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Abstract

Introduction: Cardiac implantable electronic devices (CIEDs) induce a foreign body reaction and persistent inflammatory

response that produces a fibrotic capsule around the implanted material. The study’s aim was to investigate the ability of

small intestinal submucosa (SIS) extracellular matrix (ECM) envelopes to mitigate fibrotic tissue formation and secure devices

within healthy, vascularized tissue. Methods: Clinically relevant pacemakers without leads were subcutaneously implanted in a

pre-clinical rabbit model. Eleven CIEDs were placed in CanGaroo ECM Envelopes, while ten devices were implanted without

envelopes and analyzed at 13 and 26 weeks. The subcutaneous pocket and newly formed connective tissue adjacent to the

CIED were evaluated by an independent, blinded pathologist for the local tissue response and constructive remodeling. CIED

movement in the pocket was also documented as implant sites were prone to abrasion due to normal rabbit behavior. Results:

CanGaroo Envelopes surrounding the CIEDs remodeled into native tissue with normally organized collagen. The tissue had

a lower average thickness at 13 and 26 weeks compared to tissue encapsulating CIEDs without envelopes. The tissue also

scored significantly higher in neovascularization versus capsule tissue surrounding CIEDs without envelopes at 26 weeks. Use

of the ECM envelope reduced the incidence of device flipping within the pocket by 40% compared to CIEDs without envelopes,

showing the ability of CanGaroo Envelopes to secure CIEDs in place. Conclusions: CanGaroo ECM Envelopes remodeled into

native, vascularized tissue surrounding clinically applicable CIEDs. This thinner, healthy tissue pocket secured CIEDs and

significantly improved stabilization versus devices without envelopes over 26 weeks.
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Small intestinal submucosa extracellular matrix envelopes secure cardiovascular implantable
devices and promote healthy tissue remodeling

Structured Abstract:

Introduction: Cardiac implantable electronic devices (CIEDs) induce a foreign body reaction and persistent
inflammatory response that produces a fibrotic capsule around the implanted material. The study’s aim
was to investigate the ability of small intestinal submucosa (SIS) extracellular matrix (ECM) envelopes to
mitigate fibrotic tissue formation and secure devices within healthy, vascularized tissue.

Methods: Clinically relevant pacemakers without leads were subcutaneously implanted in a pre-clinical rabbit
model. Eleven CIEDs were placed in CanGaroo ECM Envelopes, while ten devices were implanted without
envelopes and analyzed at 13 and 26 weeks. The subcutaneous pocket and newly formed connective tissue
adjacent to the CIED were evaluated by an independent, blinded pathologist for the local tissue response
and constructive remodeling. CIED movement in the pocket was also documented as implant sites were
prone to abrasion due to normal rabbit behavior.

Results: CanGaroo Envelopes surrounding the CIEDs remodeled into native tissue with normally organized
collagen. The tissue had a lower average thickness at 13 and 26 weeks compared to tissue encapsulating
CIEDs without envelopes. The tissue also scored significantly higher in neovascularization versus capsule
tissue surrounding CIEDs without envelopes at 26 weeks. Use of the ECM envelope reduced the incidence
of device flipping within the pocket by 40% compared to CIEDs without envelopes, showing the ability of
CanGaroo Envelopes to secure CIEDs in place.

Conclusions: CanGaroo ECM Envelopes remodeled into native, vascularized tissue surrounding clinically
applicable CIEDs. This thinner, healthy tissue pocket secured CIEDs and significantly improved stabilization
versus devices without envelopes over 26 weeks.

Introduction:

Cardiac arrhythmias are often treated by use of cardiac implantable electronic devices (CIEDs), which include
pacemakers, implantable cardioverter-defibrillators, and devices for cardiac resynchronization therapy. As
examined in a variety of studies, these CIEDs evoke a foreign body reaction and prolonged inflammatory
response in the subcutaneous tissue that stimulate the formation of a fibrotic tissue capsule surrounding the
implanted material [1-5]. In high risk patients, CIED-induced scar tissue formation and incomplete surgical
healing often result in complications at the implant sites of CIED generators or leads, such as migration,
erosion, dislodgement, or infection, which require additional procedures and dissection of the device pockets
[6-9]. In addition, younger patients are receiving CIEDs and surviving long enough to require multiple pulse
generator change-outs and lead revisions [10, 11]. Complication rates after generator or lead exchanges
and upgrade or revision surgeries are considerable, and complication rates increase with each additional
reoperative procedure [7, 11-15]. The thickness of the fibrotic tissue surrounding devices proportionately
increases the difficulty of these procedures, while a lack of vascularization in the scar tissue greatly elevates
the risks of post-surgery infection [4, 12, 16]. A product that mitigates the local tissue response to CIEDs
and promotes healthy, vascularized tissue formation around the devices can improve patient outcomes and
reduce complications of the implant or revision surgeries.

To address the difficulties caused by patients’ immune reactions to CIEDs and neurostimulator devices, a
natural extracellular matrix (ECM) envelope product called CanGaroo (Aziyo Biologics) was developed to
wrap electronic implants. Biologic ECM scaffolds are created from various processes and tissue sources to
promote healthy, site-specific tissue remodeling in patients [17]. CanGaroo utilizes non-chemically crosslinked
multilaminate sheets of decellularized, lyophilized porcine small intestinal submucosa (SIS) that are strong
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and supportive in structure, but compliant and porous enough to allow cell infiltration and achieve optimal
tissue remodeling outcomes [18-20].

SIS is an ECM biomaterial that has been well-characterized in multiple regenerative medicine applications
[18]. SIS ECM is rich in growth factors, such as basic fibroblast growth factor (bFGF) and vascular endothe-
lial growth factor (VEGF), as well as glycosaminoglycans (GAGs) and structural proteins, such as heparin
sulfate, collagens, and fibronectin [21, 22]. These natural ECM structures and bioactive factors, absent in
synthetic scaffolds, effectively reduce dense fibrous scarring by stimulating healthy tissue regeneration and
angiogenesis [23-25]. This capacity is at least partially attributed to the fact that SIS promotes macrophages
with a pro-remodeling, anti-inflammatory M2 phenotype versus a pro-inflammatory M1 phenotype [26].
When placed around an implanted electronic device, the SIS ECM envelope naturally resorbs over time and
releases intrinsic biologic signals which mitigate fibrotic encapsulation normally caused by an inflammatory
response to the foreign generator [27]. By supporting host cell infiltration and proliferation and promoting
anti-inflammatory immune cell phenotypes such as M2 macrophages, SIS ECM envelopes create a conducive
environment for constructive remodeling [28, 29].

In this study using a clinically relevant subcutaneous rabbit model, we tested the ability of CanGaroo ECM
Envelopes to mitigate fibrotic tissue and scar formation induced by implantation of CIEDs for up to 26
weeks. The study also analyzed the natural resorption and remodeling of the SIS ECM envelopes over time,
while evaluating neovascularization, normal collagen organization, and necrosis. Finally, by using full-size,
clinically relevant CIEDs, we observed the ability of CanGaroo Envelopes to stabilize the devices in healthy
tissue within the subcutaneous pockets of a model highly susceptible to device movement due to normal
rabbit motion and behavior.

Methods:

Animal ModelA subcutaneous implantation study was designed in New Zealand White (NZW) rabbits using
dorsal bilateral surgeries to implant CIEDs with or without supportive CanGaroo ECM Envelopes. The
New Zealand White rabbit was chosen because it provided enough surface area on the dorsal surface for
implantation of the test and control articles of a clinically relevant size (pacemakers approximately 5.5 x 5.5
x 0.5 cm). The rabbit is an appropriate subcutaneous pre-clinical model for evaluating biocompatibility and
local effects of implanted materials according to the current ISO testing standards (ISO 10993-6) because
of their competent immune system and skin thickness similar to that of humans, as opposed to other small
animal models such as rats and mice.

Study DesignThe study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) and all animals received humane care in compliance with “The Guide for the Care and Use of
Laboratory Animals,” published by the US National Institutes of Health. Twenty one (21) NZW rabbits
were implanted with CIEDs with eleven being placed in CanGaroo ECM Envelopes. Midline incisions were
created on the dorsal lumbar aspect of each animal, per veterinary practice. Subcutaneous pockets were
created with minimal pocket dissection and just large enough to accommodate one implant per pocket.

For the experimental group, eleven single-chamber pacemakers (St. Jude Medical) without leads were placed
in CanGaroo Envelopes (Size Medium, Aziyo Biologics, Lot# M17E1116) (Figure 1) . The pacemaker lead
header was oriented nearest to the opening in the hydrated envelope, and the lead header was placed in the
implant pocket closest to the skin incision. The envelope-CIED assembly was secured with a single, non-
absorbable suture (3-0 Prolene) that passed across the envelope opening edges in order to prevent incidental
release of the CIED and secured to the underlying chest wall. A second non-absorbable suture was passed
through the chest wall, envelope, and pacemaker header suture hole to secure the implant. For the control
group, ten CIEDs without envelopes were again oriented with the lead header closest to the skin incision and
secured in place through the suture hole with a single, non-absorbable suture. The pocket surrounding each
implant was closed to contain the implant using a continuous stitch and non-absorbable suture to reconnect
the subcutaneous tissues around each implant. From there, standard surgical techniques were used to finish
closing the implant sites.
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Figure 1: Images of test and control articles- A) The image shows the clinically relevant CIED model
used for the surgical implants. B) The experimental group enclosed CIEDs in a CanGaroo ECM Envelope
like the one pictured here.

Upon closing the incision sites, the animals were allowed to recover and were returned to standard individual
housing. The incision sites were continually monitored over the course of the study for any abnormalities
or incomplete wound healing. Animals were individually housed in stainless steel cages/polycarbonate cages
with slatted floors in environmental conditions of temperature, relative humidity, and photo-period according
to NIH recommendations for this species as reported in the “Guide for the Care and Use of Laboratory
Animals”. Potable water, certified commercial feed, and environmental enrichment were supplied until
animals were sacrificed at scheduled time points.

One animal receiving a CIED with CanGaroo ECM Envelope was sacrificed and evaluated at 2 weeks post
implant (the time point for skin incision healing) to provide a histological starting point for expected ECM
envelope resorption and remodeling, which is designed to occur naturally over time in the pocket. For the
remaining animals in each group, four implants were evaluated at week 13, and six were evaluated at 26
weeks. At each time point, rabbits were humanely euthanized. Implant sites were then opened, observed
macroscopically, and then processed for histopathology.

For macroscopic observations, the outer capsule surrounding the CIED at each implant site was surgically
exposed and photographed by removing the layers of epidermis and dermis. Evidence of normal ECM
envelope resorption and constructive remodeling was documented. Presence of fluid and capsule thickening
or discoloration were also noted. Before and upon capsule dissection, the surgeon recorded any movement or
flipping of the CIED from its original implanted position. The CIED was then removed, and the full capsule
was excised and marked with tissue dye for orientation. The tissue was fixed in formalin for histopathological
analysis.

Histopathology and Capsule MeasurementsTwo (2) tissue pieces 1cm in length were excised for histology from
the middle and dorsal corner of each capsule. Samples were processed by standard histopathology techniques
including paraffin embedding, sectioning (two serial sections at each sample midpoint), and staining (one
section per stain with hematoxylin and eosin [H&E] and Trichrome). Slides were evaluated by a blinded
veterinary pathologist for local tissue responses, envelope resorption, and fibrotic tissue formation. This
analysis scored the appearance of mineralization, necrosis, neovascularization, and fibrosis on an established
scale of 0 to 4 (0 meaning absent and 4 meaning marked presence).

For assessment of CanGaroo ECM Envelope resorption which directly correlates with remodeling, a baseline
estimation of envelope area was made in the slides from an initial 2 week time point. Subsequent measure-
ments of remnant product in the capsular tissue were made at 13 and 26 weeks and standardized to the 2
week time point. In addition to resorption, thickness measurements of the tissue capsule were made at three
representative places from each individual H&E and trichrome slide of each tissue sample, excluding remnant
envelope material in the measurements. The average of these measurements was used to estimate fibrotic
capsule thickness from every individual implant site and subsequently averaged for each experimental group.
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Results: Gross Necropsy Observations :

Upon examination of the subcutaneous pocket, normal, mild amounts of fluid from surgical wound healing
were present in both implant groups at 13 weeks. Fluid dissipated and became absent by the week 26 time
point. Connective tissue bands, associated with a normal subcutaneous response to implants, were observed
in both groups at the 13 and 26 week time points with the tissue thickness increasing with implant duration.
Compared to intact envelope material and related tissue discoloration found in the CIED with CanGaroo
ECM Envelope group at 2 weeks, clear and steady progress was seen in the tissue remodeling of the envelope
by 13 and 26 weeks. This remodeling was accompanied by an increased level of vascularization over time
that appeared greater than levels found in tissue surrounding the CIED without envelope group at 13 and
26 weeks(Figure 2) .

This connective tissue secured cardiac devices in place in the subcutaneous pocket. However, CIEDs were
highly prone to movement within the pocket because of the normal, instinctive movement of the rabbits,
including rolling onto the implant site or directly rubbing their dorsal side on the cage. Also, CIED leads were
absent in this model, which usually restrict movement in the subcutaneous space and further stabilize the
implants. This vulnerability lead to a high incidence of device flipping within the pocket. During necropsy,
50% or five (5) out of 10 total implants were documented to flip 180° cranially within the pocket in the
absence of an envelope. Only a single incidence of flipping out of 10 implants was observed at either the 13
or 26 week end points in the presence of CanGaroo ECM Envelopes.

Figure 2: Representative gross images of the subcutaneous pocket- A) Images show remodeling of
the ECM envelope over time at 2, 13, and 26 weeks with increasing levels of vascularization. B) Compar-
ison images from the CIED without envelope implant sites at 13 and 26 weeks show similar thickening of
connective tissue but lower vascularization levels and a flipped device at 26 weeks.

Histopathology:

Histology was performed on the capsular tissue of the CIED with CanGaroo ECM Envelope and CIED
without envelope groups to quantify and score the tissue response. H&E and trichrome slides showed
normal collagen formation and organization in the connective tissue, which was similar between the groups
(Figure 3 ). The use of CanGaroo ECM Envelopes generated a lower average capsule thickness compared
to CIEDs without envelopes with a mean of 349 ± 165μm (mean ± SD) versus 417 ± 152μm at 13 weeks
and a mean of 427 ± 141μm versus 439 ± 91μm at 26 weeks. High standard deviation was seen in these
measurements due to animal-to-animal variation in capsule formation.

5
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Figure 3: Representative A) H&E and B) trichrome images of capsular tissue-Images show
envelope resorption and capsule thickening over 2, 13 and 26 weeks in the presence of the ECM envelope.
Images from pockets receiving CIEDs without envelopes showed similar connective tissue formation at 13
and 26 weeks.

Histology sections were also scored for neovascularization on a 0 to 4 point scale by an independent blinded
pathologist (Table 1) . The CanGaroo ECM Envelope group had a significantly higher neovascularization
average score of 2.1 compared to a mean of 1.7 in the CIED without envelope group (p<.05, Student’s t-test)
. In either group, no significant mineralization was observed in the tissue. No necrotic tissue areas were
observed, and only low levels of apoptotic cells normally seen in surgical sites were found.

Table 1: Neovascularization scoring criteria

Tissue
Response Score Score Score Score Score

0 = Absent 1 = Minimal 2 = Mild 3 =
Moderate

4 = Marked

Neovascularization Absent Minimal
capillary
proliferation (1-3
capillary buds,
small blood
vessels, venules,
and / or
arterioles)

Groups of 4-7
capillaries

Broad band of
capillaries with
supporting
structures

Extensive band
of capillaries
with supporting
fibroblastic
structures

For the CIED with CanGaroo Envelope group, envelope resorption was quantified in histology slides as the
average area of remnant material at 13 and 26 weeks standardized to material present at 2 weeks. By 26
weeks, 73.2% of the envelope material was resorbed and remodeled leaving 26.8% of the starting material
(Table 2) .

Table 2: Comparison of the average area of implanted material within the capsular tissue
slides taken from CanGaroo Envelope implant sites at 2, 13, and 26 week duration

Duration 2 Weeks 13 Weeks 26 Weeks

Average Area of Implanted Material within the Implant Sites (mm²) 14.52 5.72 3.89

6
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. Duration 2 Weeks 13 Weeks 26 Weeks

Percent Change from 2 Weeks 60.6% 73.2%

Discussion:

Presented with the challenges and complications associated with subcutaneous device implantations, this
study demonstrated the ability of CanGaroo ECM Envelopes to secure clinically relevant CIEDs and mitigate
fibrotic tissue capsule thickness in a pre-clinical animal model. The rabbit model that was used was highly
susceptible to device movement in the pocket due to the range of motion of the animals and ability to
directly aggravate the surgical site through rolling or rubbing. Devices also did not have leads attached,
which usually limit the mobility of CIEDs. Despite these vulnerabilities, SIS ECM envelopes securing the
CIEDs substantially reduced the incidence of device flipping by 5 times compared to the group containing
CIEDs without envelopes. Device flipping could cause lead dislodgement in clinical patients [30]. This type
of movement also creates friction and abrasion, which in more long term models or clinical cases could
develop into CIED erosions and infections or the devices migrating outside of the subcutaneous pocket [8].
It should be noted that no erosions were observed in the study, as compared to a previous study utilizing a
thin-skinned mouse model and customized biotelemetry devices [31].

In addition to stabilizing CIEDs in the study, use of SIS ECM envelopes correlated with a general reduction
in thickness of the fibrotic capsule. However, capsule thickness varied greatly between different animals
leading to high standard deviation in the data. Future studies could draw out significance by increasing
animal numbers or screening animals to better standardize the immune system being challenged. SIS ECM
envelopes mitigate the foreign body response to reduce fibrosis and promote a favorable environment for con-
structive tissue remodeling. CanGaroo is composed of non-crosslinked SIS ECM that elicits M2 macrophage
polarization and production of IL-10 and other anti-inflammatory cytokines [24, 26, 28, 29, 32-34]. This
ability is in direct contrast to synthetic scaffolds, which often favor a pro-inflammatory M1 macrophage
phenotype, especially when the implanted material is non-degradable [24, 26].

SIS scaffolds contain a natural three-dimensional architecture that allows cells to migrate throughout the
matrix. Fibronectin, laminin, and proteoglycans supply attachment sites to enable cells to remodel and
organize new tissue [18]. GAGs of the proteoglycans also bind and protect important growth factors that
are utilized in a controlled, time dependent manner by cells. Several of these growth factors in SIS promote
scarless healing at the site of application, especially bFGF. bFGF accelerates wound healing and regulates
organized collagen deposition by fibroblasts [35]. SIS recruits a variety of other cells types important for
sustained tissue remodeling including endothelial cells, epithelial cells, and mesenchymal stem cells [36]. Cells
recruited and signaled during the natural remodeling of the scaffold promote tissue regeneration, compared
to cases of synthetic materials that often stimulate excess fibrosis or formation of poorly organized connective
tissue [18].

Besides mitigating fibrosis, treatment with SIS ECM envelopes also improved angiogenesis and neovascu-
larization. Using a 0 to 4 scoring criteria where a greater score represented more capillary proliferation,
subcutaneous tissue surrounding CIEDs with CanGaroo Envelopes scored significantly higher than tissue
adjacent to CIEDs without envelopes. This result is at least partially due to SIS’s growth factor milieu of
angiogenic growth factors such as TGF-β, bFGF, and VEGF. These proteins are not only anti-inflammatory
but promote angiogenesis by upregulating endothelial cell migration and proliferation [18, 21, 37, 38]. Cells
also mediate the proteolytic cleavage and release of matricryptic peptides from the scaffold’s ECM, which
have similar angiogenic effects on both endothelial cells and perivascular stem cells [39, 40]. The natural
porosity of SIS ECM scaffolds supports cell infiltration and ultimately allows for fast and efficient vessel
and capillary growth [18]. Generating healthy, vascularized tissue around the device facilitates easier and
successful CIED change-outs and lowers the incidence of infection, which may be particularly important in
a younger patient who will likely experience multiple change-outs [11, 12]. These angiogenic advantages also

7
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translate to positive surgical outcomes in a variety of other clinical cardiovascular applications of SIS such
as pericardial closure and cardiac and vascular reconstruction [41, 42].

Properly vascularized tissue grants the body’s immune and regenerative cells direct access into the CIED
pocket to aid in the steady resorption and remodeling of the CanGaroo Envelope. This process not only
releases peptides from the SIS ECM with angiogenic potential, but the peptides also contain inherent an-
timicrobial properties, thereby assisting in the prevention of bacterial infections of the subcutaneous pocket
[18, 38, 43-45]. Many synthetic or crosslinked scaffolds are non-degradable or can take years or more to fully
resorb [24, 26]. In this rabbit study, CanGaroo Envelopes showed steady resorption and remodeling over
time with about 26.8% of the starting material remaining after 26 weeks. The subcutaneous space in rabbits
is slower to remodel biomaterials than humans, but full turnover of the remaining ECM would have been
achieved soon thereafter. Although this timetable may be different from clinical cases, the ability of the host
tissue to utilize and remodel the SIS ECM envelope into native tissue is conserved.

Conclusions:

This pre-clinical study demonstrated several advantages of using SIS ECM envelopes to wrap clinically rel-
evant CIEDs during subcutaneous implantation. Compared to CIEDs alone without envelopes, procedures
utilizing CanGaroo Envelopes promoted formation of thinner connective tissue bands and stimulated signifi-
cantly higher rates of neovascularization, while avoiding tissue necrosis. The study supported the hypothesis
that the CanGaroo ECM Envelopes steadily remodel and are replaced by native, organized collagen over
time that is free of mineralization. This optimized tissue regeneration contributed to a five-fold reduction
in CIED flipping within the subcutaneous pocket through stabilization by CanGaroo Envelopes. This study
bolsters and compliments existing in vivo and clinical data that show CanGaroo Envelopes provide a superior
pro-remodeling microenvironment for creation of healthy and fully vascularized tissue, which safely secures
devices in place and improves the outcomes of device upgrades or revision surgeries.
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