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Sustained release of targeted cardiac therapy with
a replenishable implanted epicardial reservoir

William Whyte ©®1234512 Ellen T. Roche ©®'267891012 Claudia E. Varela®'°, Keegan Mendez ©'?,
Shahrin Islam®, Hugh O'Neill?, Fiona Weafer®¢, Reyhaneh Neghabat Shirazi¢, James C. Weaver'?,
Nikolay V. Vasilyev®", Peter E. McHugh ©¢, Bruce Murphy*5, Garry P. Duffy345713*,

Conor J. Walsh"2** and David J. Mooney'23*

The clinical translation of regenerative therapy for the diseased heart, whether in the form of cells, macromolecules or small
molecules, is hampered by several factors: the poor retention and short biological half-life of the therapeutic agent, the adverse
side effects from systemic delivery, and difficulties with the administration of multiple doses. Here, we report the development
and application of a therapeutic epicardial device that enables sustained and repeated administration of small molecules, mac-
romolecules and cells directly to the epicardium via a polymer-based reservoir connected to a subcutaneous port. In a myocar-
dial infarct rodent model, we show that repeated administration of cells over a four-week period using the epicardial reservoir
provided functional benefits in ejection fraction, fractional shortening and stroke work, compared to a single injection of cells
and to no treatment. The pre-clinical use of the therapeutic epicardial reservoir as a research model may enable insights into

regenerative cardiac therapy, and assist the development of experimental therapies towards clinical use.

larization therapies have proved to be successful at restor-

ing blood flow to the heart after a myocardial infarction
(MI) or heart attack, residual myocardial scarring often remains.
Elimination of scarring and restoration of full cardiac function
post-MI could eliminate or attenuate the cascade of events that lead
to ischaemic heart failure. While effective clinical therapies in this
domain are lacking, simple single deliveries of cells"?, growth fac-
tors’'” or drugs''~'® has shown promise, especially pre-clinically. A
common theme underpinning these studies is poor retention and
survival at the diseased site, and the necessity for repeated or sus-
tained delivery for best efficacy'’-".

Stem cells, in particular, have attracted intense interest as a
cardiac regenerative therapy, but so far only modest or incon-
sistent functional benefits have been reported in clinical trials®.
Synthesis and secretion of paracrine factors is believed to be the
main mechanism of action”*, and extending the viability of these
transplanted cells within the harsh environment of the post-MI
or chronic ischaemic heart is likely to be key to this effect. It is
accepted that biomaterial delivery vehicles enhance cardiac cel-
lular retention and survival in comparison to physiological saline,
offering hope for future trials using this delivery vehicle*~.
Furthermore, recent evidence supports a paradigm shift towards
repeated cell administration, demonstrating that multiple admin-
istrations are therapeutically superior to single doses in MI and
heart fajlure animal models’**. A method to replenish therapy,

Q Ithough technological advances in coronary artery revascu-

or offer multiple administrations without necessitating multiple
surgeries, has not yet been demonstrated, motivating the design
of this system.

Advanced delivery strategies have been identified as an impor-
tant area of research and development to fully realize the prom-
ise of regenerative therapies'’. Potential improvements include
minimally invasive catheter delivery of therapy and the use of
a biomaterial carrier vehicle that can be refilled*, allowing for
increased bioavailability of these agents at the pathological site
within a suitable therapeutic window. Such an approach could be
used for the delivery of (1) small bioactive molecules free-loaded
into a biomaterial matrix, (2) proteins/macromolecules that
could diffuse across a membrane in a controlled fashion, or (3)
a cell payload facilitating release of bioactive molecules that exert
therapeutic effects on local tissue for sustained periods. Here, we
present an implantable system that can act as a vehicle for any of
these approaches and allow for multiple replenishments of therapy
without further surgery.

Results

Vision, design and realization of the Therepi system. Here we
introduce “Therepi’, a therapeutic, epicardially placed reservoir that
offers many advantageous features to address the current limita-
tions for the delivery of small molecules, macromolecules and cells
to treat cardiac disease. The vision for clinical translation is that a
therapeutic reservoir is placed on the border zone of the infarcted
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Fig. 1| An overview of the vision for the clinical translation of Therepi and its realization for pre-clinical evaluation. a, Our vision for translation of the
Therepi system to the clinic. The patient is injecting therapy through a subcutaneous port connected to a reservoir at the heart surface via a refill line.

b, An overview of the Therepi system mechanism of action. Small molecules/macromolecules or paracrine factors from cells are released through the
semi-permeable membrane. A refill line for targeted replenishment of therapy is shown on the far right. ¢, The pre-clinical realization of Therepi. Top left:
a view of the Therepi reservoir from the tissue-contacting interface, dyed blue to aid visualization. Bottom left: the Therepi reservoir placed on a dime for
size reference and connected to a self-sealing subcutaneous port. Right: the specialized injector for the self-sealing port. d, Top: compression and recovery
of the Therepi with tweezers, showcasing flexibility. Bottom: the delivery of Therepi through a 14G needle. Scale bars, 4 mm.

heart and connected to a subcutaneous port or self-sealing rubber
septum by an indwelling catheter, thus enabling multiple minimally
invasive replenishments directly to the target site without the need
for higher systemic doses (Fig. 1a).

The system offers a method to tune the rate of therapy diffu-
sion and limit the size of molecules diffusing into tissue by vary-
ing the porosity of the semi-permeable membrane (Fig. 1b). We
also incorporated a biomaterial vehicle into the system to pro-
mote retention of the delivered cargo and enhance engraftment
and viability of cells. In this work, we used two model biomate-
rials: a methacrylated gelatin cryogel, GeIMA*, and Gelfoam, a
commercially available gelatin sponge. However, we foresee this
system working with a large panel of biomaterials, including, but

not limited to, alginate™,
and collagen™*.

Details of the design and manufacture of the Therepi system are
described in the Supplementary Information (Supplementary Fig. 1
and Supplementary Video 1). Briefly, the biomaterial is encapsulated
between two polymer layers—one impermeable and one porous—
with the latter interfaced and fixed on the epicardial surface of the
heart. The assembled reservoir is then connected to a subcutaneous
port through an implanted refill line, allowing for localized, tar-
geted therapy to the diseased tissue (Fig. 1c). The resulting device is
flexible and foldable (Fig. 1d) and can be guided through a 14G needle
or 1.6 mm diameter catheter (Fig. 1d and Supplementary Video 2),
lending itself to minimally invasive delivery via sub-xiphoid

chitosan®, hyaluronic-acid-based gels***
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puncture or a mini-thoracotomy for future translation to humans.
Re-administration of therapy is achieved non-invasively through
the port (Supplementary Video 3).

Pre-clinical implementation of the Therepi system. Next, we
introduce a surgical method of implantation in a rat model that
enables repeated replenishment of therapy from a subcutaneous
port located on the back of the rat. For this pre-clinical model, the
Therepi was implanted through a thoracotomy, and not minimally
invasively as envisioned for translational use. A detailed descrip-
tion of the surgical method is described in the Supplementary
Information (Supplementary Figs.2-4and Supplementary Video4).
In brief, in an anaesthetized rat model, the refill line was tunnelled
subcutaneously from a dorsal incision to a thoracotomy. Next, an
MI model was created by permanently ligating the left anterior
descending (LAD) coronary artery. The Therepi reservoir was
then sutured to the epicardium at the infarct border zone, and the
refill line was attached to a subcutaneous, self-sealing port at the
dorsal access site and closed. This allowed non-invasive, replen-
ishable, targeted delivery, and localized release of various agents
(Fig. 2a,b).

Localized delivery of small molecules. First, we confirmed that
the Therepi system enables the delivery of small molecules. The
imaging substrate D-luciferin was used as an analogue to demon-
strate rapid, targeted delivery of small molecules to the heart. For
this experiment, we used a simplified version of the Therepi system
(Supplementary Fig. 2), where we directly sutured a disc of GelMA
onto the epicardium (without the encapsulating TPU/polycar-
bonate layers) and attached a refill line and port (Supplementary
Methods and Supplementary Fig. 3). The GeIMA disc was pre-
seeded with luciferase-expressing mouse mesenchymal stem cells
(mMSCs) before implantation, such that bioluminescence of the
cells indicates the presence of D-luciferin. Direct delivery via the
port produced a more rapid and intense bioluminescence, as com-
pared to systemic intraperitoneal (IP) delivery (Fig. 2c). The total
dose of delivered substrate via the port was >70-fold less than the
amount delivered systemically. However, delivery to the target, as
evidenced by the bioluminescence (Fig. 2d) and calculated by the
area under the curve normalized by the dose, was dramatically
enhanced with direct delivery (Fig. 2e). To further illustrate the
functional response to small-molecule delivery, epinephrine was
delivered through the Therepi system while recording blood pres-
sure with an apically inserted pressure-volume catheter. This pro-
duced a more pronounced and rapid increase in blood pressure as
compared to IP delivery, as indicated by the end-systolic pressure
measured over time (Fig. 2f), and the typical pressure waveforms
for the first 100seconds, recorded in the left ventricle (Fig. 2g).
Notably, epinephrine delivery with the Therepi system was in an MI
model where the Therepi system had been implanted for 28 days,
demonstrating that epinephrine can penetrate through any fibrous
capsule that may have formed around the Therepi device.

In vitro demonstration that cells remain localized, release para-
crine factors into surrounding media and can be replenished.
To demonstrate that seeded cells remain in the Therepi reservoir,
we delivered 1 million firefly-luciferase-expressing mMSCs to
the Therepi system on day0. The system was then submerged in
media in a cell culture flask, with the semi-permeable membrane
in direct contact with the surface-treated base of the flask (Fig. 3a).
Red firefly-luciferase (F-luc) is an intracellular protein (that is not
secreted from the cells) that causes bioluminescence in the presence
of oxygen and luciferin, thus acting as a proxy for cell number and
location. The cells in the reservoir demonstrated F-luc activity over
28 days, quantified by bioluminescence, indicating sustained viabil-
ity, and therefore transport of nutrients and waste products across

the membrane (Fig. 3b). The addition of D-luciferin to the media
demonstrated that cells remained in the Therepi reservoir and
did not migrate out into the surrounding tissue culture flask over
28 days (Fig. 3c, sealed Therepi). We compared this to an unsealed
Therepi device, which allowed cell migration out into the culture
flask by day 28 (Fig. 3¢, unsealed Therepi).

Next, 0.5x10°million Gaussia-luciferase (G-luc)-expressing
mMSCs were seeded along with 0.5x10° F-luc mMSCs into the
Therepi system at day0 and maintained in a Therepi system sub-
merged in media in a cell culture flask for 28 days. Unlike F-luc,
which remains intracellular, G-luc is secreted from expressing cells
over time (Fig. 3d). While the F-luc signal confirmed that the trans-
planted cells remained localized (similar to data shown in Fig. 3b,
sealed Therepi), a measurement of G-luc activity in media sampled
at different time points showed a constant increase in paracrine fac-
tor activity over time (Fig. 3e). This finding supports the possibil-
ity of implanted cells acting as indwelling paracrine factor sources,
releasing factors that diffuse out of the reservoir.

Finally, refilling the Therepi system with cells in situ was dem-
onstrated. 10°F-luc mMSCs were pre-seeded on the GelMA bio-
material and inserted into the Therepi system. At days 7 and 14,
10¢ additional cells were added to the system through the refill line,
demonstrating the feasibility of multiple cell refills (Fig. 3f,g).

Transport of macromolecules through the Therepi system and
fibrous capsule into tissue. To explore the transport of macromol-
ecules through the Therepi device, fluorescently labelled bovine
serum albumin (Vivotag 800, Perkin Elmer) was delivered to
the heart via the Therepi system. After 3h, there was a sustained
concentration of the protein at the target site. The same dose was
injected into the IP space as a control, but an undetectable quantity
of the therapy had reached the target site after 3h (Fig. 4a,b). To
demonstrate that macromolecules delivered via Therepi could pen-
etrate myocardial tissue more than 28 days post-implantation in an
MI rat model, a micro-computed tomography (uCT) analysis was
performed 12h after delivery of a drug analogue (the contrast agent
phosphomolybdic acid) (Fig. 4c,d). The 3D reconstruction of the
excised heart enabled visualization of the distribution and penetra-
tion of delivered therapy in heart tissue. Real-time measurements of
macromolecule diffusivity were obtained using a diffusion chamber
consisting of two compartments separated by the tissue of inter-
est; in this case, heart tissue explanted at various time points with
a fibrous capsule of acute or chronic nature, and the polycarbon-
ate membrane of the Therepi system (Fig. 4e). Diffusion of 40kDa
FITC-dextran is slower by a factor of ~1.7 once a fibrous capsule
has formed around the membrane (Fig. 4f). After 20 days of Therepi
placement, the diffusion of 10kDa FITC-dextran through the tissue
of interest is 5-fold faster than the diffusion of 40kDa dextran, due
to the lower molecular weight (Fig. 4g). Despite the formation of
a fibrous capsule, which hinders diffusion to an extent, molecules
with a range of molecular weights can be transported through the
membrane into the tissue. A summary of this data, including tis-
sue thickness, lag time and the diffusion coefficient, is included in
Supplementary Table 1.

Next, the transport of proteins through the Therepi and the sur-
rounding fibrous capsule was demonstrated. Fluorescently labelled
bovine serum albumin (Cy7-labelled, Nanocs) was delivered
through the Therepi system, 26 days post-implantation in an MI
model, and after formation of a fibrous capsule. 24h post admin-
istration, fluorescent protein had diffused from the device, and
penetration through the fibrous capsule into the heart tissue was
evident (Fig. 4h).

Demonstration of cell refill in vivo. The ability to deliver and
replenish cells in Therepi devices placed on a rodent heart was
tested. 10° F-luc MSCs were pre-loaded into a methacrylated gelatin
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Fig. 2 | Pre-clinical implementation and demonstration of targeted small-molecule delivery. a, The surgical procedure for Therepi implantation in a rat Ml
model. LAD, left anterior descending coronary artery. b, A schematic of Therepi in a small animal model. ¢, Representative bioluminescence of D-luciferin
delivery to a simplified Therepi system (direct) compared to IP injection. Circles denote the region of interest. d, Quantification of bioluminescence over
time after injecting D-luciferin (n=5). **P=0.0011, unpaired, two-tailed t-test between groups at 6 min. Mean values are shown and error bars are +s.d.
e, Area under the curve (AUC), normalized by injected weight for IP versus direct delivery of D-luciferin at 6 min. ****P < 0.0001, two-tailed, unpaired
t-test. Mean values are shown, and error bars represent +s.d. f, End-systolic pressure, as measured by an apically inserted pressure-volume catheter

into the left ventricle post-injection of epinephrine (n=3 animals). Mean values are shown and error bars are +s.d. g, Typical intraventricular pressure
waveforms seen with each model immediately following epinephrine injection.
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Fig. 3 | The Therepi system allows for sustained viability, cell localization, protein release and cell refills in vitro. a, A schematic of the experimental
set-up used to demonstrate in vitro cell localization in the Therepi device. b, Luciferase activity in the sealed Therepi reservoir, showing that implanted cells
remain viable in the device for up to 28 days. ¢, An IVIS image showing the location of cells via bioluminescence in a sealed and an unsealed Therepi device
at day 0 and day 28. The experiment was successfully repeated 5 times. d, A schematic of the experimental set-up used to demonstrate in vitro protein
release. While cells remain inside the device up to 28 days post-implantation, paracrine factors (measured via G-luc bioluminescence) may be released
into the surrounding media. e, G-luc activity in the media up to 28 days. f, Representative bioluminescence of F-luc cells in the Therepi reservoir before and
after cell refill at days 7 and 14. The experiment was repeated 5 times. g, Bioluminescence of F-luc cells in the Therepi reservoir with cell refills at days 7
and 14. For b,e,g, mean values are shown and error bars are +s.d. (n=5 devices).

cryogel (the simplified Therepi device), and at day4, an additional
10¢ cells were refilled onto the biomaterial through the subcutane-
ous port. Representative bioluminescent images are shown for the
refill and non-refill groups at post-operative time points (Fig. 5a).
This refilling resulted in a greater than 10-fold increase in the bio-
luminescence, representing the number of cells at the target site,
as compared to non-reloaded Therepi devices (Fig. 5b). The area
under the curve for each group was calculated after background
subtraction (Fig. 5¢), showing a significant difference between the
‘dose’ of cell therapy for the refill group.

Demonstration of left ventricle functional improvement with
Therepi-based cell refilling. Finally, the impact of Therepi-based
cell refilling was determined in a 28-day study comparing cardiac
function of the following groups over time: (1) sham (MI only),
(2) a single injection of cells, (3) Therepi without any cells, (4)
Therepi with cells and (5) Therepi with cells and refills (Fig. 6a).
The delivered cargo was syngeneic bone-marrow-derived MSCs.

420

Echocardiography was conducted at days 0, 7 and 28 in all groups,
and for the refill group, cells were replenished at days 4 and 14
(Fig. 6b). Systolic and diastolic echocardiographic measurements
were used to calculate ejection fraction (Supplementary Fig. 5a—c).
Ejection fraction and fractional shortening tended to decrease over
time for the MI-only and the cell injection groups, but increased
over time for the acellular Therepi device, and significantly for the
Therepi with cell refill (Fig. 6c—¢). Additional day7 and day 28 ejec-
tion fraction significance comparisons are shown in Supplementary
Fig. 5d,e. Haemodynamic measurements of these animals were
obtained with a pressure-volume (PV) catheter (AD instruments)
at day 28 as described in Fig. 6f-h, the Supplementary Methods and
Supplementary Video 5. Representative PV loops for the MI-only
and Therepi with cell refill regimes are shown in Fig. 6f and indicate
a leftward shift, and an increase in stroke work (area of PV loop).
PV-based ejection fraction measurements agreed with the echocar-
diographic measurements (Fig. 6g) and stroke work demonstrated
similar trends (Fig. 6h) with Therepi with repeated cell dosing
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reconstruction of entire CT scans at two orthogonal planes and the transverse plane. e, A schematic of the diffusion chamber. ; is the concentration of
solute in the upstream chamber, and ¢, is the concentration of solute in the downstream chamber. f, Diffusion of fluorescently labelled 40 kDa dextran over
time through the diffusion chamber, for devices previously implanted for 4 or 20 days. g, Diffusion of 10 kDa and 40 kDa dextran across fibrous capsules
resulting from implantation for 20 days. h, Diffusion of fluorescent albumin through the fibrous capsule into the heart tissue, 24 h post-delivery of Cy7
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showing superiority to the no-treatment group. The finding that
cell refills at later time points provided functional benefit suggests
therapeutic agents released from the device can diffuse into adjoin-
ing cardiac tissue.

Histological analysis. Samples of tissues from the in vivo MI
rat model at 28 days were stained with H&E, and analysis was
conducted by a cardiac/medical device pathologist (Fig. 7). The
gross appearance of the Therepi device at day28 on the heart
is shown in Fig. 7a, with the device conforming to the heart.
Histological slices were taken through the device and heart in a
transverse slice (Fig. 7b). A histological overview of the Therepi
device demonstrates the TPU layer, polycarbonate membrane,
enclosed Gelfoam and reservoir contents, as well as the fibrous
capsule, is evident at the device/epicardial interface (Fig. 7c)
(note that the breach in the TPU layer here is a processing arte-
fact). The fibrous capsule for the Therepi device in the presence
or absence of cells and with cell replenishments had a similar
appearance and thickness (Fig. 7d-f). Histological examination of
the Therepi reservoir in the absence of transplanted cells demon-
strates there is no matrix or tissue laid down with the Gelfoam
(Fig. 7g). Conversely, in the presence of transplanted cells, a
cell-derived matrix is laid down by the MSCs in the reservoir
(Fig. 7h,i). If the seal of the Therepi is breached, there is a sig-
nificant foreign body response, including macrophages, giant cells
and vascularization within the Therepi reservoir, which is not seen
with the intact Therepi (Fig. 7i).
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Discussion

Recent publications have indicated that “repeated dosing has the
potential to be a disruptive advance that may revolutionize cell ther-
apy””. In addition to cells, repeated dosing is likely to improve ben-
efit with other therapeutic technologies, such as growth factors*’
and small molecules''~', motivating our current work. We present
an implantable reservoir system that allows targeted, replenishable
and sustained presentation of molecular and cellular therapy to the
heart. The ability of the Therepi system to allow targeted injection
of molecular therapies directly to the heart was demonstrated by
delivering D-luciferin through the subcutaneous port. Transport
of molecules out of the Therepi system and into the surrounding
tissue (even after 28 days in vivo and formation of a fibrous cap-
sule) was demonstrated for bioagents of a range of sizes including
epinephrine, dextran and albumin. We also demonstrated repeated
delivery of cells through the port at discrete time points, increas-
ing the resident cell number by 10-fold. To enable a sustained cell
infusion, the reservoir could be connected to a small implanted,
refillable pump'*'® (for example, Bio Leonheardt’s stem cell pump,
www.bioleonhardt.com).

Localized delivery to the epicardium and pericardial sac using
the Therepi system could potentially improve drug efficiency,
thereby requiring lower doses and reducing adverse off-target
effects. This is a particularly important issue for drugs with a nar-
row therapeutic index, where a high concentration when given by
traditional systemic routes could cause toxic side effects, while a
low concentration could eliminate any clinical benefit. The efficacy
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Fig. 6 | Pre-clinical safety and efficacy of the replenishable cell delivery device. a, A description of groups for the 28-day pre-clinical study. b, A timeline
for the pre-clinical study, including timing of cell refills. ¢, Ejection fraction over time assessed by echocardiography where P < 0.003 is the significance
for the Therepi+ cells + refill group between days O and 28. Mean values are shown and error bars are +s.d. (n=4-6), as analysed by a two-way
analysis of variance (ANOVA) across time points for each treatment group. d, Ejection fraction for all groups as assessed by echocardiography. *P < 0.05,
****P<0.0007; see Supplementary Table 2 for exact Pvalues. Mean values are shown and error bars are +s.d. (n=4-6 animals), as analysed by a two-way
ANOVA, with Tukey's multiple comparisons post-test. e, Fractional shortening for all groups assessed by echocardiography. Mean values are shown and
error bars are +s.d. (n= 4-6 animals), as analysed by a two-way ANOVA. *P=0.0228. f, Representative PV Loops for Therepi+ cells + refill compared to
MI with no treatment. g, Ejection fraction for all groups as assessed by haemodynamic measurements. **P=0.002 (versus no treatment), **P=0.0037
(versus cell injection). Mean values are shown and error bars are +s.d. (n= 4 or 5 animals), as analysed by a one-way ANOVA. h, Stroke work for all
groups assessed by haemodynamic measurements. *P=0.0382. Mean values are shown and error bars are +s.d. (n=4 or 5 animals), as analysed by a
one-way ANOVA, with Tukey's multiple comparisons post-test.
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Fig. 7 | Histological analysis of the Therepi device in vivo. a, Appearance of Therepi on the heart after 28 days. Similar gross results were seen in all 15
implanted devices. b, A schematic of the section through the device taken for histology. ¢, An overview of the histological appearance of Therepi (TPU and
polycarbonate membrane are visible, as well as the Gelfoam with transplanted cells, and the fibrous capsule). d-f, Histological images of the device/heart
interface, showing a similar fibrous capsule for each Therepi group, regardless of the presence of cells. g-i, Histological images showing very few cells and
no cell-derived matrix, foreign response or vascularization in the Gelfoam in the absence of transplanted cells, indicating the immune protection imparted
by the Therepi system (g). In the presence of transplanted cells (h), transplanted-cell-derived fibrous tissue integrated with the Gelfoam. As a control, a
histological image from an unsealed Therepi device shows a foreign body response, including vascularization, macrophages and giant cells (i). Scale bars,
100 um. For c,e,f h, the experiment was performed once. For d,g,i, the experiments were repeated twice with similar results.

of epicardial drug delivery has been studied for angiogenic sub-
stances" and vasodilators', as well as anti-arrhythmic agents'>*,
but easy and continuous access to the epicardial surface has been
a major limiting factor. The Therepi system may allow the clinical
translation of this type of therapy and, potentially, enable delivery to
other diseased tissues.

This work was completed using two gelatin-based biomaterials
(GelMA and Gelfoam). Both forms of sponge contain large, inter-
connected pores, and diffusion would be expected to be unimpeded
through them®. Gelatin is derived from collagen and contains
inherent peptide sequences that facilitate cell adhesion and enzy-
matic degradation. Due to its low cost, lack of immunogenicity, and
previous use in medicine as a haemostatic agent and blood volume
expander, it is an attractive implantable biomaterial. However, we
foresee that this technology can be extended to other biomaterials
that have demonstrated an ability to increase cell retention at the
heart (such as alginate®, chitosan®, hyaluronic-acid-based gels****
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and collagen®*’). The delivered cargo was a syngeneic MSC derived
from the bone marrow of Sprague Dawley rats. A stem cell originat-
ing from bone marrow was chosen for the following reasons: (1)
there is pre-clinical evidence for it improving left ventricular func-
tion**, (2) it has already been used extensively in cardiac regenera-
tive human trials, where feasibility of cell isolation and safety of the
cells following delivery were established”-*, and (3) it has demon-
strated attractive cell therapeutic potential for a range of diseases
characterized by chronic inflammation®.

Given the poor survival and rapid clearance of cells post admin-
istration, repeated doses are likely to be needed for best efficacy
(similarly to most pharmacological medications)*. Proposed effects
following cell delivery are multifactorial and include induction of
cardiac muscle cell proliferation, immobilization of resident stem
cells, neovascularization, inhibition of apoptosis, and immunomod-
ulation®. It is envisaged that each cell delivery will result in a bolus
release of intracellular contents including cytokines, chemokines,
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exosomes and paracrine factors, followed by a lower sustained
release until loss of stemness or cell death. Importantly, a cumula-
tive benefit following repeat delivery has been demonstrated with
two different cell types, c-kit?® cardiac progenitor cells’” and car-
diac mesenchymal cells™. Interestingly, the acellular Therepi pro-
vided a sustained benefit across the 28-day study, potentially due
to its mechanical reinforcement of the remodelling ventricle or due
to an altered healing response caused by the foreign body response.
Early mechanical restraint of the infarcted left ventricle with poly-
meric meshed materials or wraps has been demonstrated to be
highly effective in reducing infarct expansion and limiting negative
remodelling in large animal pre-clinical models®~*. However, the
Therepi with one-time cell delivery had poor results, despite provid-
ing mechanical reinforcement. While this is surprising, it highlights
the importance of cell delivery timing for positive modulation of
the post-MI healing response. The harsh inflammatory environ-
ment of the infarcted heart has been shown to drive delivered MSCs
towards a pro-inflammatory phenotype, limiting their reparative
efficacy”. Cells delivered at the time of MI, and their secretome,
would have been subject to this environment, and may even have
adversely affected healing and negated any positive effect from the
device mechanical reinforcement. If later delivery of cells is favour-
able, the Therepi system can be advantageous in allowing implanta-
tion of an acellular device, followed by subsequent cell delivery at a
later time point, as described for other applications®. This approach
would complement delivery with autologous stem cells®', when, for
example, a biopsy could be taken at the time of implantation of the
Therepi, and stem cells would be isolated, expanded and then re-
implanted through the Therepi device after a number of weeks or
months without the need for an additional surgery.

To maximize the potency of cell therapy, immune protection of
transplanted cells would be beneficial. The histological data for the
pre-clinical study shown here supports the idea that the Therepi sys-
tem, when intact, imparts immune protection to the enclosed cargo.
This prevents cell infiltration and a significant foreign body response
around the gelatin-based biomaterial, as seen with the unsealed
Therepi system. An immune response of this nature is likely to have
led to reduced cell viability at later time points and lessened the effi-
ciency of cell replenishments, despite an initial large increase in cell
number. Further refinement could potentially enable a greater degree
of control over the transplanted cell source and allow the de novo pro-
duction of paracrine factors from an allogeneic or possibly a geneti-
cally engineered cell source, without the associated safety concerns.

In addition, for pre-clinical models, systems that can longitu-
dinally monitor viability and function of transplanted cells in vivo
would be beneficial’'. Therepi has additional use as an enhanced
imaging method for quantifying cell number on the heart. In this
case, the imaging substrate D-luciferin can be injected directly via
the Therepi catheter to a biomaterial loaded with luciferase-express-
ing cells, requiring much less substrate compared to conventional IP
delivery. Additionally, the need to wait for systemic distribution of
D-luciferin is removed, thus reducing the time the animal is under
anaesthesia. This represents a considerable advantage in terms of
convenience, cost, consistency, and time taken to conduct animal
imaging. Therepi can be used, if desired, for injection of media or
nutrients into the reservoir to prolong cell survival. Bio-sensing
molecules or components could also be injected and retrieved
locally to monitor biomarkers indicative of disease. The potential of
the system for monitoring and feedback is vast.

In terms of potential clinical translation, the Therepi system
enables the multimodal localized delivery of different molecular
therapies (cells, small molecules and macromolecules) to mimic
or modify the inherently complex physiological and pathological
processes in the heart. The system, with its method of implan-
tation and ability for cell monitoring, is potentially extremely
beneficial, as it could enable sustained delivery of the paracrine
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factors released from transplanted cells in proximity to the dis-
eased tissue of the heart, and could allow further research stud-
ies into the effect of multiple administrations of cells that have
previously been impossible due to the prohibitive nature of mul-
tiple invasive surgeries. In addition to temporal control, multiple
reservoirs would enable spatial control and multimodal treatment
regimens to various parts of the heart; for example, delivery of
pro-regenerative therapy to the left ventricle, coupled with anti-
arrhythmic therapy to the left atrium.

However, there are some potential bottlenecks that need to be
overcome before clinical translation is possible. First, the route
of clinical access needs to be established. Clinically, our device is
intended for percutaneous pericardial access, via sub-xiphoid access
and pericardial puncture. Such an approach is increasing as more
interventional cardiologists and electrophysiologists become com-
fortable with it, presenting opportunities for intrapericardial drug
delivery®>®. Current interventional procedures for pericardial dis-
eases include pericardiocentesis and percutaneous balloon pericardi-
otomy, demonstrating utility of this route for cardiac applications®>*.
We used sutures for device attachment in this manuscript, but recent
innovations in hydrogel adhesion could be used for a less invasive and
more uniform adhesion to the heart®.The procedure could be car-
ried out in hybrid cath labs during reperfusion and would be an addi-
tion/adjunct to the current clinical management of a patient with MI.
While the intent of this device is not for delivery during open-chest
surgery, patients with advanced coronary heart disease undergoing
coronary artery bypass graft surgery could also be a target population.

It should be acknowledged that standard procedures for cell
delivery to the heart, including transendocardial and intracoronary
catheter delivery (via femoral access), are less invasive in compari-
son with Therepi, and do not require general anaesthesia. However,
Therepi would be a one-time implantation that allows for multiple
therapy administrations, which could be done in an ambulatory set-
ting. Furthermore, the biomaterial reservoir would vastly extend
cell survival, and thus potential clinical benefit, in comparison to
a cell injection alone. Minimizing pericardial adhesions will also be
important. Minimally invasive catheter delivery could reduce post-
procedural pericarditis, and therefore adhesions, in comparison
with open-chest surgery. Alternative methods for reducing peri-
cardial adhesions have also been reported, such as pharmacologi-
cal control of inflammation (using corticosteroids) and enzymatic
breakdown of fibrous tissue (using fibrinolytics)®. Localized deliv-
ery of these agents could be possible via Therepi.

Second, catheter-associated infections could be a potential issue.
It is worth noting, however, that a permanent pericardial drainage
system connected to a subcutaneous port has previously been safely
implanted in patients for up to 5weeks, with no infection noted*.
Moreover, a multicentre randomized control trial is currently being
undertaken to determine the safety and efficacy of extended peri-
cardial drainage in comparison to a one-off pericardiocentesis
procedure”. A fully subcutaneous port with a self-sealing septum
could be used to minimize the risk, and ports are already widely
used for other applications, such as central venous access for che-
motherapy drugs. The catheter tubing could be surface modified
with an antibacterial or with hydrophilic coating to reduce bacte-
rial adherence. Depending on the length of implantation/use, it is
likely that a broad-spectrum prophylactic antibacterial regimen will
be needed. In the event of disease resulting from the implantation,
such as purulent pericarditis, the Therepi system itself could be used
for the intrapericardial delivery of antibacterials and fibrinolytics.

Third, the fibrous capsule at the Therepi/heart interface could
affect transport of therapy into the tissue, and this effect should be
further studied. We have initially demonstrated that, despite the
formation of a fibrous capsule (which hinders but does not impede
diffusion), molecules with a range of molecular weights can be
transported through the membrane into the tissue. Furthermore,
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we noted a clear functional effect through the Therepi 28 days after
implantation. This functional benefit shown with later refills of
cells support that paracrine factors can diffuse through this capsule.
Future iterations of the device could use microneedle technology
to allow for direct injection into tissue. Fourth, MRI compatibility
would be advantageous. Current materials are all MRI compatible,
except for the port, which would require modification. Fifth, it is
important to design the system with mechanisms to avoid cathe-
ter obstruction by therapies, such as cell debris. In this study, cells
were removed from the line by following each dose with saline, to
clear the line. Other approaches could include enzymatic degrada-
tion and mechanical suction. Future versions of Therepi could be
designed with a dual loop system to aid with these solutions.

Future work before clinical implementation will focus on biode-
gradable device development so there is no foreign material remain-
ing on the heart. A permanent version of the device could also be
an option, allowing for acute therapy replenishments initially and
taking advantage of the long-term passive reinforcement effects®.

It should be noted that in this pre-clinical study we initiated
treatment immediately after the time of cardiac injury. This is not
directly clinically relevant, as cardiac injury would precede device
implantation in the clinic. Future work will involve testing this
device subsequent to injury. Furthermore, one type of cell cargo was
tested here, a syngeneic mesenchymal cell source. There is a pleth-
ora of available cell sources, and other therapeutic cargos available.
Determining the correct cargo, dose and administration frequency,
along with an accompanying mechanism of action, will be key to
advancing this delivery concept to the clinic*.

We can draw six conclusions from this study. (1) Implantation of
the Therepi on a heart with a conduit connecting the reservoir to a
subcutaneous access port is possible in a rat model. (2) The system
enables direct, potent delivery of small molecules, which can elicit a
functional effect and can also be used for delivery of substrates for
in vivo imaging. (3) The system enables localized delivery of macro-
molecules that penetrate through the fibrous capsule into the myo-
cardial tissue and distribute in three dimensions. (4) Non-invasive
replenishment of cells is possible in vivo and improves cell number
at the target site. (5) In a 28-day rodent study in an MI model, the
Therepi device (acellular or with transplanted cells) demonstrates
therapeutic superiority compared to no treatment or a single cell
injection, and this effect is increased with repeated cell administra-
tions. (6) The implanted system constitutes a rapid, inexpensive and
safe method for bioluminescent quantification of cell number by
direct administration of imaging substrate during in vivo imaging.

Methods

An expanded methods section is included in the Supplementary Information and
includes more details on GelMA synthesis, Therepi fabrication, uCT imaging, in
vitro and in vivo studies, histology and statistical methods.

Therepi fabrication. The fabrication methods for the Therepi system are shown
in Supplementary Fig. 1 and described in Supplementary Methods. Briefly, a

TPU sheet (HTM 8001-M polyether film, 0.003 inch thick, American Polyfilm,
Inc) was formed into a hemispherical reservoir using a vacuum thermal former
(Yescom Dental Vacuum Former, Generic). This was then heat sealed to a second
TPU layer with a 4mm circular window, using a heat transfer machine (Heat
Transfer Machine QXAi, Powerpress). The assembly was sealed to a polycarbonate
membrane, Cyclopore Track-Etched Membrane Filter (13 mm diameter, 0.4 pm,
Whatman) using an impulse heat sealer (H-2065 Deluxe Impulse Sealer, Uline).
One edge was left open for subsequent biomaterial insertion. The neck of the
reservoir was heat bonded to a 10 cm, 3 Fr thermoplastic polyurethane catheter
(Micro-Renathane 0.037” x 0.023, Braintree scientific). The assembly was sterilized
in a low temperature ethylene oxide cycle and the final manufacturing steps were
aseptically conducted in a classII laminar flow hood. A disc of biomaterial, either
dehydrated GelMA or Gelfoam, was inserted into the reservoir and the remaining
open edge was sealed.

In vivo studies. Animal surgery for the MI model and Therepi system implantation.

Animal procedures were reviewed and approved according to ethical regulations
by the Institutional Animal Care and Use Committees at Harvard University
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and Brigham and Women’s Hospital respectively. All surgical procedures are
described in Supplementary Methods. Briefly, female Sprague Dawley rats
(225-250 g) were anaesthetized using isoflurane (1-3% isoflurane in oxygen). The
hair between the shoulder blades and on the left side of the chest was removed.

A pre-operative analgesic, buprenorphine (0.05 mgkg™" subcutaneously), was
administered. The regional nerve blocker lidocaine/bupivacaine was injected
subcutaneously at the surgical sites. Endotracheal intubation was performed as
described in Supplementary Methods. The Therepi refill line was then tunnelled
subcutaneously from the dorsal site to a ventral exit site close to the left fourth
intercostal space (Supplementary Fig. 2). The pericardium was removed using fine
forceps. A myocardial infarction was created as previously described”. The LAD
was permanently ligated with a suture (6-0 prolene) approximately one third of
the way from the apex to the base of the heart. Myocardial blanching was apparent
after ligation of the LAD, confirming infarction. The Therepi reservoir was sutured
(8-0 prolene) onto the heart at the infarct border zone using the surgical guided
holes placed in the device (Supplementary Methods, Supplementary Video 4 and
Supplementary Fig. 3). Following Therepi placement, a vascular access button, or
self-sealing port (VAB62BS/22, Instech Laboratories), was connected to the dorsal
end of the catheter and placed subcutaneously between the shoulder blades of

the rat (Fig. 3 and Supplementary Figs. 3 and 4). The vascular access button was
secured to the underlying fascia using at least two interrupted sutures (Ethicon 4-0
vicryl). The skin was closed and the animal was ventilated with 100% oxygen on

a heated pad until autonomous breathing was regained. 3 ml of warm saline was
administered subcutaneously and buprenorphine (0.05mgkg™" in 50 pl IP) was
given every 12h for three days post-operatively.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. The authors declare that all data supporting the findings of this
study are available within the paper and its Supplementary Information. Source
data for the figures are available from the corresponding authors upon
reasonable request.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. Bioluminescent-cell-refill study: A pilot study was performed to determine the
mean and standard deviation in bioluminescent measurements for both
conditions. This data was used to determine an adequate sample size (n=5) for a
sufficiently powered study to determine the significance of differences between
the pre-refill and post-refill groups.
Functional study: A pilot study was initially performed to determine the treatment
effect of Therepi following myocardial infraction. This data was used to inform
sample size (n=5) for a sufficiently powered study to detect significant differences
between treatment and control groups.
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2. Data exclusions

Describe any data exclusions. The following exclusion criteria were pre-established: cells in the simplified Therepi
and in the Therepi systems were assessed for viability in vitro prior to surgery by
measuring their bioluminescence with the IVIS spectrum. Devices with
bioluminescence less than 109 photons/second were excluded. Male rats and rats
below 225 g or above 250 g were excluded. The following rats were also excluded:
animals that did not survive the Ml surgery, animals where the integrity of the
device or the subcutaneous line or port was damaged, animals that did not display
blanching of the left ventricle on LAD ligation and animals that had an ejection
fraction greater than 60% as assessed by echocardiography at day 0. For the PV
data, measurement points that did not form a consistent PV loop due to catheter
positioning or other reasons were excluded.

3. Replication
Describe whether the experimental findings were The functional study was not replicated. In vitro studies were reliably reproduced.
reliably reproduced. In vivo studies showing cell refill, and delivery of small molecules, were reliably
reproduced.
4. Randomization
Describe how samples/organisms/participants were No formal randomization was used but surgeries were carried out on groups,
allocated into experimental groups. which were alternated. Each group was completed over 2-3 different surgery days.
5. Blinding
Describe whether the investigators were blinded to No formal blinding was used. Electrocardiography imaging was conducted by an
group allocation during data collection and/or analysis. independent operator.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Vevolab (VisualSonics) was used for echocardiography analysis. Labchart 8 was
study. used for PV analysis. Graphpad Prism was used for statistical analysis. Micro-CT 3D

reconstructions were performed using CT-Pro (Nikon Metrology), and the surface
renderings were generated using VGStudio Max. Images showing penetration of
fluorescent albumin across a fibrous capsule were generated in Image J using the
Fiji image processing package. Living image software (Perkin Elmer) was used to
analyse bioluminescent and fluorescent images generated by the IVIS Spectrum
Xenogen 5000. All software are commercially available.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of  All unique materials are readily available from the authors.
unique materials or if these materials are only available
for distribution by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated No antibodies were used.
for use in the system under study (i.e. assay and species).

o]
Q
=
C
=
(@)
=
D
wv
Q)
eY)
=
(@)
>
@
w
@)
D
=
()
(D
(%]
=
D
°
©)
=
=
Q
wn
C
3
3
Q
=
S




10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

For in vitro work proving device concept and in vivo work proving cell refill, clonally
derived mesenchymal stem cells from BALB/c mice (D1 ORL UVA [D1] (ATCC®
CRL-12424™) were obtained from American Type Culture Collection (ATCC).

For the 28-day functional study primary mesenchymal stem cells derived from
Sprague Dawley rats were purchased from Cyagen (RASMX-01001).

ATCC cell lines are subjected to comprehensive and repeated authentication and
contamination checks, including short tandem repeat (STR) profiling, cell
morphology, karyotyping and cytochrome C oxidase | (COI) testing. Testing was
also completed to ensure that cell cultures were free of mycoplasma or other
bacterial or fungal agents, conforming to the mycoplasma-testing stipulations
recommended by the FDA 'Points to Consider' protocol. The cells also tested
negative for bacteria, fungi, and mycoplasma.

Sprague Dawley Mesenchymal stem cells (purchased from cyagen) were assayed
for purity using flow-cytometric analysis of cell-surface antigen expression after
cryopreservation. Cells are immunofluorescently stained with fluorochrome
—-conjugated antibodies specific to cell-surface antigens CD29, CD34, CD44, CD45,
CD90 and CD11b/c. Cells must show > 70% positivity for expression of cell-surface
antigens CD29, CD44 and CD90. Cells must show < 5% positivity for expression of
cell-surface antigens CD34, CD45 and CD11b/c. Furthermore, cells were assayed
after cryopreservation for their ability of tri-lineage differentiation. Cells must be
able to differentiate to osteocytes, adipocytes and chondrocytes when cultured in
the appropriate differentiation media.

Cells were tested, and absence of mycroplasma contamination was confirmed.

No commonly misidentified cell lines were used.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived
materials used in the study.

Female Sprague Dawley rats, aged by weight (225-250g), were purchased from
Charles River Laboratories.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

The study did not involve human research participants.
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