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In vitro evaluation of a hybrid drug delivery nanosystem for
fibrosis prevention in type 1 diabetes cell therapy

1. Abstract (120 words):

Background: Implantation of insulin-secreting cells has been trialled as a treatment of type 1 diabetes

mellitus (T1D), however the host immunogenic response limits their effectiveness.

Methodology: We developed the core-shell nanostructure of upconversion nanoparticle-mesoporous
silica for controlled local delivery of an immuno-modulatory agent, MCC950, using near-infrared light

and validated it using in vitro models of fibrosis.

Results: The individual components of the nanosystem did not affect proliferation of insulin-
secreting cells unlike fibroblast proliferation (p<0.01). The nanosystem is effective at releasing
MCC950 and preventing fibroblast differentiation (p<0.01), inflammation (IL-6 expression, p<0.05)

and monocyte adhesion (p<0.01).

Conclusion: Our MCC950-loaded nanomedicine system could be used in the future together with

insulin-secreting cell implants to increase their longevity as a curative treatment for T1D.

Plain language summary

Our study describes a new drug delivery system that can release an immunomodulatory drug in a
controlled manner and prevent fibrosis that is part of the immune response when foreign body is
implanted. This system can be particularly useful for insulin-secreting cell implants, used to replace
multiple daily injections of insulin and improve the quality of life of people with type 1 diabetes
mellitus (T1D). By preventing the immune response that leads to fibrosis, the longevity of these
cellular implants can be extended without the need for frequent replacement procedures. We showed
that our innovative nanosystem can release the required amount of an immunomodulatory drug,
which could be stimulated with the use of special light, hence showing the ability for local and
extended delivery. This type of system has the potential to reduce the side effects associated with

oral daily administration of an immunomodulatory agents in people with T1D.
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2. Lay abstract:
Tweetable abstract: In this article we describe an innovative approach for controlled release of
immunomodulatory agent based on an upconversion nanomedicine system that could be explored for

prevention of fibrosis of insulin-secreting cell implant treatment for type 1 diabetes mellitus.

Graphical abstract

o’&&o < * Inhibits fibroblast cell proliferation

/ *  Does not affect B-cell proliferation

+ Inhibits fibroblast
differentiation

* Inhibits monocyte adhesion
* Inhibits inflammatory marker
expression

Mesoporous UCNPs MCC950
silica

3. Keywords: 5—10 keywords that encapsulate the scope of the article.

Upconversion nanoparticles, mesoporous silica, fibrosis, immunomodulation, immune cells,

fibroblasts

4. Introduction

Diabetes mellitus is one of the most serious and far-reaching chronic metabolic disorders
globally, affecting 9.3% of the overall population 1. Type 1 diabetes mellitus (T1D) is an autoimmune
disease that affects people from a young age 2 and includes symptoms such as weight loss, polydipsia,
polyuria and fatigue 3, and long term complications including nephropathy 4, cardiovascular disease
5, and limb amputations 6. Currently, there are no curative treatments for T1D, with treatment
predominantly relying on insulin replacement therapy through exogenous insulin administration
and regular blood glucose monitoring?. Multiple daily subcutaneous injections of exogenous insulin
can be labour intensive and uncomfortable hence affecting adversely the quality of life of people with

T1D. Other alternatives exist including continuous glucose monitoring and insulin infusion devices,
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which have shown to reduce the episodes of hypoglycaemia and improve blood glucose management
7. Emerging treatments that could replace the use of insulin administration include cell replacement
therapy, where insulin secreting cells are implanted, self-governing and maintaining glucose
homeostasis. So far, there has been some success in developing islet cell replacement therapeutics
for T1D with the first successful treatment being reported in 1980 where i) patients received an
infusion of their own islet cells after pancreatectomy 8, ii) the development of the Edmonton protocol
in 2000 for islet transplantation 9, and iii) the recent developments in stem cell engineering to create
insulin-producing cells 10. Unfortunately, there are still major hurdles to overcome with cell
replacement therapies, the most pressing one being the scarcity of usable cells due to alack of donors,
in addition to low graft survival. In order to overcome this, many strategies are being utilised to
generate insulin-producing cells from stem cells including nano- and micro-technology 1. Hence,
allogeneic insulin-secreting cell transplantation has emerged as a promising longer-term treatment
for T1D 12, Since the major challenges with this type of cell transplantation have been the viability of
islet cells or immune rejection and hence long-term efficacy 13, encapsulation of the cells has been
used to address these challenges and eliminate the need for the use of systemic immunosuppressive
drugs that have many side effects 4. However, the location of cell transplantation and invasiveness
of these implanted cells still gives rise to immunogenic reactions. Traditionally, cells have been
implanted into the liver or kidneys, however, other sites, such as bone marrow and muscle have been
considered 5. Recently, a bioartificial pancreas was transplanted into the abdominal aorta of rats 16,
Mridha et al. (2020) reported long term normalisation of blood glucose levels in non-obese
diabetic/severe combined immunodeficient (NOD/SCID) mice using a subcutaneously implanted 3D
scaffold containing alginate encapsulated insulin secreting cells 17. Despite this, they reported that
after 5 weeks, the scaffold and microencapsulated cells showed pro-inflammatory markers,
macrophage adhesion and collagen deposition. Several clinical studies with encapsulated islets have
shown limited long-term performance 1819, and insulin independence is not routinely maintained 20
due to undesirable host immune response to the transplanted scaffolds 2. The pores of the
microcapsules within the subcutaneously implanted scaffolds become blocked as a result of fibrosis,
and, after a few months, the inflow of nutrients and exit of insulin is inhibited 2223, 24, Consequently,
an immunomodulatory agent (IMA) is needed to be delivered together with the transplanted insulin-

producing cells to minimize host reactions and to maintain long-term function of the cell implants.
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Smart nanomedicine systems with advanced and specific functionalities could improve the
utility of cell-based therapies 25. A range of nanomaterials has been developed as local
immunomodulatory platforms to enhance targeted delivery, maintain drug stability and reduce

toxicity and side effects.

Among the smart nanomedicine formulations using intrinsic stimuli, such as pH, enzyme, H,0,
and H,S 2627, and all types of external stimuli including magnetic and electronic field, thermal-
/ultrasonic responses 23, light triggered smart nanomedicine systems present unique advantages in
controllability, feasibility and modality 2829, Upconversion nanoparticles (UCNPs) that respond to
near infrared (NIR) light stimulation are a strong candidate for smart nanomedicine as NIR has low
risk of photodamage to tissues, deeper penetration depth, and it is highly feasible external
stimulation compared to ultra-violet and visible lights 30-32, UCNPs have been hybridized with
mesoporous silica 33, polymers 34, hydrogel 35, ferric hydroxide 36, and ZnO 37 for precision

nanomedicine applications mainly in cancer imaging and therapy with high efficacy.

The aim of this study was to show that our unique upconversion nanomedicine system can
release MCC950 efficiently over time and prevent fibrosis towards a potential solution for addressing
challenges with longevity and fibrosis development of insulin-secreting cell implants that are used
as curative treatments for T1D. Herein, we adopted the core-shell nanostructure of UCNPs-
mesoporous silica (MSN) to be the nanocarrier for an IMA, MCC950. The core-shell nanocarrier
loaded with IMA and photo-responsive molecule aims to release the MCC950 upon NIR light
irradiation. The controlled release of MCC950 would inhibit the host reaction to the microcapsules
and maintain the functional capacity of the encapsulated insulin-producing cells. In this work, the
biocompatibility of each component of the composite nanocarrier, including the UCNPS-MSN core-
shell nanostructure, photo-responsive molecule, and MCC950, were assessed. The
immunomodulatory effect of MCC950 and the MCC950-loaded in the nanocarrier were also
demonstrated in vitro using fibroblast proliferation and differentiation, and monocyte adhesion
assays. We also determined the MCC950 release profile with and without the NIR light irradiation.
This work demonstrated the satisfactory safety of the smart upconversional nanomedicine system

through the in vitro assessment, acceptable anti-fibrotic efficacy and improved drug release profile.
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5. Materials & methods
5.1 Mesoporous particle synthesis

A method for the synthesis of AMS -6 has been described previously 383838, [n this synthesis, the
surfactant, N-Lauroyl-L-Alanine (1.25 g), was first added to 250 ml deionized water in a PVC bottle
and kept in this bottle at 80°C (400 rpm) for 12 hours. The surfactant solution was stirred for 10 min
at 1000 rpm before adding a co-structure directing agent 3-aminopropyl triethoxysilane (APES, 1.25
g) and Tetraethyl orthosilicate (TEOS, 6.25 g) as the silica source. After addition, above solution was
stirred at 1000 rpm for 1 hour. The speed was reduced to 500 rpm after 12 hours and the solution
kept at RT for 12 hours without stirring. The as-synthesized AMS-6 material was filtered and dried
overnight at RT; the surfactant was removed via calcination at 550 C (3 hours in flowing air) to

produce the final mesoporous particles.

5.2 Upconversion Nanoparticles (UCNPs) Synthesis

The typical synthesis procedure of NaYF4: 20%Yb: 0.5%Er is as follows: 393940 Lanthanide chloride (1
mmol), including YCl3, YbClz and ErCls, were dissolved in methanol at a molar ratio of 79.5:20:0.5 and
then mixed with 6 ml of oleic acid and 15 ml of octadecene. In order to remove methanol and dissolve
the lanthanide salts, the mixture was heated to 150 C for 30 minutes. After cooling to room
temperature, 2.5 mmol sodium hydroxide (NaOH) and 4 mmol ammonium fluoride (NH4F) in
methanol was added and stirred for another 30 minutes. The mixture was heated at 90 C for 30
minutes and 150 C for a further 10 minutes to evaporate the water and methanol. Subsequently, the
reaction solution was heated to 300 C for 90 minutes. The nanoparticles were washed using oleic
acid, cyclohexane, methanol and ethanol mixture after the reaction solution was cooled to room

temperature. Samples were dispersed in cyclohexane for further use.

5.3 Synthesis of the core-shell nanostructure of UCNPs - mesoporous silica

In this synthesis, the surfactant, N-Lauroyl-L-Alanine (0.14 g), and UCNPs (10 mg/ml, 2ml), was first
added to 26 ml of deionized water in a PVC bottle and kept at 80 C (400 rpm) for 12 hours. The
surfactant solution was stirred for 10 min at 1000 rpm before adding a co-structure directing agent
3-aminopropyl triethoxysilane (965 pl APES) and TEOS (135 pl) as the silica source. After addition,

the solution was stirred at 1000 rpm for 1 hour. The speed was reduced to 500 rpm after 12 hours
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and the solutionmaintained at RT for 12 hours without stirring. The as-synthesized AMS-6 coating
UCNPs (UCNPs-MSN) material was filtered and dried overnight at RT; the surfactant was removed

by calcination at 400 C (3 hours inflowing air) to produce the final particle.

5.4 Invitro drug release

5.4.1 MCC950 release into water

The core-shell structured mesoporous silica (UCNPs-MSN) containing photo-responsive molecules
(hence forth referred to as the nanosystem) was loaded with MCC950 equivalent to 0.154 mg
MCC950. The loaded nanosystem was added to 100 ml milli-Q water with constant stirring. The milli-
Q water was used instead of physiological buffer solution because MCC950 is water soluble and
therefore its integration into physiologically relevant solution is not a challenge in contrast to
hydrophobic drugs. The nanosystems were stirred gently in water for 0.5 hrs to remove the MCC950
from the surfaces of nanosystems before solutions were sampled. Following this, the sample
solutions were taken for analysis every half hour for the first 2 hours, and, then, every hour
subsequently for the following 8 hours. This was repeated in a separate beaker with the water
exposed to 980 nm near infrared (NIR) light for the total of 10 hrs. The NIR light was setup 30 cm

above from the top surface of water and the power density of the NIR light was 2 w/cm?.

5.4.2 MCC950 quantification via Liquid chromatography mass spectrometry (LC-MS/MS)

LC-MS/MS: The samples were analysed on Shimadzu LCMS-8060 Triple Quadrupole Mass
spectrometer. The column oven was set to 40 °C, while the Autosampler was set to 15°C. 1uL of
sample was injected onto a ZORBAX 300SB-C18 column (3.5 um, 2.1 x 100 mm) at a flow rate of 0.3
ml/min using 0.1% formic acid in H20 (solvent A) and 100% acetonitrile (ACN; solvent B) as the
gradient system. Chromatography was performed using the following gradient conditions: isocratic
2% B from 0 to 1 min, gradient 2% to 40% B from 1 to 2 mins, gradient 85% from 2 to 6 mins, isocratic
85% from 6 to 6.5 mins, gradient 85% to 2% B from 6.5 to 7.5 mins and isocratic 2% B from 7.5 to
10 mins. MS analyses were undertaken by Multiple Reaction Monitoring (MRM) mode using Turbo
Spray (-)-ESI. MCC950 SRM parameters were determined by automated screening of parameters
during infusion of a 1ppm solution of MCC950: Q1 402.6 to Q3 204.25 Da, dwell 100 msec, CE: 24,
The peak areas from the MRM data for MCC950 were plotted in Microsoft Excel and the equation of
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the line used to determine the MCC950 concentrations from the Area Under the Curve (AUC) for the
403.2 to 203.8 transition.

Preparation of standard curve: A 10 mM stock of MCC950 sodium salt (CP-456773 Sodium,
Catalogue N0.S7809) was prepared in water. 1ppm solution was prepared in 2% acetonitrile
(ACN)+0.2% trifluoracetic acid in water. Serial dilutions from 1ppm (0.0333mM) to 0.00052 mM

were prepared in the same solvent.

5.5 Determination of cell proliferation

Human fetal fibroblasts (HFF08) were seeded at 50,000 cells for 24 hrs in DMEM high glucose media
(Thermofisher) with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5%
CO;. Following incubation, culture media was removed, cells washed and fresh media added
containing treatments. Cell proliferation was determined by 2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay as per manufacturer’s instructions, and colour intensity was measured at 570nm, with

greater intensity indicating greater proliferation.

5.6 Fibroblast differentiation assay

Human fetal fibroblasts were seeded as above. The cells were then starved in DMEM/F12
(Thermofisher) containing 1% FBS and 1% penicillin/streptomycin for 24 h. Following this, fresh
culture media containing 10ng/ml transforming growth factor (TGF)-B (Sigma-Aldrich), 10ng/ml
TGF-B + 10nM/100nM/1uM MCC950 or 10ng/ml TGF-B + loaded nanosystem containing either
10nM/100nM/1puM MCC950, was added for 48h or 72h before protein or RNA was extracted for

downstream analysis.
5.7 Protein expression analysis

5.7.1 Western blotting

Total protein was extracted from cell lysates and quantified using a Pierce™ BCA Protein Assay Kit
(Thermo Fisher) as per the manufacturer’s instruction. Protein lysates were loaded into Bio-Rad
Protean Mini TGX gels and transferred using the Transblot Turbo System. Membranes before
blocking the membrane in 5% skim milk and incubating it overnight at 4 °C in a primary antibody

(Table 1). The following day, after membrane washing, the secondary antibody was added and the
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membrane incubated for Zhrs at room temperature. Band intensity was determined using the FIJI
software. Target protein expression was normalized to expression of the housekeeping protein

(GAPDH).

5.7.2 Immunocytochemistry

Cells were seeded at 50,000 cells in a black 96-well plate. Following attachment, the cells were
treated using the same conditions as described above for fibroblast differentiation assay, for 96 h.
Cells were then fixed, blocked, and incubated overnight at 4°C in aSMA primary antibody (1:250,
table 1) in blocking buffer. The following day, cells were incubated in secondary anti-rabbit AF488
and DAPI (1:1000) in blocking buffer before being imaged using the Nikon TiE2 inverted
Fluorescence deconvolution microscope. Images of three random fields of view were taken per well.

Images were analysed using the Fiji software and the percentage area stained determined.

5.8  Gene expression analysis

Total RNA was extracted using 1ml of TRISure (Bioline) as per the manufacturer’s protocol. RNA was
quantified using the NanoDrop 1000 (Thermo Scientific) and normalized to 200ng/ul. Samples were
reverse transcribed to cDNA using the Tetro cDNA Synthesis Kit (Bioline) as per the manufacturer’s
instructions. Gene expression was quantified via qPCR using the SensiFast SYBR NO-ROX mix
(Bioline). Primer sequences are listed in Table 2. Relative gene expression was calculated using the

comparative analysis method as per the formula 2-AACq.

5.9 Cell adhesion

Fetal fibroblasts (HFF08) were seeded at 20,000 cells in 200l of fibroblast culture media (FGM-2
SingleQuots, Lonza, CC-4126) in a black, clear bottom 96 well plate (Corning) at 37°C and 5% CO-.
Cells were allowed to adhere overnight, and then starved using the same starvation media as
described above. The same treatment concentrations and time points were used as described above

in the fibroblast differentiation assay.

In a separate flask, monocytes (THP-1 cells) were seeded and grown in RPMI 1640 media (Thermo
Fisher) containing 10% FBS and 1% penicillin/streptomycin at 37°C and 5% CO.. Cells were pelleted,

washed, and resuspended at 2.5x104 cells/ml in 10ml serum free RPMI media. The cell suspension
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was spiked with Calcein AM dye (Thermo Fisher) prepared as per the manufacturer’s instructions to

give a final concentration of 2uM. The cells and dye were incubated at 37°C for 30mins.

Media containing treatments was removed from the seeded fibroblasts, fibroblasts were washed
before the media was replaced with 200ul of RPMI media containing stained THP-1 cells. Cells were
co-cultured for 30mins at 37°C and 5% CO. Following this incubation, non-adherent cells were
removed by removing the media and washing. The fluorescent intensity was measured on the Infinite

M1000 Pro at ex494nm/em517nm.

5.10 Data analysis

Data were tested for normality using the Shapiro-Wilks test. If data were determined to be normal,
data was analysed using a One-way ANOVA. If data were determined to be not normally distributed,
data was analysed using a multiple comparisons Kruskal-Wallis test. Data with repeated measures
was analysed using mixed-model ANOVA. Data analysis was performed using GraphPad PRISM

software.

6. Results
6.1  Invitro drug release with or without NIR light exposure

To determine the amount of drug being released from the mesoporous silica coated UCNPs
(nanosystem), the nanosystem was loaded with known amounts of MCC950 and was soaked in water
with constant stirring for 8 h. We also exposed the nanosystem to NIR light to stimulate MCC950
release. The amount of MCC950 released into solution was quantified using LC-MS/MS. Because the
nanosystems were soaked in water and gently stirred for 0.5 hrs to remove the surface attached
MCC950, the amount of the MCC9950 at the initial time point (0 h) was not zero. Overall, there was
no significant difference in the total amount of MCC950 released from the nanosystem exposed to
NIR light as compared to non-exposed UCNPs; the only significant difference between the two
nanosystems was observed at 2h (Fig. 1). Although there was a trend towards the increased release

amount of MCC950 following NIR exposure, further work is needed to confirm the results.
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6.2  Cytotoxicity evaluation of the nanosystem components on murine insulin-producing

cells and human fibroblasts

The composite drug nanosystem consists of mesoporous silica of AMS-6, photo-responsive
molecules, UCNPs and MCC950, where UCNPs are coated within AMS-6 as an integrated core-shell
nanostructure. In order to determine the cytotoxicity of these components on cells, the core-shell
nanostructure, photo-responsive molecule and MCC950 were assessed at various concentrations by
using two different types of cells: a murine pancreatic f3 cell line, MIN6, and human fibroblasts.
Following 24 hour incubation, each component of the nanosystem within the concentration range
(0.05 -1 mg/ml) did not affect cell proliferation. Interestingly, the photo-responsive molecule at
0.05mg/ml showed a significant increase in proliferation of MING6 cells at 127.1%, (Fig. 24; p=0.02).
However, after a longer treatment of 48 h, proliferation of MIN6 cells was only significantly decreased
to 75.8%, in the presence of the highest concentration of core-shell nanostructure tested, 1mg/ml
(Fig. 2B; p=0.004), while all other components within the concentration range tested, did not

adversely affect proliferation of MING6 cells.

Conversely, in human fibroblasts (HFF08), proliferation was significantly reduced by every
component of the nanosystem including MCC950 at almost every concentration tested after 48 hr
treatment (Fig. 2C). Exposure to the photoresponsive molecule at the highest concentration of 1

mg/ml showed the lowest proliferation rate at 46.4%.

6.3  Effect of MCC950 and MCC950-loaded nanosystem on preventing fibroblast

differentiation

In order to compare the effects of MCC950 and the MCC950-loaded nanosystem on preventing the
differentiation of fibroblasts to myofibroblasts, which is a key process in fibrosis 41, the expression of
alpha smooth muscle actin (a-SMA) was determined at both protein and RNA levels. This was
measured upon exposure to a fibrotic stimulus, transforming growth factor beta (TGF-3), in the
presence of various concentrations of MCC950-loaded nanosystem or MCC950 alone (Fig. 3). When
we conducted immunostaining of the cells to determine the expression of a-SMA after 96 h, both

MCC950 and the MCC950-loaded nanosystem at 100nM concentration, were capable of reducing the

10
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expression of a-SMA (Fig. 3A; p=0.002, p=0.0005, respectively), indicative of fibrosis inhibition.
Similarly, 1uM MCC950 significantly reduced a-SMA protein expression as compared to the TGF- {3
only stimulated cells (Fig. 3C, p=0.008); while the MCC950-loaded nanosystem containing the same
concentration of the drug showed a trend towards reduction, although it was not statistically

significant (p=0.07).

Furthermore, we determined a-SMA expression at the RNA level, following 48 and 72 h treatment,
which showed significant upregulation of a-SMA gene expression following exposure to TGF- (3 at
both timepoints confirming the presence of fibrosis (Fig. 3B&C; p<0.001). At 48 h, there was a trend
towards a-SMA mRNA expression reduction, although not significantly, when treated with either
1uM MCC950 alone or the MCC950-loaded nanosystem. This trend was also observed with statistical
significance when treatment was extended to 72 h, specifically in the presence of 1uM MCC950-

loaded UCNPs (p=0.02).

6.4  Effect of MCC950 and the MCC950-loaded nanosystem on reducing IL-6 gene

expression

The treatment of human fibroblasts using TGF-f significantly increased the gene expression of
interleukin (IL)-6 at both 48 and 72h (P<0.0001; Fig. 4 A&B, respectively), confirming the presence
of inflammation. At 48h, neither MCC950 alone nor the MCC950-loaded nanosystem could abrogate
the increase in IL-6 mRNA expression induced by TGF- . However, at 72h, both the higher
concentrations of MCC950 alone and the MCC950-loaded nanosystem significantly decreased IL-6
expression as compared to TGF-f3 alone stimulated cells, demonstrating that the MCC950-loaded
nanosystem can release the MCC950 consistently and prevent fibrosis (Fig. 4B; MCC950-loaded
nanosystem [100nM], p=0.04; MCC950 [1uM], p<0.0001; MCC950-loaded nanosystem [1 pM],
p<0.0001).

11
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6.5  High concentrations of MCC950 and the MCC950-loaded nanosystem reduce

macrophage adhesion

Finally, to support our findings presented above that our nanosystem loaded with MCC950 can
release MCCI950 consistently and prevent fibrosis, we conducted a functional assay to determine the
ability of MCC950 loaded nanosystem to prevent macrophage adhesion to fibroblasts. Previous data
with insulin-secreting cell implants showed that after several months, the implants become
infiltrated with macrophages, enhancing the immune response, hence preventing the secretion of
insulin by implanted insulin-secreted cells 7. As such, we sought to determine whether MCC950 and
loaded nanosystem could prevent the attachment of macrophages after stimulation with TGF-f.
Following 48 h of stimulation with TGF- in the presence of MCC950 or the MCC950-loaded
nanosystem, there is a slight downward trend, as concentration of the treatment increased, in
macrophage adhesion, compared to TGF-B treatment alone (Fig. 54A; p= 0.19 vs. MCC950 [1uM];
p=0.15 vs. MCC950-loaded nanosystem [1uM]). Statistical significance was only reached after 72 h
treatment in cells stimulated with TGF- in the presence of MCC950-loaded nanosystem (1uM)
compared to TGF-B alone (Fig. 5B; p=0.007).

7. Discussion

Overall, we have demonstrated that our innovative MCC950-loaded nanosystem can successfully
release loaded drug over time. Moreover, when exposed to NIR light, the amount released is slightly
enhanced although not statistically significant except at 2 h time point; the overall trend showing the
increased release rate. We have also shown that this drug-loaded nanosystem prevents fibrosis via
the comprehensive in vitro evaluations. The results demonstrate reduction in (i) fibroblast to
myofibroblast differentiation, (ii) a-SMA and IL-6 gene expression and (iii) immune cell adhesion.
These are all important processes in fibrosis development of implants containing cell-based

therapies 4243,

It is detrimental for an implant containing insulin-secreting cells for treatment of T1D to evade
immune reaction, where fibroblast attachment to the microcapsules containing insulin-secreting
cells prevents the excretion of insulin. We demonstrated that treatment with our innovative drug
delivery nanosystem, in vitro, could potentially overcome fibrosis, which may translate into

prevention of immunogenic response to cell-containing implant that should be tested in vivo in the

12



322
323
324
325
326
327

328

329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

Future ==

M ed ICI ne s Version: 19t June 2020

Article Body Template

future. Interestingly, we demonstrated that each of the components of our nanosystem reduce
fibroblast proliferation, while overall not having an inhibitory effect on murine f-islet cells except
with the highest concentration of UCNPs-MS following 48 h treatment. However, given that Min6 cells
are not a pure beta cell line, this experiment should be repeated in the future using primary islets.
Furthermore, whether individual components affect insulin secretion from islets should be

determined in the future when the nanosystem is combined with insulin-secreting cells.

MCC950 is a well-established anti-inflammatory molecule that non-covalently binds to the Walker B
site on NLRP3 preventing structural conformational change of the ATP-binding site, thereby
preventing assembly of the NOD-like receptor protein-3 (NLRP3) inflammasome 4445, By preventing
the assembly, MCC950 prevents the activation of mature interleukin (IL)-1f3, IL-18 and caspase 1 4546,
Given the pro-inflammatory response to the insulin-secreting cell-containing implants reported
previously 46, MCC950 is an attractive candidate for loading into this nanosystem as a proof of
concept for prevention of inflammation and subsequently fibrosis to improve cell implant longevity.
However, the dual response of inflammation and fibrosis dictates that the nanosystem should be
loaded with a drug that can be both anti-inflammatory, as well as anti-fibrotic 4748. Several studies
have recently been undertaken to determine the effect of MCC950 on fibrosis in vivo 49-51, however,
given the close relationship between inflammation and fibrosis development, it is difficult to
determine whether resolution/reduction of fibrosis is due to a direct effect of MCC950 or due to
MCC950’s ability to reduce inflammation. Additionally, these models focus primarily on heart and
liver diseases. Therefore, in this study we determined MCC950’s direct effect on fibroblasts without
inflammatory stimulation. TGF-B is a central regulator of fibrosis, which stimulates the
differentiation of fibroblasts to myofibroblasts 47. Myofibroblasts secrete matrix proteins, including
alpha smooth muscle actin (aSMA) 4748, We demonstrated that at longer timepoints, such as 96 h, the
co-treatment with TGF- B and high concentrations of both MCC950 and the MCC950-loaded
nanosystem, reduced protein aSMA expression. Further, we showed that gene expression of aSMA
was only significantly reduced following 72 h treatment and not 48 h, and only with MCC950-loaded
nanosystem rather than MCC950 alone, although there was a strong trend. This suggests that
sustained treatment with MCC950 or the MCC950-loaded UCNPs is required to reduce translation of

13
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gene expression to protein expression as demonstrated by reduction in aSMA protein abundance

measured by immunohistochemistry.

While the NLRP3 inflammasome has been shown to stimulate TGF-3 52and TGF-f is also known to
have anti-inflammatory effects 53, given that it is already well established that MCC950 is an inhibitor
of the inflammasome assembly, and prevents activation of interleukin (IL)-18, IL-1 3 and caspase-1
we did not assess the effects of MCC950 or MCC950-loaded nanosystem on these markers. However,
there is a cross talk between TGF-f3 and IL-6 via positive and negative feedback loops where the
addition of IL-6 and TGF-f increases the expression of the other 54 TGF-f3 attenuated the effects of
IL-6 55, while IL-6 has been shown to promote TGF-8 56. We have shown that TGF- stimulation
increased gene expression of IL-6, and following a longer treatment for 72 h, MCC950 and MCC950-

loaded nanosystem reduced gene expression of IL-6 in cells stimulated with TGF-p.

Finally, since TGF-f acts at a chemoattractant for monocytes 57, a functional monocyte adhesion assay
was performed to determine the ability of MCC950 and MCC950-loaded nanosystem to prevent the
attachment of monocytes to fibroblasts. We confirmed our findings that MCC950-loaded nanosystem
can prevent monocyte adhesion to fibroblasts whilst also inhibiting IL-6 gene expression and aSMA
expression. Similarly, this was only observed following 72 h treatment and with MCC950-loaded
nanosystem and not MCC950 alone, suggesting a more potent effect on fibrosis when MCC950 was

loaded within our nanosystem.

Future direction for this work towards translation should include further optimisation of NIR-
stimulated release of MCC950 from this upconversion nanosystem over a longer period of time.
Incorporation of the immunomodulatory agent-containing nanosystem with insulin-secreting cell
implants should also be evaluated in terms of the impact on the islets and the ability of the
nanosystem to prevent or delay the development of perivascular growth on the implants in vivo using
diabetic mouse models. Once the preclinical testing is completed showing safety and efficacy, the

system could be potentially moved into clinical trials.

14
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8. Conclusion

In summary, we have developed a novel nanosystem that can efficiently release an
immunomodulatory agent over extended time period capable of preventing early processes of
fibrosis. We demonstrated in vitro the release profile of MCC950 from this nanosystem that could
potentially be stimulated with the NIR light irradiation in the future towards controlled drug release.
MCC950-loaded nanosystem was able to downregulate pro-fibrotic markers, aSMA and IL-6, and
reduce monocyte adhesion to fibroblasts. This could be beneficial in the future in preventing

perivascular growth from cell-containing implants particularly in the area of T1D treatment.

9. Future Perspective:

e (aspeculative viewpoint on how the field will evolve in 5-10 years’ time)

Whilst transformational curative treatments for T1D have been developed and used clinically, their
longevity and efficacy has been impeded by the immunogenic response observed in vivo that leads to
fibrosis of the implanted f3 cells, hence limiting their use. To address this challenge, we developed an
innovative nanosystem that can successfully load and release an immunomodulating agent and
prevent early processes of fibrosis with a potential to increase longevity of implanted 3 cells. This
may improve the management of blood glucose and quality of life of people with type 1 diabetes

mellitus.

10.Executive Summary:

e (bulleted summary points thatillustrate the main conclusions made throughout the article. Less than 400
words).

OR

11.Summary Points (Research articles & Company profiles only):

8-10 bullet point sentences highlighting the key points of the article.
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e We designed an innovative nanosystem capable of releasing an immunomodulatory agent,
MCC950, over a prolonged period of time.

e Although various components of the nanosystem were not overall toxic to murine 8 cells
except at the very high doses, these were toxic to fetal fibroblast cells.

e MCC950 released from the nanosystem inhibited the expression of fibrotic markers, a-SMA
and IL-6 following longer treatment over 72-96h.

e Released MCC950 also inhibited monocyte adhesion to fibroblasts, one of the key processes in
the development of fibrosis.

e (Controlled release of MCC950 from the nanosystem could potentially be achieved in the future
using near-infrared light irradiation; however this needs further optimisation.

e QOur MCC950-loaded nanomedicine system could be used in the future together with insulin-
secreting cell implants to increase efficacy and longevity of this treatment for type 1 diabetes

mellitus.

12.Figure/Table legends

Figure 1: Drug release from our nanomedicine system. Drug release into water from free UCNPs
with and without exposure to NIR was quantified via LCMS. Statistical significance was determined

via mixed effects analysis. Results are presented as Mean * SEM.

Figure 2: The effect of various components of the nanomedicine system on cell proliferation.
Cell proliferation when exposed to components of the UCNPs was determined via an MTT assay using
Miné cells for 24hrs (A) and 48hrs (B), as well as human fetal fibroblasts (C). N=3-4. Statistical
significance was determined via One-way ANOVA or Kruskal-Wallis tests. Results are presented as

Mean = SEM. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001 vs untreated.

Figure 3: Differentiation of Fibroblasts. Human fetal fibroblast differentiation following treatment
with 10ng/ml TGF- with or without MCC950 alone or MCC950-loaded nanosystem. (A) Expression
of aSMA at 96hrs was quantified via immunocytochemistry. aSMA gene expression was quantified
via qPCR at 48 and 72hrs (B&C, respectively). N=3. Statistical significance was determined via One-
way ANOVA or Kruskal-Wallis tests. Results are presented as Mean * SEM. *P<0.05, **P<0.01,
***%P<0.001, ****P<0.0001.
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Figure 4: IL-6 gene expression. Human fibroblast were exposed to 10ng/ml TGF-f3 and an MCC950
treatment. RNA was extracted and expression of IL-6 at 48 (A) and 72hrs (B) was quantified via qPCR
(A&B, respectively). N=4. Statistical significance was determined via One-way ANOVA or Kruskal-
Wallis tests. Results are presented as Mean + SEM. *P<0.05, ****P<0.0001.

Figure 5: Macrophage adhesion to stimulated fibroblasts. Human fibroblast were exposed to
10ng/ml TGF-B and an MCC950 treatment for 48hrs (A) or 72hrs (B). Stained THP-1 cells were
cocultured with treated fibroblasts and allowed to attach. Following washing to remove non-
adherent cells, fluorescence of adherent cells was quantified via spectroscopy. N=5. Statistical
significance was determined via One-way ANOVA. Results are presented as Mean + SEM. **P<0.01 vs.

untreated.

Table 1: Antibodies used for western blot analysis

Target Dilution Catalogue number
GAPDH 1:5000 (Western blot) ab37168
aSMA 1:5000 (Western blot) ab124964
1:250 (ICQC)
Anti-rabbit secondary 1:10,000 (Western blot)  7074P2
Anti-rabbit secondary AF 488  1:750 (ICC) ab150077

Table 2: Primer sequences for gene expression analysis

Gene Forward sequence Reverse sequence
aSMA/ACTA2 5'-AGATCAAGATCATTGCCCC 5'-TTCATCGTATTCCTGTTTGC
IL-6 5'-AAGATTCCAAAGATGTAGCC 5'-ACATGTCTCCTTTCTCAGG
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