed using a two-tailed
unpaired t test with Welch’s correction. Multiple t test with Holm-Sidak’s post hoc test was
used for multiple comparisons. Statistical analysis was performed in GraphPad Prism 6
(San Diego, CA, USA). Graphs were made in either GraphPad Prism 6 or Microsoft Office

2016 (Redmond, WA, USA). Statistical significance was achieved when p < 0.05.

Results

Early TLR4 Blockade Promotes Successful Intraportal Islet Transplantation Outcomes
To determine whether early blockade of TLR4 affects islet transplant outcomes, we
used a syngeneic transplant model. A marginal dose of 150 islets for intraportal transplant
was chosen based on previous islet dose titrations 2°. Islets were isolated from male
C57BL/6 mice with enzyme containing 0.01% DMSO (control group) or with enzyme

containing 3 uM TAK-242 (TAK group). Immediately after isolation, islets were
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transplanted intraportally into STZ-induced diabetic mice and followed for 8 weeks
(Figures 4.1A, 4.2A,B). Mice receiving TAK islets had superior transplant outcomes, with
75% (6/8) achieving euglycemia, compared with 29% (2/7) of those receiving control islets
(Figure 4.1B; P < 0.05). The time to euglycemia was also significantly reduced by early
TLR4 blockade, with the TAK group having a mean time to euglycemia of 21.2 + 3.7 days
compared to the control group with 35.0 + 1.0 days (Figure 4.1C; P < 0.05).

Long-term function of the islet grafts in vivo was assessed by IPGTT on day 45
post-transplant (Figure 4.1D). Area-under-the-curve analysis revealed superior islet
function in mice from the TAK group compared to the control group (Figure 4.1E; p <
0.05). Lastly, since insulin deficiency hinders weight gain, the mean body weight of both
groups over the monitoring period was compared, and mice in the TAK group gained
significantly more weight than mice in the control group (Figure 4.1F; P < 0.0001). The
results demonstrate that simple early TLR4 blockade during islet isolation is sufficient to

significantly improve transplant outcomes.

Serum Markers of Islet Stress are Reduced Post-Transplant by Early TLR4
Blockade To examine islet damage post-transplant between the TAK and control groups,
we analyzed serum for MiR-375 and proinflammatory cytokines. 200 islets isolated with
(TAK, n = 3) or without (control, n = 3) early TLR4 blockade were transplanted into the
kidney subcapsular space of diabetic mice. Serum was collected from recipient mice pre-
transplant and at 0.15, 1, 2, 3, and 7 days post-transplant for analysis. We detected
significantly higher levels of serum MiR-375 in control animals (20.6 + 7.4-fold) compared
to TAK animals (3.0 = 0.6-fold) only at 0.15 days post-transplant (P < 0.0001), but not on

days 1, 2, 3, or 7 (Figure 4.3A).
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Figure 4.1. Islet transplant outcomes. (A) 150 islets isolated with early TLR4 blockade
(TAK; solid line) transplanted intraportally into STZ-induced diabetic mice resulted in
reduced non-fasting blood glucose compared to control islets treated with 0.01% DMSO
(CTRL; dashed line). (B) The TAK group achieved a euglycemia rate of 75% (6/8)
compared to 29% (2/7) in the control group, with (C) significantly reduced time to
euglycemia. (D, E) Additionally, the TAK group had superior long-term glycemic control
determined by IPGTT on day 45 and (F) overall gained more weight than the control group.
P values determined by log-rank (Mantel-Cox), unpaired ¢ test, or two-way ANOVA. *p <
0.05, ****p <0.0001.
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Figure 4.2. Blood glucose graphs of individual islet recipients. Non-fasting blood glucose
from diabetic recipients receiving either islets isolated with untreated enzyme (CTRL; A)
or early TLR4 blockade (TAK; B) was measured three times per week for 2 months. Grey
box denotes the euglycemic threshold.

Serum Markers of Islet Stress are Reduced Post-Transplant by Early TLR4 Blockade

To examine islet damage post-transplant between the TAK and control groups, we
analyzed serum for MiR-375 and proinflammatory cytokines. 200 islets isolated with
(TAK, n = 3) or without (control, n = 3) early TLR4 blockade were transplanted into the
kidney subcapsular space of diabetic mice. Serum was collected from recipient mice pre-
transplant and at 0.15, 1, 2, 3, and 7 days post-transplant for analysis. We detected
significantly higher levels of serum MiR-375 in control animals (20.6 + 7.4-fold) compared
to TAK animals (3.0 £ 0.6-fold) only at 0.15 days post-transplant (P < 0.0001), but not on
days 1, 2, 3, or 7 (Figure 4.3A).

Next, we analyzed the sera for the pro-inflammatory cytokine IL-6, neutrophil
chemoattractant CXCL1, and the chemokine CXCL10. Serum concentrations of both IL-6
and CXCL1 were significantly higher in control animals than in TAK animals at 1-day
post-transplant (Figure 4.3B,C; both P < 0.05). We also saw a nonstatistically significant

increase in the level of IL-6 (P = 0.51) and CXCL1 (P = 0.21) at day 3 post-transplant in

control islets. Serum levels of these two cytokines remained largely unchanged in TAK
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animals throughout the sampling period. Levels of serum CXCL10 were significantly
higher in control animals at day 0.15 post-transplant (P < 0.01) than in TAK animals
(Figure 4.3D). Graft-bearing kidneys were excised on day 7 for histological analysis. We
observed reduced intragraft edema and necrosis in the TAK group, but no differences in
macrophage infiltration between the groups (Figure 4.4). Overall, these data suggest that a
significant amount of islet damage normally observed after transplantation is inhibited by

early TLR4 blockade, and that treatment ameliorates systemic inflammatory cytokine

reactions.
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Figure 4.3. Serum markers of islet damage and inflammation post-transplant. (A) MiR-375
analysis of serum from islet recipients showed elevated islet damage 0.15 days post-
transplant in the control group (dashed line), which was significantly reduced in the TAK
group (solid line). Similarly, multiplex analysis was performed for serum (B) IL-6, (C)
CXCLI1, and (D) CXCLI0 post-transplant, and these cytokines were significantly
upregulated in control recipients immediately post-transplant but remained low in the TAK
group. P values determined by multiple ¢ test with Holm-Sidak’s post hoc test. *P < (.05,
**¥P <0.01, #**+*xP <0.0001.
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Figure 4.4. Islet kidney graft histological analysis. Islets isolated with untreated enzyme
(CTRL) or TAK-242-treated enzyme (TAK) were transplanted into the subcapsular space
of diabetic recipients and recovered on day 7 post-transplant. Grafts were frozen in OCT,
sectioned into 8um sections, and stained for insulin and/or CD68. Nuclei were stained with
Hoechst 33342. The grafts from TAK mic displayed less edema than CTRL mice, but
comparable levels of macrophage infiltration.

CTRL

TAK

TLR4 Blockade During Islet Isolation Reduces Expression of Key Inflammatory Proteins
To examine the immediate post-isolation effects of early TLR4 blockade, we
examined the expression of key pro-inflammatory genes known to compromise graft
function and transplant outcomes (Figure 4.5A-F). Islets isolated with or without early
TLR4 blockade were cultured for 4 hours post-isolation in serum-free media to provide
sufficient time to upregulate mRNA expression. In TAK islets, tissue factor upregulation
was reduced by ~52% (Figure 4.5A; P <0.05), CXCL10 by ~65% (Figure 4.5B; P <0.01),
ICAM-1 by ~60% (Figure 4.5C; P <0.01), CCL2 by ~79% (Figure 4.5D; P <0.01), TLR4

by ~47% (Figure 4.5E; P = 0.13), and IL-6 by ~63% (Figure 4.5F; P =0.08).
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We also examined the expression of IL-1f3, TNF-a, and IFN-y at 4 and 24 hours
post-isolation in control and TAK islets. Relative expression of islets that had been cultured
for 48 hours were included for baseline reference. TAK islets had reduced IL-1p expression
at 4 hours (~-75%, P <0.05) and 24 hours (~-50%, P = 0.15) after isolation (Figure 4.5G).
TNF-a expression was slightly increased at both timepoints in both groups compared to
cultured islets, but there were no statistically significant differences among the groups
(Figure 4.5H). IFN-y expression was below the detection threshold in all groups. Genes
encoding the inflammasome proteins PYCARD, NLRP3, and Caspase-3 were also
examined, but observed no significant upregulation or differences (Figure 4.6A-C). We
also observed that early TLR4 blockade indeed inhibited inflammation mediated
exclusively during, not after, the isolation process as determined by a significant reduction
of IL-6 expression in islets treated with TAK-242 during and after islet isolation compared
to islets treated only after isolation (Figure 4.7). These data demonstrate that early TLR4
blockade effectively reduces the upregulation of many pro-inflammatory genes mediated

by sterile inflammation which are detrimental to transplant outcomes.

The Protective Effects of Early TLR4 Blockade are Independent of Enzyme Blend

The enzyme primarily used in this study (collagenase type V) is commonly used in
research to isolate islets from murine pancreases. However, its composition differs from
clinically used enzyme blends. Therefore, to investigate if the reduction in inflammation
post-isolation would be similarly observed using an enzyme blend related to clinical
formulations, islets were isolated as described above except with Liberase enzyme from
Roche instead of collagenase type V. After isolation, the islets were analyzed for

expression of CCL2 and CXCL10. CCL2 upregulation was reduced by ~66% (Figure 4.8A;
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P = 0.15), and CXCL10 was reduced by ~92% (Figure 4.8B; P < 0.05). These data

demonstrate that the reduction of inflammation by early TLR4 blockade is independent of

enzyme blend.
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Figure 4.5. Inflammatory gene expression analysis after islet isolation. Analysis of (A)
tissue factor, (B) CXCL10, (C) ICAM-1, and (D) CCL2 revealed significantly reduced
upregulation with TLR4 inhibition during isolation. Numerical, but not statistically
significant, reductions were observed in expression of (E) TLR4 (P =0.13) and (F) IL-6 (P
=0.08). (G) IL-1B and (H) TNF-a were similarly analyzed at 4- and 24-hours post-isolation
and compared with 48-hour cultured islets (CTRD). IL-1B upregulation was inhibited by
TLR4 inhibition during isolation at 4 hours (P < 0.05) and 24 hours (P = 0.15). No
statistically significant differences were detected in TNF-a expression. P values
determined by unpaired t test. n = 3/group in 2 experiments. *P < 0.05; **P < 0.01.
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Figure 4.6. Gene expression levels of inflammasome proteins. 4- and 24-hours post-
isolation, mRNA from islets isolated with untreated enzyme (CTRL) or TAK-242-treated
enzyme (TAK) was recovered for analysis of the major proteins of the inflammasome
pathway, including PYCARD (A), NLRP3 (B), and caspase-3 (C). No statistically
significant differences were detected among the groups as determined by unpaired t test.

n = 3/group.
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Figure 4.7. Proinflammatory gene expression in islets treated with TAK-242 before or after
isolation. Islets were isolated with untreated enzyme or TAK-242-treated enzyme then
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Figure 4.8. Proinflammatory chemokine expression in islets isolated with Liberase TL.
Islets were isolated with Liberase TL with (TAK) or without (CTRL) TAK-242. mRNA
was isolated 4 hours post-isolation and analyzed for the expression of major chemokines
CCL2 (A) and CXCL10 (B). CCLs was numerically, but not statistically lower by TAK
treatment (p = 0.15), however CXCL10 was significantly downregulated by TAK
treatment (*p = 0.02). Statistical significance was determined by unpaired t test. n =
3/group.
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Early TLR4 Blockade Reduces MAPK Activation in Islets

The TLR4/MyD8S8 signaling axis activates the MAPK and NFkB pathways ?!”. To
investigate if these pathways are upregulated following islet isolation, and to see if early
TLR4 blockade differentially inhibits the activation of these pathways, we performed
western blot analysis on islets isolated with or without early TLR4 blockade. Islets cultured
for 2 days were used for baseline reference. Immediately after isolation, the activation of
P65 and MAPK family proteins ERK1/2, P38, and SAPK were significantly upregulated
compared to baseline (Figure 4.7). Activation of ERK1/2 was moderately inhibited in early
TLR4 blockade islets compared to control islets at time 0 and remained below control
activation levels for 24 hours. Both groups increased slightly at 6 hours, then rapidly
became dephosphorylated by 24 hours (Figure 4.7A,B). Relatively equal levels of P38
activation were observed in both groups immediately after isolation; however, P38
activation in control islets increased at 6 hours post-isolation, but decreased in the early
TLR4 blockade group (Figure 4.7C,D). SAPK activation began trending downward after
isolation in both groups but was slightly reduced by early TLR4 blockade immediately
post-isolation. By 6 hours, SAPK was near undetectable levels in both groups (Figure
4.7E,F). We saw no major differences in P65 activation between both groups at any time
point (Figure 4.7G,H). These observations support the reduction of inflammatory gene
expression seen in Figure 3 and suggest that this reduction is primarily due to reduced

MAPK activation during and after isolation.
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Figure 4.9. Semiquantitative western blot analysis of MAPKSs and P65. Whole-islet lysates
were prepared from islets with (TAK) or without (CTRL) early TLR4 blockade
immediately after isolation (0 hours) and at 6- and 24-hours post-isolation. Lysates were
immunoblotted for (A) ERK1/2, (C) P38, (E) SAPK, and (G) P65, and analyzed for relative
activation (phospho:total) normalized to B-actin. (B, D, F, H) The relative activation in
CTRL islets (dashed line), TAK islets (solid line), and cultured islets (grey area) is graphed.
TLR4 Blockade Rescues Islet Viability Immediately After Isolation

To examine if early TLR4 blockade has any effects on islet viability after isolation,
we examined viability immediately and on days 1, 2, 3, and 7 post-isolation by Hoechst
33342/propidium iodide staining (Figure 4.10A). Pancreases were kept on ice for at least
30 minutes prior to digestion to increase cold ischemia time. Immediately after isolation,
we observed a significant reduction in viability in the control islets compared to TAK islets
(P < 0.05), but no significant differences on days 1, 2, 3, or 7 (Figure 4.10B). We saw no
toxic effects of acute TAK-242 treatment, but to determine if long-term treatment impaired

viability, we cultured islets in media containing 3 uM or 0.3 uM TAK-242 or 0.01%

DMSO.
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Finally, we examined if early TLR4 blockade had any impact on islet function. A
glucose-stimulated insulin secretion assay was performed on islets isolated with or without
early TLR4 blockade at 4 hours (Figure 4.10C,D) and 24 hours (Figure 4.10E,F) post-
isolation. In low (2 mM) glucose at 4 hours, we saw higher basal insulin secretion in TAK
islets than in control islets (7.87 £ 0.19 vs 5.86 + 0.15 pg/mL, respectively; P <0.01) but
similar insulin levels in high (20 mM) glucose (27.32 + 1.81 vs 28.66 + 0.36 pg/mL,
respectively; P = 0.54), resulting in a technically lower stimulation index (3.46 + 0.16 vs
4.90 £ 0.17; p < 0.01). No significant differences were measured at 24 hours for insulin
secretion or stimulation index (Figure 4.10E,F), but the stimulation index for TAK was

slightly higher than that of control (4.64 + 0.44 vs 3.74 + 0.20, respectively; P =0.17).
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Figure 4.10. Assessment of islet viability and function. (A) Representative islet viability
images of CTRL and TAK islets immediately post-isolation. (B) After isolation, CTRL
(dashed line) and TAK (solid line) islets were cultured and stained for viability with
Hoechst 33342/propidium iodide on the indicated days (n = 10 islets per group per
timepoint). At time 0, CTRL islets had significantly reduced islet viability compared to
TAK islets (P < 0.05). Islet functionality of CTRL islets (black bar) and TAK islets (grey
bar) was determined with glucose-stimulated insulin secretion at (C, D) 4 hours and (E, F)
24 hours post-isolation (n = 10 islets per group per timepoint in triplicate). Statistical

significance was determined by multiple t test with Holm-Sidak post hoc test (B) or
unpaired t test (C-F). *P < 0.05; **P <0.01.

53



Discussion

Evidence suggests, and we have shown here, that prior to transplant, islets are
significantly stressed and inflamed due to the organ procurement and islet isolation
procedure which may prime islets for dysfunction and apoptosis post-transplant
199.201.202.204  Therefore, early intervention targeting nonvital innate inflammatory
pathways, such as TLR4, is an attractive therapeutic option. Indeed, in our syngeneic
intraportal transplant model, we found that early TLR4 blockade is sufficient to
significantly improve transplant outcomes.

For our study, we added the TLR4 inhibitor TAK-242 directly to the collagenase
used to isolate islets. A concentration of 3 uM for this study, based on prior experience
with this compound 2!°, but optimizing the dosage should be a priority for future studies
and clinical usage. This compound is attractive for our study since it is immune to

163 "We did not observe

degradation by proteases and has been clinically tested for safety
any inhibition of enzymatic activity or islet yield by the addition of TAK-242 during the
isolation process. Including TAK-242 in the preservation solution and wash buffers may
further increase the efficiency and protective effects of early TLR4 blockade. Additionally,
incorporating this compound into perfusion solutions for solid-organ machine perfusion
may also be a simple treatment option with profound effects.

Post-transplant, islets are damaged and inflamed, which can be detected and
measured in patient serum. We used MiR-375, a beta-cell-specific microRNA, as an islet

damage biomarker 2'%2!°. Early blockade of TLR4 significantly inhibited serum MiR-375

levels post-transplant. Additionally, key inflammatory proteins (IL-6, CXCL1, CXCL10)
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were also inhibited. These findings suggest that more of the islet mass is preserved with
treatment and that the post-transplant inflammatory response is ameliorated.

The instant blood-mediated inflammatory reaction is a well-studied phenomenon
in intraportal cell transplantation and is posited to be influenced by TLR signaling 22%?2!,
Tissue factor is one of the key mediators of instant blood-mediated inflammatory reaction,
triggering thrombin formation. In our analysis, the expression of tissue factor in islets was
significantly reduced by early TLR4 blockade, as were other key mediators of
inflammation and innate immune responses (CXCL10, ICAM-1, CCL2, TLR4, IL-6, IL-
1B). Our group demonstrated that CXCL10 is one of the key mediators of islet graft failure
222 CCL2 has also been investigated as a major chemokine implicit in early graft failure
223 The reduction in TLR4 is welcome, since this receptor is commonly upregulated after
organ transplant and may act in a positive feedback mechanism to induce further
inflammation !*°. The significant reduction in IL-1p expression by early TLR4 blockade
was not unexpected, since TLR4 activation is known to upregulate this cytokine 2**. We
observed no reduction in TNF-a expression, which partially explains the lack of P65
inhibition observed in our blots, since this cytokine could be functioning in an
autocrine/paracrine fashion to activate NFkB ?2°. Expression of IFN-y was not detected,
suggesting the MyD88-independent IRF3 pathway does not participate in the early phases
of sterile inflammation.

We detected relatively high levels of endotoxin (~220 EU/mL) in collagenase type
V at working concentrations. However, we still achieved similar reductions of islet
inflammation even with low-endotoxin Liberase enzyme. Since collagenase preparations

used for islet isolation are produced in Gram-positive Clostridia bacteria, we believe the
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endotoxin found in the enzyme preparation is lipoteichoic acid, a TLR2/6 agonist.
Moreover, lipoteichoic acid from Clostridia histolyticum has been found to be minimally
immunogenic *?°. Thus, we do not believe this had a major impact on our findings.

Our analysis of intracellular signaling pathways supports previous work showing
that the MAP kinases, as well as P65, are upregulated during and after isolation 2319201,
MAPK phosphorylation, which activate AP-1 family proteins c-Fos and c-Jun, was reduced
by early TLR4 blockade, either immediately after isolation or after short culture, compared

227 Qur observations support previous work correlating MAPK

to untreated islets
activation in isolated islets with impaired viability 2?®. Unexpectedly, no significant
differences in P65 activity were observed, suggesting that other receptors, such as TNF
receptors, may be the primary regulators of NFkB activation during islet isolation.

In conclusion, our findings demonstrate that early therapeutic intervention is a
viable method for reducing tissue inflammation pre-transplant, and that TLR4 is a major
mediator of sterile inflammation during the islet isolation process and post-transplant.
Incorporation of TAK-242 to perfusion solutions and wash buffers may provide further
benefits. The results of our study support the use of TAK-242 during the islet isolation

process to reduce TLR4-mediated sterile inflammation and to improve islet transplant

outcomes.
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CHAPTER FIVE

Ex-Vivo Generation of Drug-Eluting Islets Improves Transplant Outcomes by Inhibiting
TLR4-Mediated NFkB Upregulation

This chapter published as: Chang CA, Akinbobuyi B, Quintana JM, Yoshimatsu G,
Naziruddin B, Kane RR. Ex-vivo generation of drug-eluting islets improves transplant
outcomes by inhibiting TLR4-Mediated NFkB upregulation.

Biomaterials. 2018;159:13-24.

Abstract

The systemic administration of immunosuppressive and anti-inflammatory drugs is
routinely employed in organ transplantation to minimize graft rejection and improve graft
survival. Localized drug delivery has the potential to improve transplant outcomes by
providing sustained exposure to efficacious drug concentrations while avoiding systemic
immunosuppression and off-target effects. Here, we describe the synthesis of a novel
prodrug and its direct covalent conjugation to pancreatic islets via a cleavable linker. Post-
transplant, linker hydrolysis results in the release of a potent anti-inflammatory antagonist
TLR4, localized to the site of implantation. This covalent islet modification significantly
reduces the time and the minimal effective dose of islets necessary to achieve
normoglycemia in a murine transplantation model. In streptozotocin-induced diabetic
C57BL/6 mice a syngeneic transplant of ~100 modified islets achieved a 100% cure rate
by the end of a 4-week monitoring period, compared to a 0% cure rate for untreated control
islets. Overall, this direct prodrug conjugation to islets is well tolerated and preserves their

functionality while affording significantly superior transplant outcomes. The development
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of drug-eluting tissues that deliver sustained and localized doses of small-molecule

therapeutics represents a novel pathway for enhancing success in transplantation.

Introduction
Organ and cellular transplantation is often a necessary life-saving treatment option
for patients suffering from a wide range of diseases and disorders resulting in impaired
organ function and failure. The systemic administration of immunosuppression and anti-
inflammatory drugs is used routinely to prevent acute graft loss and promote successful
engraftment. However, the efficacy of these drugs is compromised due to the sub-optimal
drug trough concentrations in order to minimize the risk of opportunistic infections 2%°,

0 and other undesired off-target effects 2*!*2, Thus, a localized drug

nephrotoxicity 2
delivery system is desirable to ameliorate off-target side effects and optimize drug delivery.

An archetypal model for transplantation is the transplantation of pancreatic islets
of Langerhans for the treatment of brittle diabetes as a result of type 1 or type 3c diabetes
mellitus. Brittle diabetics are characterized by having significantly impaired or nonexistent
insulin production, problematic hypoglycemic unawareness, severe hypoglycemic events,
and glycemic lability °*?**, While most diabetics successfully manage their diabetes with
exogenous insulin with a multiple daily injection regimen or insulin pumps, a sub-
population fail to respond to existing insulin therapies and account for a significant
proportion of diabetes-related morbidity and mortality 2****, but have been shown to
respond well to islet transplantation >3°.

In islet transplantation, acute inflammation during the peri-transplant period was

237

found to result in the loss of as much as 50-70% of transplanted islets <’ and contribute to

the need for multiple donor pancreases to achieve insulin independence °. This
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inflammation is mediated by sterile inflammation mechanisms such as innate immunity 4,
ischemia/reperfusion injury (IRI), and hypoxia. Acute graft injury is not a problem isolated
to islet transplantation, but manifests itself as primary graft dysfunction in lung, liver, heart,

238-243

kidney, and pancreas transplantation , which occurs in a significant proportion (~20

244,245

to 30%) of organ transplants . Several methods to protect islet grafts from

inflammatory damage have been proposed, including treatment with anti-inflammatory

196,246,247

agents , encapsulation 28, and islet surface modification 24>-23°, There is a growing

revelation to the importance of Toll-like Receptors (TLRs) in transplantation outcomes 43,
Specifically, TLR4 is identified as a major mediator or graft inflammation and dysfunction
after organ transplantation 2!, making it a putative therapeutic target for alleviating graft
injury post-transplant.

Here, we report a chemical modification strategy and the resulting drug-eluting
islets which release a potent anti-inflammatory TLR4-antagonist. This chemical
modification utilizes bioorthogonal “click™ chemistry, providing rapid reaction times and
modularity, and is performed in physiologically compatible conditions. Our covalent
modification significantly reduces the islet mass and time needed to achieve euglycemia in
a streptozotocin (STZ)-induced diabetic mouse model. We use C57BL/6 mice due to their
robust inflammatory foreign body response 2°2. A syngeneic model was used to study the
anti-inflammatory effects of our pro-drug on the innate inflammatory response independent
of adaptive immunity 2°*. Our results suggest that the chemical modification of islets with

drug-eluting compounds has the potential for superior localized drug efficacy and

improved transplant outcomes with minimal handling and invasiveness.

59



Materials and Methods

Study Design

The objective of this project was to examine the feasibility of modifying living
tissue into carriers for drugs in order to increase the local dose of the drug to a therapeutic
concentration while localizing the drug to the site of transplantation, thereby minimizing
any undesirable off-target effects of systemic drug administration. Initially, we performed
in vitro assays to test the effects of blocking TLR4 with TAK-242 in pancreatic islet
inflammation using standard biological assays. Next, we tested the hypothesis that the
chemistry used to create drug-eluting macromolecules could be successfully translated to
living tissue with minimal invasiveness and toxicity. Finally, we used an in vivo
transplantation model to see whether the application of this chemistry to transplanted living
tissue would provide superior outcomes. Animal experiments were approved by the

Institutional Animal Care and Use Committee at Baylor Scott & White Research Institute.

MTT Viability Assay

Impact of TAK-242 on beta cell viability was assessed by co-culturing with MIN6
cells. MING6 cells were seeded in a 96-well plate at 15,000 cells per well in RPMI. After
overnight culture, culture media was replaced with media containing the indicated TAK-242
concentrations. The control (0 nM TAK-242) contained 0.1% DMSO. On the indicated days,
media was removed from the plates and a 0.5 mg/mL solution of MTT (Sigma-Aldrich) in
DPBS was added to the wells and incubated at 37°C for 4 h. After incubation, the MTT

solution was removed and 100 uL of DMSO was added to the wells to dissolve the resulting
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formazan crystals and absorbance read at 570 nm on a Cytation 5 (BioTek). Media was

changed on day 3.

NFkB Reporter Cell Assay

HEK Blue hTLR4 NFkB SEAP reporter cells were purchased from Invitrogen and
maintained in DMEM + 10% FBS with selections antibiotics. For experiments, cells were
seeded at 5000 cells per well in a 96-well plate and cultured for 48 h prior to usage. Cells were
pre-treated with the indicated compounds at the indicated concentrations for 10-30 minutes
prior to LPS challenge (10 ng/mL) in HEK-Blue Detection media (Invitrogen). At the

indicated times, the plates were read on a Cytation 5 plate reader for absorbance at 635 nm.

Synthesis of Compounds

Synthesis of TAK-PhSO2-Linker: Pyridine (27.3 pL, 0.34 mmol) was added
dropwise to a stirred solution of 7-azido-1-(phenylsulfonyl)heptan-2-ol (45.5 mg, 0.15
mmol) and triphosgene (79 mg, 0.27 mmol) in 2.1 mL of anhydrous tetrahydrofuran. The
resulting suspension was stirred for 20 min and filtered and concentrated to give the crude
chloroformate as an oil. To the solution of the crude chloroformate in tetrahydrofuran (2.5
mL) was added ethyl 6-(N-(2-chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-1-
carboxylate (55 mg, 0.15 mmol) and triethylamine (38.4 uL, 0.28 mmol). The solution was
stirred for 2 h at room temperature and diluted with ethyl acetate and washed with 1 M
HCI, water, saturated sodium bicarbonate, and brine (5 mL each). The organic phase was
dried over magnesium sulfate, concentrated, and subjected to flash chromatography using
25% ethyl acetate/hexanes. '*C NMR (126 MHz, CDCls) § 166.3, 166.1, 163.5, 163.5,

161.5, 161.5, 151.4, 151.3, 148.1, 146.8, 139.1, 139.0, 137.0, 136.9, 135.8, 135.7, 134.2,
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134.2, 133.8, 133.0, 133.0, 132.2, 132.1, 130.6, 130.6, 129.5, 129.5, 129.5, 129.4, 128.4,
128.3, 127.5, 124.0, 123.6, 118.1, 117.9, 117.6, 117.4, 115.3, 115.1, 114.9, 114.8, 71.8,
71.8,61.3,61.2,59.4, 58.7, 58.6, 58.5, 51.2, 44.6, 33.9, 33.6, 28.6, 26.2, 26.1, 25.2, 24.8,
24.0, 239, 2358, 234, 168, 16.1, 144, 14.3; HRMS (+ESI) calculated for
C29H34CIFN4NaOsS2 (M+Na") 707.1383 found 707.1383 (A 0.0 ppm).

Synthesis of BODIPY-PhSOz-Linker: Pyridine (5.5 pL, 0.068 mmol) was added
dropwise to a stirred solution of 7-azido-1-(phenylsulfonyl)heptan-2-ol (8.9 mg, 0.03
mmol) and triphosgene (17.4 mg, 0.06 mmol) in 0.4 mL of anhydrous tetrahydrofuran. The
resulting suspension was stirred for 20 min and filtered and concentrated to give the crude
chloroformate as an oil. To the solution of the crude chloroformate in tetrahydrofuran (2.5
mL) was added BODIPY TR Cadaverine hydrochloride (4.2 mg, 0.008 mmol) and
triethylamine (2.5 pL, 0.018 mmol). The reaction was monitored by TLC (10%
methanol/dichloromethane) and stirred for 2.5 h at room temperature. The solution was
then diluted with ethyl acetate (10 mL) and washed with water (2 x 5 mL) and concentrated
by the rotary evaporator. The crude material was purified by flash chromatography using
40% ethyl acetate/hexanes and then 4% to 5% methanol/dichloromethane to provide 2.2
mg of the product (34% yield). 'H NMR (500 MHz, CDCl3) § 8.13-8.08 (m, 1H), 7.99—
7.95 (m, 2H), 7.94-7.89 (m, 2H), 7.66-7.62 (m, 1H), 7.57-7.52 (m, 2H), 7.47 (d, J = 6.0
Hz, 1H), 7.19 (s, 1H), 7.16-7.13 (m, 1H), 7.08 (dd, J = 12.2, 4.3 Hz, 2H), 7.04—6.99 (m,
2H), 6.82 (d, J=4.3 Hz, 1H), 6.66 (d, J = 4.4 Hz, 1H), 5.12-5.05 (m, 1H), 4.56 (s, 2H),
4.44 (t, J= 6.0 Hz, 1H), 3.45-3.34 (m, 3H), 3.22 (t, J = 6.8 Hz, 2H), 3.05 (q, J = 6.8 Hz,
2H), 1.41-1.57 (m, 8H), 1.23-1.37 (m, 8H); HRMS (+ESI) calculated for

C40H44BF2N7NaO6S2" (M+Na") 854.2748 found 854.2737.
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Mouse Islet Isolation

Islets were isolated from 7- to 8-week-old male C57BL/6 mice (Envigo) by
common-bile duct cannulation, using a 27 G needle, and pancreatic perfusion with
Collagenase Type V (1 mg/mL; Sigma-Aldrich) in Hank's balanced salt solution (HBSS;
Mediatech) followed by pancreatectomy and digestion in a water bath at 37°C for 20 min
with periodic agitation by hand. Digested pancreatic tissue was washed twice with HBSS
supplemented with 5 mM glucose, 20 mM HEPES, 0.5% bovine serum albumin, and 1%
penicillin/streptomycin (Sigma-Aldrich) and filtered through a 600-micron mesh strainer.
Islets were purified using a discontinuous Biocoll Separating Solution gradient (1.077 and
1.100 g/mL; Biochrom GmbH). Islets were hand-picked to >95% purity before culturing
in Roswell Park Memorial Institute medium (RPMI) 1640 supplemented with 10% etal
bovine serum and 1% penicillin/streptomycin solution (Sigma-Aldrich) at 37°C and 5%

CO2. Islets were cultured overnight (12-18 h) prior to use in experiments.

TAK-242 Inhibition of Inflammation in vitro

After overnight culture, islets are washed in DPBS (Caisson Labs) before treatment
with TAK-242 (3 uM, 30 min; MedchemExpress) and 2 pg/ml LPS-EB (Ultrapure from
Escherichia coli O111:B4; Invivogen) for 24 h at 37°C and 5% COa. Islets were washed
once with cold DPBS immediately after treatment and total RNA was isolated from
samples using TRIzol (Invivogen) and converted to cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems) following manufacturer protocols.
Quantitative expression of genes of interest were determined using RT?> SYBR Green
qPCR master mix (Qiagen) on a Bio-Rad CFX Connect (Bio-Rad) with the following

program: 95°C, 10 min; 40 cycles of (95°C, 15 s, 60°C, 1 min). Primers for qRT-PCR
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analysis were purchased from commercially available stock from Integrated DNA
Technologies. Relative gene expression was calculated using the 2-AACT method
normalized to 18S mRNA.

Cytokines from assay culture media were analyzed using Milliiplex
MCYTOMAG-70K Assay (EMD Millipore). Samples were prepared following
manufacturer guidelines. Analysis was performed after overnight incubation at 4°C on a
Luminex 200 (Luminex). Samples were assayed in triplicate and analyzed in triplicate for

cDNA or duplicate for multiplex.

Islet Modification

Isolated islets from culture are rinsed once with Krebs-Ringer Bicarbonate Buffer
(KRBH; pH 7.4) (Sigma-Aldrich) then incubated with 25 pM NHS-PEG4-DBCO (Sigma-
Aldrich) in KRBH (pH 7.7) for 1 h at room temperature. Islets were rinsed once with
KRBH (pH 7.4) to remove unreacted NHS-PEG4-DBCO then subsequently reacted with
TAK-PhO:-Linker (10-25 uM), TAK-Linker (10-25uM), or BODIPY-Linker (10 uM) for
1 h at room temperature. Islets are then washed twice with KRBH (pH 7.4) to generate
TAK-PhO:-Linker, TAK-Linker, or BODIPY-Linker modified islets. Modified islets are

then cultured or used immediately for experiments.

Fluorescent Staining and Imaging

For fluorescent islet modification experiments, islets were surface modified as
described above with 10uM carboxyrhodamine-110 azide (N3-488) and nuclei stained with
1 pg/mL Hoechst 33342 (Sigma-Aldrich). For viability assays, islets were stained with 1

pg/mL Hoechst 33342 and 1 pg/mL propidium iodide (Sigma-Aldrich) in DPBS for 30
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min at 37°C. Islets were washed twice with DPBS for 5 min before mounting on slides.
Images were acquired with a fluorescent microscope (FSX100; Olympus) with exposure
set to auto. ImagelJ software (http://rsb.info.nih.giv/ij/) was used to count stained cells and
measure relative fluorescent intensity (RFI). Fluorescent modification was measured as the
ratio of the RFI of N3-488 to Hoechst 33342 staining. Viability was calculated as the
percentage of propidium iodide—positive cells out of total Hoechst 33342-positive cells per

image.

Modified Islet Function Assays

Glucose-stimulated insulin secretion was assessed on days 1 and 2
postmodification. TAK-PhSO2-Linker modified and unmodified control islets (n = 10 per
sample) were placed in a 8 um cell strainer and then incubated with low glucose (1.67 mM)
for 1 h to equilibrate the islets, low glucose again for 1 h, and then high (16.7 mM) glucose
solution in Krebs-Ringer bicarbonate HEPES buffer (KRBH) + 0.2% bovine serum
albumin at 37°C. Media samples were collected immediately after islet incubation and
frozen at —30°C until analysis. Insulin content was measured with a mouse insulin enzyme-
linked immunosorbent assay kit (ALPCO) in duplicate. The stimulation index was
calculated as the concentration of insulin in high-glucose solution divided by the insulin
concentration in low-glucose solution after equilibration.

To measure intracellular Ca2+ signaling, TAK-PhSO2-Linker modified and control
islets were dissociated with Accutase (Innovative Cell Technologies) postmodification and
seeded in a 96-well optical-bottom plate (Nunc). After overnight culture, islet cells were
incubated with 2uM fura-2AM (Thermo Fisher) in low glucose (2 mM) KRBH for 1 h at

37°C. After fura-2AM incubation, well contents were dumped out and rinsed 2 x 5 min
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with fresh low glucose KRBH. After the final wash, 20 pL of low glucose buffer was added
to the cells. A basal 340 nm/380-508 nm excitation-emission ratio was measured in the
cells for 2 min every 5 sec with a Cytation 5 (Biotek). At 2 min, a high-glucose (40 mM)
solution was injected into the wells to bring the final glucose concentration to 20 mM. The
340 nm/380-508 nm excitation-emission ratio was continuously monitored for another 6

min. The 340/380 emission ratio was normalized to the basal mean ratio.

Islet Transplantation

Recipient male C57BL/6 mice 6-7 weeks old were made diabetic by a single intra-
peritoneal injection of STZ (200 mg/kg; Sigma-Aldrich). Diabetic mice are defined as
having a non-fasting blood glucose >400 mg/dL for two consecutive days. Prior to
transplantation, islets were untreated, pre-treated with 3 uM TAK-242, or modified with
TAK-PhSOz-Linker as described above. Diabetic C57BL/6 mice are anesthetized under
isofluorane and a field between the rib cage and pelvis on the left side was disinfected by
1% providone-iodine scrub and 70% ethanol. A minimal incision (~8 to 10 mm) into the
peritoneum is made to expose the kidney and a small cut (~2 mm) is made in the kidney
capsule using a 30 G needle. Then a flame-blunted glass pipette tip is inserted into the
kidney capsule through the cut to create a pocket between the renal cortex and capsule.
Islets are then injected into the pocket via polyethylene tubing (PE-50) connected to a ImL
syringed filled with RPMI 1640 driven by a NE-300 syringe pump (New Era Pump
Systems). At the completion of islet infusion, the incision was closed with 4-0 violet
monofilament (Ethicon) via continuous nonlocking sutures. After closing, mice receive a
0.1mg/kg bolus of buprenorphine subcutaneously near the incision. After transplant, blood

glucose from mice were measured 5 times per week with a Breeze 2 Glucose Monitor
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(Bayer). mice are considered cured on the first day of 2 consecutive glucose measurements

<200 mg/dL.

Intraperitoneal Glucose Tolerance Test

IPGTT was conducted on day 30 post—islet transplant to assess graft function. Mice
were placed in fresh cages with access to water ad libitum but no food and fasted for 6 h.
Then, 2 g/kg of glucose in a 20% solution was administered to the mice intraperitoneally,
mimicking a postprandial glucose bolus. Blood glucose was checked prior to glucose
administration at time 0 and then at 30, 60, 90, 120, and 150 min following administration.

AUC response in blood glucose was then calculated between each group.

Statistical Analysis

All data are represented as the means + SEM. Single pairwise comparisons were
performed using the two-tailed Student’s ¢ test in Microsoft Office Excel 2016. One-way
ANOVA with Tukey’s test or Newman-Keuls test was performed for multiple comparisons
and Kaplan-Meier survival function curves were compared using the Mantel-Cox log rank
method with Graphpad Prism 7.0 for Windows. Statistical significance is defined as P <

0.05. *P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001.

Results

Identification of a Safe and Potent Small Molecule TLR4 Antagonist
Several potent TLR4 antagonists have been described in the literature, including
Lipid A mimetics CRX-526 and E5564 2*?53 and the arylsulfonamide TAK-242 23¢

(Figure 5.1A). We chose to work with TAK-242 because of the sulfonamide motif, which
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is a safe and common motif if medicinal and prodrug chemistry 2372%, the potent TLR4
inhibition (ICso values of 1 to 30 nM) in both human and murine models 2, and its clinical
safety profile as demonstrated in human clinical trials (NCT00633477) 3, Critical for our
purposes, the sulfonamide motif in TAK-242 offers a potential reactive group for chemical
modification into a covalently-linked prodrug 2°%. In our preliminary testing, TAK-242
showed negligible toxicity to beta cells at effective concentrations. MIN6 cells cultured
with increasing concentrations of TAK-242 displayed no major reductions in viability at 1,
3, or 7 d (Figure 5.1B).

TAK-242 functions by covalently binding to Cys747 in the intracellular TIR
domain of TLR4 and inhibiting the adapter proteins TIRAP and TRAM from associating
with the receptor *°. Blockade of this pathway inhibits the inflammatory TLR4-MyD88-
NFkB axis. A NFkB reporter cell line expressing human TLR4 was used to demonstrate
that TAK-242 inhibited TLR4-mediated inflammation in a dose-dependent manner by
inhibiting NFkB upregulation. A brief 30-min pre-treatment with increasing concentrations
of TAK-242 (0 to 6000 nM) significantly reduced or completely inhibited NFkB
upregulation in response to LPS challenge at 8 h (Figure 5.1C), while after 22 h, only TAK-
242 concentrations greater than 1000 nM were effective (Figure 5.1D).

To investigate whether TAK-242 protects islets from TLR4-mediated
inflammation, islets from C57BL/6 mice were challenged with the canonical TLR4 ligand
lipopolysaccharide (LPS). Islets were treated with TAK-242 before a 24-h challenge with
a high dose of LPS (2ug/ml). After 24 h, culture media was analyzed by multiplex assay
and real-time PCR analysis was performed on the islets. LPS-treated islets had significantly

increased expression of both CXCL10 and CCL2, which was completely blocked by the
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TAK-242 pre-treatment (P < 0.05) (Figures 5.2A and B). Similar results were observed
when islets were challenged with high-mobility group box 1 (HMGBI1; Figure 5.3), an
endogenous damage-associated molecular pattern (DAMP) known to elicit acute
inflammation through TLR4 ?°, Culture media was examined by multiplex analysis for IL-
6, CXCL10, CXCL1, CCL2, and TNF-a. Islets treated with LPS alone showed
significantly higher concentrations of these proinflammatory cytokines (Figures 5.2C-Q).
This is in contrast to the cytokine levels from islets that were pre-treated with TAK-242
before LPS challenge which showed significantly lower levels of these cytokines. The data
here demonstrates both the sensitivity of islets to TLR-mediated inflammation, and the

potency of TAK-242 as a TLR4-antagonist.
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Figure 5.1. TAK-242 is non-toxic to beta cells and dose-dependently inhibits TLR4-
mediated NFkB upregulation. (A) Chemical structure of the arylsulfonamide TAK-242.
(B) TAK-242 showed negligible toxicity to the beta cells at effective concentrations. Data
are represented as means = SEM. P > 0.05 for all samples (one-way ANOVA with Tukey’s
multiple-comparisons test). (C) The efficacy of TAK-242 was assessed by pre-treating
HEK Blue hTLR4 colorimetric reporter cells with increasing concentrations for 30 min
before LPS challenge (10 ng/mL) for 8 h (C) and 22 h (D).
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Figure 5.2. TAK-242 inhibits TLR4-mediated inflammation in murine pancreatic islets. (A
and B) mRNA analysis of proinflammatory cytokines CXCL10 and CCL2 in mouse islets
24 h after 2 pg/mL LPS challenge with or without 3 uM TAK-242. (C-G) Luminex analysis
of proinflammatory cytokines IL-6, CXCL1, CXCL10, CCL2, and TNF-a 24 h after LPS
challenge with or without TAK-242. n = 3 per condition. (*P < 0.05, **P < 0.01, ***P <
0.001, two-tailed unpaired t-test). ND, not detected.
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Figure 5.3. Protection of mouse islets against tHMGB 1-mediated TLR4 inflammation with
TAK-242. Islets from C57BL/6 mice were challenged with 1 pg/mL rHMGBI1 with or
without TAK-242 pretreatment. After 4 h, total RNA was isolated from the islets for gene
expression analysis. The proinflammatory genes (A) CXCL10 and (B) CCL2 were
examined in the samples. Data represented as means + SEM. *P < 0.05 (n = 3 for all
samples, unpaired two-tailed t test).
Design and Synthesis of TAK-242 Prodrug for Conjugation

Our approach for covalently attaching a TAK-242 prodrug to tissue surfaces for

184,261 and an

sustained release utilizes a recently reported azide-functionalized linker
azide/alkyne bioconjugation reaction 2622, Briefly, a linker alcohol was converted to its
chlorocarbonate, which was directly reacted with the TAK-242 sulfonamide amine to
afford the TAK-PhSO2-Linker prodrug in moderate yield (Figure 5.4A). A fluorescent
BODIPY-PhSO2-Linker compound was similarly synthesized for use in quantification
studies (Figure 5.4B). This linker design has been shown to hydrolytically release simple
amines via a -elimination reaction that is only modestly dependent on the basicity of the
drug, independent of enzymatic cleavage mechanisms, and amenable to modulation by the
selection of substituents (modulators) to adjust the pKa. We selected a phenyl sulphonyl

substituted linker, with a reported ti2 of approximately 75 h for carbamates derived from

simple aliphatic amines (pH 7.4, 37°), for these initial studies. While the nitrogen in TAK-
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242 is an electron poor aryl sulfonamide, N-acyl sulfonamides have been described as
enzyme-stable prodrug candidates 2%%, and it was anticipated that TAK-242 would be likely

released from the conjugated TAK-PhSO2-Linker by B-elimination (Figure 5.4C).
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Figure 5.4. Cleavable prodrug chemistry. (A) Synthesis of TAK-PhSO2-Linker prodrug:
(1) Triphosgene, pyridine, THF (ii) TAK-242, Et3N, CH2CI2 (69% overall). (B) Synthesis
of BODIPY-PhSO2-Linker: (i) Triphosgene, pyridine, THF (iii)) BODIPY-TR-cadaverine,
Et3N, THF (34% overall). (C) Proposed TAK-PhSO2-Linker conjugation to tissue surface
and release of free TAK-242 by B-elimination.
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Islet Conjugation Chemistry

Our group previously demonstrated that murine, porcine, and human islets are
amenable to surface modifications using bioorthogonal conjugation chemistries '*. The
chemistry used in the present study to functionalize tissue surfaces, depicted in Figure
5.5A, is a two-step process that harnesses the bio-compatibility and modularity of copper-

free “click” chemistry 2%

A commercially available bifunctional linker, the
dibenzocyclooctyne-PEG4-N-hydroxysuccinimidiyl ester (NHS-PEG4-DBCO), is used to
label reactive amines on surface of the islets with a strained alkyne, which we then react
with our linker compounds to create a covalent linkage via strain-promoted azide-alkyne
cycloaddition (SPAAC). To confirm the initial acylation reaction, we treated islets with
NHS-PEG4-DBCO followed by carboxyrhodamine-110 azide (N3-488) and observed
significant surface labeling, while islets treated with N3-488 alone showed no labeling (Fig
5.5B). Confocal microscopy was used to confirm that the reactions occurred on the islet
surface (Figure 5.5C).

Next, we used a competitive binding model to demonstrate that our compound,
TAK-PhSOz-Linker, reacts with alkyne-functionalized islet surfaces. In this experiment,
we observed that incubating surface-functionalized islets with the TAK-PhSO:-Linker
prior to treatment with N3-488 significantly reduced the fluorescent labeling (P < 0.0001;
Figures 5.5D and E), demonstrating that our linker compounds successfully reacted with
islet surface alkynes. We have also demonstrated that murine kidneys are also amenable to

this conjugation chemistry (Figure 5.6), suggesting that the drug-eluting live tissue concept

is readily translatable to different organs and tissue types.
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Figure 5.5. Verification of linker chemistry. (A) Scheme of functionalizing tissue surfaces
using bioorthogonal “click” chemistry. NHS-PEG4-DBCO can be used to attach reactive
alkynes (DBCO) by the reaction of N-hydroxysuccinimide (NHS) esters with primary
amines on the tissue surface. This allows an azide-substituted prodrug to be covalently
linked to the tissue surface via azide-alkyne cycloaddition reaction. (B) Representative
fluorescent images of a surface-functionalized islet successfully labeled with a fluorescent
dye via SPAAC compared to an islet that was not surface functionalized with NHS-PEG4-
DBCO before staining with N3-488. Nuclei are stained with Hoechst 33342. (C) Confocal
image of fluorescently modified islets showing the modification on the surface of the islets.
(D) Representative fluorescent images of alkyne-functionalized islets reacting with N3-
488 alone or with TAK-PhSO2-Linker followed with N3-488. (E) Quantification of
fluorescent modification from both groups normalized to nuclei staining (n = 10 per group,
*aEEP < 0.0001 two-tailed unpaired t-test).
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Figure 5.6. Chemically modified kidneys. Kidneys from nude mice were cannulated
through the renal artery and perfused with Hoechst 33342 and N3-488 alone or NHS-PEG4-
DBCO plus N3-488. After perfusion, kidneys were resected and embedded in optimal
cutting temperature compound. Frozen sections were prepared and mounted on slides for
fluorescent microscope imaging. While the kidney perfused with N3-488 alone showed
only background fluorescence, the kidney functionalized with NHS-PEG4-DBCO
displayed significant labeling with N3-488. Scale bar = 100pum.
Drug Capacity and Release Kinetics

The stability and release kinetics of our linker compounds were explored next.
TAK-PhSO2-Linker was incubated in phosphate-buffered saline (PBS; pH 7.4) at 37°C,
and the solution sampled over the course of several days. Liquid chromatography-mass
spectrometry (LC-MS) was used to identify and quantitate the compounds released from
this prodrug. This experiment revealed that the half-life of TAK-PhSO2-Linker was ~25

h, and that a second compound resulting from sulfonamide hydrolysis was also formed

under these conditions (Figures 5.7A and B). The observed half-life of TAK-PhSO:-Linker
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was shorter than what has been previously reported for this linker attached to primary
amines, but may be partially accounted for by the higher pKa of the sulfonamide amine.
The potential drug dose delivered is another important parameter, and so we
measured the effective islet drug-loading capacity of this DBCO/azide-linker chemistry.
This was accomplished by modifying islets with NHS-PEG4-DBCO followed by our
fluorophore/linker molecule (BODIPY-PhSO2-Linker) (Figure 5.7C). The hydrolysable
linkage on the resulting islets was then rapidly cleaved in a cleavage buffer, and the
released dye was quantified by plotting the relative fluorescent intensity of the cleavage
buffer against a standard curve. From 300 modified islets, we measured a BODIPY
concentration of 3101.57 + 690.73 nM in 400 pL of cleavage buffer (Figures 5.7D and E),
or approximately 1.24 + 0.276 nmol of compound released. This equates to 4.13 = 0.92
pmol of compound per islet. Since the effective concentrations (IC50) of TAK-242 as a
TLR4 antagonist are in the low nM range 2, this suggests the capacity for the release of
biologically-relevant amounts of the active drug. The theoretical cumulative compound

release over time is depicted in Figure 5.7F.
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77



Viability and Functionality of Modified Islets

We assessed the viability of islets after covalent modification by staining islets with
Hoechst 33342 and propidium iodide at various time points to ensure that the islet
manipulations, reactive compounds, and modification reactions did not injure or were
otherwise toxic to the islets. Islets isolated from C57BL/6 mice were modified with NHS-
PEG4-DBCO followed by TAK-PhSO2-Linker and cultured for up to 5 days. The viability
of unmodified and modified islets (» = 10 per group) was evaluated on days 1, 2, and 5
post-modification by calculating the ratio of PI-positive cells to Hoechst 33342—positive
cells (Fig 5.8A). We observed no significant differences in mean viability between
unmodified and modified islets at any time points (P = 0.13), which is in-line with
published safety data on SPAAC modifications in living systems 262,

Preserving islet function and insulin secretion is an important consideration in
proposed islet treatment or modification. Glucose-stimulated insulin secretion (GSIS)
assays were performed on unmodified and modified islets at 24 h (Figure 5.8B) and 72 h
(Figure 5.8C) post modification to assess islet function. No differences were detected in
the stimulation index between unmodified and modified islets at day 1 (P = 0.22) or at day
3 (P =0.44). We also examined Ca** signaling in modified and unmodified islet cells, since
intracellular Ca®* signaling is a key factor in insulin secretion 2°¢. Unsurprisingly, given the
results of the GSIS assay, intracellular Ca** flux in response to increased glucose remained
identical in modified islets (Figure 5.8D). Overall, the modification of islets with TAK-
PhSO»-Linker presents no significant effects on islet viability or function, demonstrating

the tolerance of islets to this chemical surface modification with a TLR4 antagonist.

78



100 1 | et s 2]
~ - 1.8
é 80 ] F//‘“ —i
2
= 60 1
=
S 40 A
L2 20 ——CTRL -+-MOD
0 ' . .
1 2 5
Days post-modification
B
510 i Day 1 10 1 Day 3
E 8 4 n.s. 8
g6 A
S 4 - 4 -
=
£ 2 - 2 - .
70 , 0 .
CTRL MOD CTRL MOD
C L5 1 —CTRL  ----MOD
14 1 AN A o\
13 - ! WAN AAS

1.2
1.1

i
0.9 .

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00
Time (minutes)

5120
L

¥ 110

= 100

T 20mM Glucose CTRL MO

Normalized
340nm/380nm Ratio

Figure 5.8. Modified islet viability and functionality assays. (A) Viability of control and
modified islets assessed by Hoechst 33342 and PI staining on days 1, 2, and 5 post-
modification (n = 10 per group, P = 0.13). (B and C) Stimulation index of control and
modified islets (B) 24 h and (C) 72 h post-modification (n =2 per group; P =0.22 and 0.44,
respectively; two-tailed unpaired t-test). (D) Representative intracellular Ca2+ flux
assessment by fura-2AM staining. Arrow indicates an injection of 40 mM glucose. AUC
is quantified in the inset graph. n.s. not significant.
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Protection of Drug-Eluting Islets in Vitro

In order to study the function and efficacy of our cleavable pro-drug, we performed
in vitro experiments challenging mouse islets with LPS at different times post-
modification. First, we show that, although TAK-242 is a potent TLR4 antagonist, the
intact prodrug construct (TAK-PhSO:z-Linker) has negligible TLR4-antagonist activity.
HEK Blue hTLR4 reporter cells were treated with either free TAK-242 or the TAK-
PhSO2-Linker prodrug, and TAK-Linker, which lacks the pKa modulator, before LPS
challenge. We see that while TAK-242 completely inhibits the upregulation of NFkB after
LPS challenge, there was no significant protection provided by the unconjugated prodrugs
TAK-PhSO:-Linker and TAK-Linker (Figure 5.9A).

When conjugated to islets, TAK-PhSO2-Linker significantly protects against LPS-
mediated inflammation 24 h after modification (P < 0.001) while TAK-Linker provides
moderate, but not statistically significant protection (P = 0.14; Figure 5.9B). We also
observed that modified islets provide potent protection, comparable to a TAK-242
treatment 30 min prior, and superior to TAK-242 24 h prior (P < 0.05), for at least 48 h
post-modification (Figure 5.9C and D). Not surprisingly, simple covalent surface
modification lacking the prodrug functionality did not reduce the LPS-mediated IL-6
upregulation (P = 0.60; Figure 5.9E). These results demonstrate that our cleavable TLR4-
antagonist prodrug functions as anticipated and provides potent and durable protection

against TLR4-mediated inflammation when covalently attached to islet surfaces in vitro.
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Figure 5.9. Assessment of drug-eluting islet protection in vitro. (A) Inhibition of TLR4-
mediated NFkB upregulation was assessed for free TAK-242 and the TAK-PhSO2-Linker
prodrug using HEK Blue hTLR4 colorimetric assay. TAK-242 completely blocked LPS
while the intact prodrug provided no protection. (B) Islets covalently modified with TAK-
PhSO2-Linker were significantly protected from LPS challenge (***P < 0.001) as
determined by IL-6 expression. (C) Protection of modified islets was explored out to 48 h
post-modification. At both 24 and 48 h after modification, covalently modified islets were
protected against LPS as well as islets treated with TAK-242 30 minutes prior to challenge.
(D) Both free TAK-242 and the covalent TAK-PhSO2-Linker modification provided
protection from TLR4-mediated inflammation 24 hours post treatment, but the protection
provided by the surface modification was significantly better than that of free TAK-242
alone. (E) Islet surfaces functionalized with NHS-PEG4-DBCO demonstrated no
protection against LPS-mediated inflammation (P = 0.60). n =3 (A) or n = 2 (B — E).
Statistical significance determined by two-tailed unpaired t-test. n.s. not significant.
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Efficacy of Drug-Eluting Islets in an Islet Transplant Model

After the promising in vitro results described above, we performed islet
transplantation experiments in a syngeneic wild-type C57BL/6 streptozotocin-induced
diabetes model. Engraftment success was measured by nonfasting blood glucose
measurements 5 times a week. Mice were considered cured on the first day of two
consecutive glucose measurements below 200 mg/dL. Diabetic mice were separated into
untreated (n = 4), TAK-242 (n = 6), and TAK-PhO2-Linker (n = 6) groups. A marginal
dose of ~100 islets, determined by titrating doses of TAK-242—treated islets (Figure 5.10),
was transplanted into the kidney subcapsular space in each group and blood glucose was
monitored over a 4-week period (Figure 5.11A). 100% of mice receiving modified islets
became euglycemic with a mean time-to-cure of 17.2 + 2.6 days (Figure 5.11B), and 67%
of mice receiving TAK-242 treated islets became euglycemic at 21.0 + 2.4 days (Figure
5.11B). None of the mice in the control group achieved euglycemia during the monitoring
period (Figure 5.11B). The cure rate of the modified islets was significantly superior to the
TAK-242 treated islets (P = 0.0037 and 0.0521 respectively, log-rank). Visual analysis of
the modified islet grafts showed preservation of islet mass and significant vascularization
in the euglycemic mice (Figure 5.11C), demonstrating the treatment does not impair

revascularization of islets post-transplant.
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Figure 5.10. Islet dose titration with TAK-242 pretreated islets. Diabetic C57BL/6 mice
were transplanted with (A) 200, (B) 150, or (C) 100 TAK-242—treated islets. Blood glucose
was monitored for 4 weeks before IPGTT on day 30 and at nephrectomy on day 35. The
quantity of 200 and 150 islets showed quick cure times and good glycemic control; the
quantity of 100 islets had delayed cure times and exhibited significant glycemic lability.

83



An intraperitoneal glucose tolerance test (IPGTT) was performed at day 30
posttransplant to assess graft function. IPGTT area under the curve (AUC) analysis showed
that the mice receiving the modified islets had the most robust glucose clearance response
(Figures 5.11D and E). Islet grafts were removed by nephrectomy of the transplanted
kidney to demonstrate that the mice became cured due to the grafts and not because of
regeneration of endogenous insulin, and we saw prompt return to a diabetic state in
previously cured animals (Figure 5.12). These data demonstrate the superior outcomes of
drug-eluting modified islets by significantly reducing the time and islet dose required for

achieving euglycemic in diabetic mice

Discussion

In this study, we have demonstrated the ex vivo modification of live tissue surface
with a cleavable TLR4-antagonist prodrug, the ability of the locally released drug to
provide sustained protection to islets against TLR4-mediated inflammation, and the use of
these ‘drug-eluting transplants’ to provide significantly improved outcomes in a murine
model of islet transplantation.

The role of TLRs in innate antipathogenic immunity is widely known 2%7. Recently,
TLR4 has been demonstrated to play a major role in sterile inflammation %, acute graft
dysfunction and allograft rejection %, and autoimmune disease 2°. Studies involving anti-
TLR4 antibodies, siRNA, and TLR4-/- animals have shown significant therapeutic benefits
against acute injury mediated by inflammatory DAMPs 2%27°, TAK-242 is a selective
TLR4-antagonist that was initially developed and clinically tested for the treatment of

sepsis 193, The protective effects of TAK-242 against TLR4-mediated inflammation has
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Figure 5.11. Islet transplant outcomes and function in a syngeneic model. (A) Mean
nonfasting blood glucose in control (n = 4), TAK-242 (n = 6), and modified (n = 6) groups.
Mice receiving 100 untreated islets (control) did not demonstrate improving blood glucose
control, while mice receiving 100 TAK-242—treated and modified islets demonstrated
some improvement. Only the group receiving modified islets achieved a mean blood
glucose concentration in the normoglycemic range (<200 mg/dL). (B) All mice receiving
100 modified islets (6/6) achieved euglycemia (P = 0.004) compared to 67% (4/6) of mice
receiving 100 TAK-242—treated islets (**P =0.052). No mice in the control group achieved
euglycemia. (C) Dissecting light microscopic image of a neovascularized islet graft from a
mouse that received 100 modified islets. (D and E) IPGTT data from mice on day 30
posttransplant. AUC analysis showed no difference between the control and TAK-242
group (P > 0.05), but a significant difference between the modified group and both the
control and TAK-242 group (*P < 0.05, one-way ANOVA with Newman-Keuls multiple
comparisons test). n.s. not significant.
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Figure 5.12. Blood glucose of mice after islet graft removal by nephrectomy. Nephrectomy
of the islet-transplanted kidney was performed on day 35 posttransplant. (A) Control mice
remained diabetic. Cured mice in the (B) TAK-242 group and (C) modified group quickly
returned to a diabetic state.

been previously demonstrated in models of neural stress 2!, liver IRI ?2, and even
autoimmune disease ¢,

We evaluated TAK-242 as a candidate for blocking TLR4-mediated inflammation
in islets in vitro. TAK-242 completely blocked LPS-mediated inflammation in islets as
demonstrated by gene and cytokine analysis. TLR4 stimulation in islets significantly
upregulates both CXCL10 and CCL2, both known to have a significant negative effect on
islet transplantation outcomes 2’**7*  but this inflammation largely inhibited by TAK-242
treatment. Cytokine profile analysis from LPS-challenged islets reveals that in addition to

CXCLI10 and CCL2, the acute inflammatory cytokines IL-6 and TNF-o are high

upregulated, as is the myeloid cell chemoattractant CXCL10.
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Methods for the ex vivo covalent modification of islet cell clusters have been
previously investigated as a strategy to protect transplanted islets. While simple steric

barriers have been most often linked to islet surfaces !'%273

, functional molecules aimed at
reducing thrombosis have also been covalently tethered to the islet surface 27277, Cleavable
linkers for drug delivery from macromolecules and biocompatible polymers have been
previously utilized for their ability to significantly prolong the half-life of compounds '8¢,
Additionally, the use of ‘Click’ chemistry for modifying the surface of live cells has been
widely explored and can be accomplished with no apparent effects on cell viability °>. The
combination of these two tools provides colocalization of drug treatment with the grafted
tissues, resulting in an extended duration of elevated local concentrations with minimal
systemic exposure. Based on the promising findings from our in vitro assays, we selected
TAK-242 as a candidate to evaluate the advantages of tissue surface modification using
cleavable prodrug linker chemistry. To this end, we synthesized TAK-PhSO2-Linker, a
conjugatable, slow-release prodrug form of TAK-242, which can be readily covalently
linked to surface-functionalized tissues, and which can elute TAK-242 via B-elimination at
a tunable rate. Analysis of cleavage kinetics revealed that free TAK-242 is released from
the prodrug with a half-life of approximately 25 h.

In preliminary islet modification experiments, we demonstrated the surface labeling
of murine islets with a fluorophore using a “click” chemistry approach. A competitive
binding assay revealed that we could also successfully conjugate the TAK-PhSO2-Linker
prodrug to islets. The conjugation of a BODIPY dye using the same linker chemistry

allowed for an estimation of islet drug-loading capacity, which we calculated to be

approximately 4.13 £ 0.92 pmol per islet. Importantly, this conjugation chemistry can be
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applied to other tissues and organs, as demonstrated by our preliminary modification of
murine kidney via renal artery perfusion (Figure 4.6), suggesting that this ‘drug-eluting
transplant’ strategy may have broad applicability. Modification of the kidney by vascular
perfusion appears to be concentrated in the glomeruli, which may have important
implications in protecting renal grafts from glomerulitis and other acute injuries post-
transplant. Coincidentally, the ex vivo machine perfusion of organs for transplantation is

1278, presenting a convenient

gaining popularity to reduce IRI and expand the donor poo
opportunity for the chemical modification of organs prior to transplantation.

Viability and functionality assays in vitro revealed the safety profile and tolerability
of islets to our conjugation chemistry. We observed no differences in islet viability at days
1,2, and 5 post-modification with TAK-PhSO2-Linker as compared to unmodified control
islets. The stimulation index and intracellular Ca** flux of islets was also preserved in the
modified islet group. Our results reinforce findings from other groups who report the safety
and tolerability of islets to surface modification '°>2*°, The modified islets exhibited lasting
protection against TLR4-mediated inflammation in vitro. At 24 and 48 h post-modification,
modified islets still demonstrated essentially complete inhibition of LPS-mediated
inflammation. On the other hand, TAK-242 was able to completely inhibit LPS-mediated
inflammation immediately after treatment, but began to lose its effectiveness by 24 h.

Data from our in vivo transplant model clearly demonstrate the advantage of our
chemically modified drug-eluting islets. We initially transplanted 200 modified syngeneic
islets into diabetic C57BL/6 mice to assess their function and saw that all mice rapidly

returned to euglycemia, however this was also obtainable with 200 TAK-242 treated islets

(unpublished data). Therefore, we titrated a lower islet dose in order to stratify the two
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treatment groups (Figure 5.10). With 100 islets, 67% of subjects in the TAK-242 group
were able to achieve euglycemia, albeit with delayed cure times (21. + 2.4 days) and with
significant glycemic lability. On the other hand, 100 modified islets abled to achieve a
100% cure rate (17.2 + 2.6 days) and also demonstrated superior glucose clearance in
response to a [IPGTT. Human islet transplantation is often complicated by the requirement
of high doses of islets (>10,000 IEQ/kg) and multiple donors 2’°. The transplant data here
suggest that the translation of our chemistry into the clinic may substantially reduce the
dose of islets needed to achieve insulin independence and facilitate single-donor transplant
success.

In conclusion, results from our study demonstrate the feasibility and benefits of ex
vivo modification of living tissue with potent anti-inflammatory prodrugs to provide drug-
eluting transplants. The ex vivo modification of tissues can be easily implemented during
organ procurement or prior to transplant by normothermic machine perfusion in

vascularized organs, which is increasingly common 280281

, or by directly washing tissues
and cells in modification buffers. Clinical implementation of our chemistry in the field of

transplantation may prove to provide a significant advantage in reducing primary graft

dysfunction and improving long-term outcomes.
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CHAPTER SIX

Conclusion

Islet transplantation is an important treatment option for brittle T1Ds with
problematic hypoglycemia unawareness and severe hypoglycemic events who do not
respond well to intense insulin therapy 2*°. As a byproduct of advances in and facilities for
allogeneic islet transplant, autologous islet transplant after total pancreatectomy was
developed as a procedure to prevent the development of brittle diabetes after
pancreatectomy for intractable pain 2*2. The aims of this project were to elucidate the
protective effects of TLR4 inhibition on the outcomes of islet transplantation using a
clinically-tested compound, and to develop the concept of drug-eluting live tissue for
transplantation. TLR4 was chosen as a therapeutic target due to its reported role in
compromising graft function and survival during the peri-transplant period. Indeed,
through our experiments we observed that inhibiting TLR4 in islets prior to and post-
transplant significantly reduced inflammation and islet damage, and improved transplant
outcomes.

In one study, the impact of using the potent TLR4 antagonist TAK242 during islet
isolation and culturing was studied. While the role of TLR4 has been studied in islets and
other organs post-transplant. The state of the graft prior to transplant is critical since this
will affect the amount of inflammation triggered post-transplant. Although there is minimal
LPS during the organ procurement and islet isolation process, sterile inflammation still
occurs and TLR4 is a major mediator. Indeed, in our experiments we saw significant

reductions in major mediators of islet graft dysfunction by the early blockade of TLR4.
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The ability to perfuse an organ with this anti-inflammatory drug has the benefits of
prophylactic inhibition of sterile inflammation and avoiding the direct administration of a
potentially immunosuppressive drug to the patient. The aim of treating the islets directly
instead of the patient systemically is an important distinction since islets are known to
produce significant amounts of self-reactive inflammatory isletokines ?22. Although in this
study, TAK-242 was only added to the collagenase solution, it could also be added to the
storage solution, wash buffers, and transplant media to ensure complete TLR4 inhibition
prior to transplant. It could be imagined that the addition of TAK-242 to normothermic
machine perfusion of solid organs could also limit sterile inflammation, and potentially
improve transplant outcomes.

Weaknesses in the early TLR4 blockade study are that this data needs to be
replicated in human islet isolation, which was not tested here due to the lack of research
pancreases available. Transplant outcomes, however, may be different from the animal
model due to differences in both the procurement, isolation, and transplant. Additionally,
the western blotting data for MAPKs and NFkB could be repeated to address the
observation that there was no reduction in p-P65, as this is thought to be upregulated by
TLR4, and therefore TLR4 antagonism was expected to have reduced P65 activation.
Future experimentation could include repeating the western blots and performing these
analyses with human islet research isolations.

In the second study, we aimed to inhibit TLR4 in islets for several days post-
transplant. After transplant, islets become inflamed due to IBMIR and other sterile
inflammatory processes. This inflammation lasts for up to a week post-transplant and is

correlated with poor transplant outcomes and the need for multiple islet infusions. Current
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protocols include the systemic administration of anakinra (IL-1R blocker) and etanercept
(TNF-a inhibitor) to reduce inflammation, however sub-optimal doses are used to reduce
off-target side effects and the chances of opportunistic infections. To address these
drawbacks, we aimed to develop a method for localizing anti-inflammatory treatments to
the graft while maintaining therapeutic concentrations and prolonging treatment for some
days. Due to the demonstrated role of TLR4 in graft dysfunction and TAK-242 as a potent
anti-inflammatory, this compound was used for this proof-of-concept study. To develop a
cleavable pro-drug which we could conjugate to the surface of islets, we adopted the
concept of drug-eluting particles ***, which are already used for drug delivery of some
pharmaceutical compounds such as exenatide 2. By linking the pro-drug directly to the
islet prior to transplant, the graft is enhanced with the ability to elute its own drug locally,
eliminating the need for system administration of the drug.

Weaknesses in this study are that we could have in vitro data showing protection
of modified islet from LPS beyond 48 hours compared to a single TAK-242 treatment. This
was somewhat limited by the absolute number of donor mice and islets required to perform
such a robust study. Additionally, the number of recipients in the transplant model could
be increased to increase statistical power. Although the current data shows an advantage
over untreated controls, it is debatable whether or not it has a statistically significant
advantage over TAK-242 pre-treatment alone. Increasing the sample sizes should provide
more definitive data. Future directions this would could take include: 1. Test in an
allogeneic model of islet transplantation, and 2. Collaborate with another group to test the

effects of self-medicating drug-eluting tissues for transplant with solid organ transplant,
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taking advantage of the rise in importance of ex-vivo machine perfusion of organs to reduce
ischemia and expand the donor pools.

In conclusion, I have presented evidence that targeting TLR4 on islets before and
after isolation represents an attractive therapeutic option for improving the outcomes of
islet transplantation. The addition of TAK-242, a clinically-tested TLR4 antagonist, to the
collagenase solution or other buffers represents a rapidly clinically-translatable
modification of current protocols that may serve to reduce islet injury due to sterile
inflammation prior to transplantation. Additionally, the development for a rapid islet
surface modification method with a pro-drug is a novel concept represents a promising

development that has potential in future transplantation studies.
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