Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

7-19-2024 9:30 AM

The Use of NP-110, a RHAMM Peptide Mimetic, Reduces Capsule
Fibrosis in a Novel Rodent Model of Radiation-Induced Capsular
Contracture

Kathryn Minkhorst, Western University

Supervisor: Delyzer, Tanya, The University of Western Ontario

: Turley, Eva, The University of Western Ontario

: Wong, Eugene, The University of Western Ontario

A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in
Surgery

© Kathryn Minkhorst 2024

Follow this and additional works at: https://ir.lib.uwo.ca/etd

0 Part of the Plastic Surgery Commons

Recommended Citation

Minkhorst, Kathryn, "The Use of NP-110, a RHAMM Peptide Mimetic, Reduces Capsule Fibrosis in a Novel
Rodent Model of Radiation-Induced Capsular Contracture" (2024). Electronic Thesis and Dissertation
Repository. 10267.

https://ir.lib.uwo.ca/etd/10267

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F10267&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/701?utm_source=ir.lib.uwo.ca%2Fetd%2F10267&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/10267?utm_source=ir.lib.uwo.ca%2Fetd%2F10267&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

Abstract

Capsular contracture is a common complication of breast implant reconstructive surgery,
which can be particularly devastating in the setting of post-mastectomy radiation. The
objective of this thesis was to evaluate the effect of RHAMM function-blocking peptide
mimetic NP-110 on a novel rodent model for radiation-induced capsular contracture. The
model consisted of female rats who underwent surgery to place a 2cc silicone implant under
the right fourth mammary fat pad. The implant, mammary fat pad and overlying skin was
radiated zThis model was then replicated, and 14 rats received local injection of 100ug of
NP-110 or scrambled control peptide followed by 26Gy of targeted ionizing radiation.
Clinically, NP-110 treated animals showed decreased post-radiation fibrotic change.
Masson’s trichrome and Picrosirius red stain showed significantly decreased collagen
deposition and bundling in the NP-110 group (p <0.001). Our study concludes that NP-110
significantly reduced capsule fibrosis. Therefore, the RHAMM pathway may be implicated
in the development of capsular contracture and could be a potential target for development of

preventative therapeutic agents.
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Summary for Lay Audience

Breast reconstruction is an important part of the patients’ breast cancer journey, that has been
shown to improve their quality of life. Most commonly, a new breast can be created with the
use of silicone implants. Whenever an implant is placed scar tissue forms around the implant.
However, in some cases the scar becomes too tight or thick causing disfigurement and
making the breast feel hard and sometimes painful. This is especially common when patients
have to undergo radiation therapy as part of their breast cancer treatment, and it can be a
difficult problem to treat, commonly requiring multiple surgeries and overall less optimal

results.

For this study, we used rats as a test subject to better understand the process that leads to
excessive scar around an implant after radiation. A total of 14 rats had surgery to place a mini
custom implant that mimics the ones used in humans under the rats’ breast tissue. Four weeks
after surgery half the rats were given an injection of an experimental agent, which is known
to block a pathway that leads to scaring. The other half were given an injection of an inactive
version of the agent. All the animals then received radiation targeted to the breast tissue and

implant.

After radiation, we monitored the rats and inspected the implants for four weeks. After four
weeks we collected the implant and surrounding scar tissue to do special tests to measure the
amount of scar around the implants. The rats that were treated with the active agent had less
collagen in their scars under the microscope using special stains compared to the rats treated
with the inactive agent.

Overall, this thesis uses a rat model to learn more about how excessive scarring around an
implant happens after radiation. We used an active agent that targets a special pathway, and
when this pathway is interrupted, we saw decreased scar around the implant. Therefore, this
path may be important in causing the excess scar. There is still more to learn, but this

research is a step forward in finding new treatments for this difficult problem.
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Chapter 1

1 Introduction

Capsular contracture is a common but unpredictable complication of breast implant
surgery, which can be particularly devastating in the setting of post-mastectomy and post-
lumpectomy breast reconstruction?. Patients undergoing breast reconstruction and adjuvant
radiotherapy are at the highest risk for this complication, with some studies reporting up to
49.4% of patients experiencing significant contracture?. Currently, no non-surgical

treatment or preventative measures exist to reduce the risk of breast capsular contracture?,

1.1 Definition and Pathogenesis of Capsular Contracture

Breast capsular contracture is currently clinically evaluated with the Baker grading
system(Table 1). The scale ranges from grade I (normal capsule), to grade IV (severe
painful contracture)*. Patients with a grade IV contracture experience firm, painful,
disfigured breasts which can lead to psychological distress, further surgery, and the risk of
reconstructive failure with implant loss*. Revision surgery is especially challenging in
patients who received radiation due to the injury and fibrosis it causes to tissue®. The
consequent risk of reconstructive failure is high, which can be devastating to women

attempting to close the loop on their breast cancer journey®.

A capsule, which initially forms around implants, is a normal foreign body response of
the host tissue that is desirable since it holds the implant in place®. However, an
excessive fibrotic reaction to this foreign body leads to the development of a thick, dense,
collagen-rich capsule that forms the contracture causing significant pain as well as breast
deformity®. In general terms, capsular contracture is considered to be initiated by
inflammation that becomes chronic, and progresses to excessive fibrosis®. Previous
studies have demonstrated that contracted capsules have higher levels of myofibroblasts,
that are distributed along the surface contacting the implant, compared to control

capsules’. Beyond this, the patho-etiology and the molecular mechanisms involved in the



responses to the implant that lead to excessive fibrosis are not well-understood. This
knowledge gap and the current limitations of experimental models for radiation-induced
capsular contracture in breast tissue has been a barrier to development of effective
therapies that either prevent or reduce capsular contracture.

1.2 Post Mastectomy Radiation Therapy

Clinically, numerous studies have demonstrated the deleterious effect of post-mastectomy
radiation therapy (PMRT) on implant-based breast reconstruction 2°. Systematic reviews
and meta-analyses reported that average incidence of capsular contracture in patients who
receive adjuvant radiation therapy to their final implant reconstruction ranged from 43%-
49.4%?2. Patient and surgeon reported cosmetic outcomes were also lower in the radiated
compared to non-radiated patient group?. If adjuvant radiation is predicted to be required
pre-operatively, delayed reconstruction with tissue-expander placement at the time of
mastectomy has generally been preferred in an attempt to avoid radiation to the final
implant®. In-vitro studies have suggested that radiation to the implant itself may cause
biomaterial alterations, which have been hypothesized to play a role in the development

of capsular contracture, although this has not been proven in vivo®.

However, utilizing a two-stage reconstructive process with tissue expander placement at
time of mastectomy, is also not optimal due to a number of complications. The main one
being that a delay in implant placement post-radiation does not significantly reduce the
incidence of capsular contracture®1%!!, This is likely due to long-lasting epigenetic
changes in the tissue microenvironment that result from radiation'2. In-vitro studies have
shown that irradiation results in irreversible cell senescence, associated with increased
secretion of pro-fibrotic cytokines, fibroblast activation and differentiation into
myofibroblastst. Furthermore, although the rates of capsular contracture may be lower
when the final implant is placed after radiation, there are some studies that report a higher
rate of reconstruction failure when radiation is delivered to the tissue expander®3. As a
result of the number of complications associated with post-mastectomy radiation, many

plastic surgeons prefer to avoid implant-based reconstruction in this patient population.



In order to try and prevent some of these complications, there are some studies that are
assessing a hypofractionation technique for radiation, which involves an overall lower
dose of radiation in a shorter timeline*. The FABREC trial has shown that at 6 months
post-radiation, patients who received the hypofractionation protocol after immediate
implant based reconstruction have decreased radiation side effects, without decreased
efficacy of the radiation treatment. Although these results are promising, it is known that
the onset of capsular contracture can be delayed beyond 6 months, therefore longer
follow-up data is needed to assess if this technique causes decreased incidence of

capsular contracture in the longer term for these patients®.

1.3 Radiation Induced Fibrosis

The impact of radiation on successful reconstruction is becoming more relevant due to the
increasing use of radiation therapy to prevent disease recurrence®. Immediate breast
reconstruction at the time of mastectomy has also become more prevalent, resulting in an
increased probability of patients having their implant placed before receiving their final

pathology results, and before knowledge of the potential need for radiotherapy®.

The molecular mechanisms by which radiotherapy mediates stress-signaling to initially
create a pro-fibrotic microenvironment have been well described in the literature. In the
acute inflammatory phase, ionizing radiation leads to the transfer of electrons in cells,
and as a result generates reactive oxygen species (ROS)*. These ROS damage cells in
multiple ways, including DNA damage and mutation, as well as modifying key proteins
and lipids in the cell®®. There is also evidence that cells outside of the radiated field suffer
damage, through altered oxidative metabolism, gap junctions, and production of
paracrine substances that transmit the damage from radiated cells to nearby ‘bystander
cells’®®. Damage from the ROS created from ionizing radiation induces cell death and
release of damage-associated molecular patterns (DAMPs)*. DAMPs activate pattern
recognition receptors expressed by endothelial and innate immune cells to promote
inflammation®. Persistent inflammation results in changes in the cellular

microenvironment and extracellular matrix that ultimately lead to tissue fibrosis*®.



Transforming growth factors (TGFB1-3) are arguably the most prominent factors in
promoting fibrosis of irradiated tissues*?. TGFBL1 is particularly implicated in radiation-
induced fibrosis in experimental models and is a widely expressed cytokine that is
primarily sequestered in homeostatic tissues as a latent form bound to the extracellular
matrix!’. In its active form, TGFBL1 initiates signaling that results in fibroblasts
differentiating into myofibroblasts and also increased deposition of collagen that
contribute to tissue fibrosis 1’8, Activation of TGFBL1 is dose-dependent, with higher
levels of radiation leading to increased TGFB1!8. Gans et al. administered a TGFB1
inhibitor in a mouse model of radiation induced fibrosis, and reported that it mitigated the

pro-fibrotic radiation effect seen in control animals®®.

As researchers delve deeper into the signaling pathways involved in this pro-fibrotic
pathway, more steps and factors have been elucidated. One important target identified is
Smad3, and its activation by TGFB1 signalling?. TGFB1 signals through the
transmembrane TGFB type | (TBRI) and TGFB type Il (TBRII) receptors?*. When
TGFB1 binds TBRII, TBRI is recruited to form a heterotetrametric complex and is
phosphorylated by TBRII?:, TBRI in turn phosphorylates a number of proteins to activate
signaling pathways, including the Smad signaling pathway?°2%. The SMAD signaling
pathway results in transcription of target genes, and SMAD3 in particular has been linked
to increased fibronectin and type I collagen secretion?!. Animal studies using a mouse
model of radiation- induced capsular contracture have shown that Smad3 knockout mice
have significantly thinner capsules compared to control, consistent with a key role for
TGFB1/SMAD3 in capsular fibrosis®.

Radiation has also been shown to upregulate Thyl (CD90), a key marker of the
differentiation of fibroblasts into contractile myofibroblasts, after exposure to pro-fibrotic
stimuli??. When activated, fibroblasts and myofibroblasts express higher levels of alpha
smooth muscle actin (ACTAZ2), and deposit increased collagen that is more tightly
bundled?. In the presence of an implant, it is hypothesized that the upregulation of
TGFBL1 and activation of its signaling pathways, leads to an increase in contractile
myofibroblasts and therefore the formation of denser collagen capsules characteristic of

capsular contracture”?. These in-vivo and in-vitro studies provide the basis of our



understanding of the pathways involved in the development of radiation-induced capsular
contracture, and point to TGFB1, Smad3 and Thy1 as potential targets in modulating the
pro-fibrotic response that leads to this complication.

1.4 Current Management of Capsular Contracture

Clinically, capsular contracture is a difficult problem for surgeons and their patients, as
there are often limited options for treatment and unpredictable rates of recurrence. Less
invasive techniques include implant massage and other modalities such as diapulse or
ultrasound therapy?. However, there is a lack of evidence in the literature supporting the
effectiveness of these therapies?. As they are non-invasive and with relatively low side-
effect profiles, these types of therapies may be offered to individuals with relatively mild
capsular contracture or who are not interested in operative management. In the 1970s, the
technique of using compression for a closed capsulotomy was described in the literature?,
This technique, which was described in breast augmentation patients who developed
capsular contracture, has associated complications such as implant rupture, distortion of
the breast shape, and recurrent capsular contracture?*. As a result, there is little use of this
technique in current clinical practice, especially in the setting of breast reconstruction
where these complications may be devastating and lead to implant loss, and reconstructive

failure.

The current gold standard treatment described in the literature is open or operative
capsulotomy and implant exchange®. This involves re-operation to remove the implant,
releasing incisions in the capsule (capsulotomy), or removing portions or the entirety of
the capsule (capsulectomy), and then replacing with a new implant into the breast pocket.
Especially in a submuscular plane, which is the most common in breast reconstruction, the
removal of the capsule in its entirety is technically challenging®>?. This operation also
carries morbidity as dissecting the capsule from the chest wall can lead to chronic pain,
bleeding, and potential damage to the underlying structures®®. As a result, many surgeons
may opt for a partial over a total capsulectomy, or capsulotomy alone, which releases the

tethered capsule without the need for complete dissection?”. Some studies have reported



that there is no difference in the outcomes and recurrence rate for these two techniques,
and therefore it may be up to surgeon preference and patient factors to determine the best
approach?®. Implant exchange is also commonly recommended in the literature to remove
any ruptured or defective devices, or any potential biofilm that may be present on the

implant that can be potentially contributing to the development of contracture®.

Unfortunately, as re-operation remains the only option for treatment of capsular
contracture, patients must endure additional surgical procedures and recovery time,
prolonging their breast cancer journey. Additionally, there is no certainty of resolution even
with re-operation, as some studies report up to a 54% recurrence rate of capsular
contracturet. The recurrence rate is especially high in patients who have undergone PMRT
compared to those who have not had any previous radiation therapy?. Furthermore, with
re-operation, patients are then re-exposed to the risk of additional scarring, damage to
surrounding tissues, wound healing complications, infection, and potentially reconstructive

failures.

1.5 Therapeutic Targets of Interest

A number of therapeutic targets and potential pharmaceutical agents have been tested for
the prevention and treatment of capsular contracture, as the scientific community searches

for solutions to this pervasive complication.

1.5.1 Anti-microbials

One area of interest in the literature has been the role of bacterial biofilms, which may
cause chronic inflammation and therefore be associated with the development of capsular
contracture. Rieger et al. showed a positive correlation between cultures from the implant
surface and degree of capsular contracture (Baker grade)?. This study placed the implant
in an ultrasonic bath with ringers lactate to extract the bacteria off the surface of the
implant and then cultured the resulting fluid, a technique specifically used to test for the
presence of a biofilm on the implant which is not always detected by traditional culture

swabs?. In this study, there was a positive correlation between having a higher grade of



contracture (Baker Grade 111 or IV) and a positive culture, however not all implants that
were associated with severe contracture were positive?®, The most common bacteria
associated with implant biofilms is Staphylococcus epidermis, a commensal skin flora,
likely the result of contamination at the time of implantation®. Therefore, many surgeons
employ aseptic techniques when placing implants in an attempt to mitigate this risk, and
there is some evidence that irrigation of the implant pocket with antiseptics decreases the
occurrence of severe capsular contracture®. There is currently no consensus on the
administration of post-operative oral antibiotics, and no strong evidence on the impact of
development of capsular contracture®. Although there is correlation between the
development of capsular contracture and the presence of bacteria or biofilm associated
with the implant, it is not present in every case and therefore may be only one risk factor
of many in the development of this complication®28,

1.5.2 Anti-inflammatories

Anti-inflammatory agents, such as leukotriene receptor antagonists, the mast cell stabilizer
cromolyn sodium, and corticosteroids, have been identified as agents of interest for
prophylaxis of capsular contracture. In one animal study, prophylactic administration of
cromolyn sodium, montelukast, and zafirlukast all significantly reduced capsular
contracture, with cromolyn sodium being the most effective agent?®. In a rabbit model of
irradiated implant capsules, montelukast prophylaxis was also seen to decrease capsule
thickness, collagen density, and myofibroblast count®. Glucocorticoids broadly reduce
pro-inflammatory cytokine and collagen production, and have been shown to decrease TLR
activation in a mouse model of capsular contracture®. However, large trial clinical data is
lacking for any of these treatments, and their systemic administration may produce

unwanted side effects that outweigh the potential prophylactic benefit3!,

1.5.3  Adipose Derived Stem Cells

Recently, adipose-derived stem cells (ADSC) have been recognized in the literature for
their antifibrotic properties. Autologous fat grafting is a common procedure done in breast
reconstruction where harvested lipoaspirate is injected into the breast. As this procedure

has gained popularity there are studies that have shown fat grafting can help to improve



skin quality after radiotherapy?. It is believed that ADSCs are the key component

responsible for this clinical effect™.

As these cells are abundant in heathy donor fat, which is easily harvested through
liposuction techniques, there is significant interest in the potential of ADSC to combat
fibrosis'®. Experiments using a mouse model of localized scleroderma by Wang et al.
showed those treated with ADSC isolates had decreased dermal thickness, as well as
decreased expression of TGFB1 and type Il collagen®:. These results showed a dose-
dependent relationship, with the high dose of ADSCs having the most significant reduction
in TGFB1 and collagen type 1%,

Clinical studies have shown that fat grafting at the time of capsule release and implant
exchange provide a significant and sustained benefit in resolution of capsular contracture®.
In some patients who did have persistent capsular contracture, an additional procedure of
fat grafting alone lead to resolution of their contracture®. Therefore, this suggests that the
lipoaspirate, which contains ADSCs, may be beneficial in reducing the radiation-induced
fibrosis around the implant. This result is significant, as fat grafting alone is a less invasive
procedure compared to capsulotomy and implant exchange and can be done under local
anesthesia in some cases, reducing time, cost and risk of anesthetic related complications
for the patient®. However, more prospective clinical trials are required to further evaluate
the benefit of this procedure, as well as clinical data for the use of concentrated ADSC in
the treatment of radiation induced capsular contracture.

1.5.4  Acellular Dermal Matrix

The use of acellular dermal matrix (ADM) in breast reconstruction has also increased over
recent years, and correlations have been made between decreased rates of capsular
contracture and the use of acellular dermal matrix®. In breast reconstruction, acellular
dermal matrix is commonly used as a lower pole support for the breast implant not covered
by the pectoralis muscle in a submuscular placement, or in some cases to cover and support
implant completely for patients requesting a pre-pectoral reconstruction®*. In vitro
models have demonstrated lower levels of proinflammatory markers TNFa and TGFB, as
well as CD-68 positive macrophages®. In addition, ADM biopsies showed decreased



fibroblast activity, blood vessel proliferation, collagen disposition and fibrosis when

compared to native capsules from the same patients*®.

A rabbit study of radiation-induced capsular contracture showed the use of ADM reduced
the capsule thickness, collagen deposition and inflammatory markers compared to
controls®®. Similarly, Kim et al. used a rat model placing silicone implants in a submuscular
plane using the latissimus dorsi and covered half the implant with porcine ADM?’. The
capsule tissue covered by ADM was thinner, and had less staining for aSMA, indicating
less fibrosis than the area of capsule covered by muscle®”.

The mechanism of ADM preventing capsular contracture is not fully understood. Proposed
hypotheses in the literature include: 1) that it creates a physical barrier between the implant
and adjacent tissues that contain inflammatory mediators and 2) that it disrupts the normal
capsule architecture, creating an island and interfering with the contracture of the capsule
as one connected force around the entire implant®. However, these theories have not been
properly explored experimentally and further research is needed to understand the potential

mechanisms.

1.6 Hyaluronan

A key factor in activation of tissue stress-signaling is fragmentation of the ubiquitous
polysaccharide, hyaluronan (HA). HA is a major component of the extracellular matrix,
with a variety of functions depending on the molecular weight of the polysaccharide®.
Larger molecular weight HA (e.g. >500kDa) has been shown to reduce inflammation,
while fragmented lower molecular weight (LMW) HA (e.g. <200kDa) has pro-
inflammatory properties, and its accumulation has been associated with fibrosis-based

pathologies such as arthritis, diabetes and idiopathic pulmonary fibrosis®-4°,

One mechanism for HA fragmentation is by ROS generated in radiotherapy*?. ROS-
generated HA fragments belong to the group of “danger” molecules known as DAMPs,
which activate inflammatory pathways*'. HA fragments bind to receptors, in particular

CD44, toll-like receptor 4 (TLR4), and the receptor for hyaluronan mediated motility



10

(RHAMM), which coordinate signaling culminating in the expression TGFB*?* and
other cytokines. The inflammatory and fibrotic stages of tissue remodeling can occur in

the presence of a mixture of high, intermediate and low molecular weight fragments**.

In a study of patients with capsular contracture, serum levels of hyaluronan was
significantly higher than control patients*®. Furthermore, the level of hyaluronan in the
serum (ug/l) was positively correlated with the severity of contracture, with patients with
Baker grade I11/IV contracture having higher levels of serum hyaluronan compared to
patients with grade 1/11 contracture®. Therefore, serum HA is a possible marker for
capsular contracture and the development of this complication was postulated to be
associated with high HA levels and its fragmentation. This study did not specify the
molecular weight of HA, although serum HA is generally low molecular weight*,
Further studies are necessary to evaluate if serum HA in this patient population is

fragmented LMW HA, and if levels are specifically elevated in this population®.

Furthermore, although the above mentioned study showed serum HA to be increased with
increased severity of capsular contracture, other experiments have shown that HA was
decreased in the capsular tissue itself from patients with higher Baker grade
contracutres**6. However, this study did not evaluate the molecular weight of HA
present in the capsule, and therefore more work is needed to evaluate the role of HA in

breast implant capsules and their fibrosis*®.

1.7 Receptor For Hyaluronan Medicated Motility (RHAMM)

RHAMM (gene name HMMR) is an intracellular and extracellular matrix protein that has
been implicated in a number of functions, but in the context of capsular contracture, has a
role in wound repair, tissue remodeling and fibrosis*’. The expression of this protein is
highly regulated in most tissues and is exported to the cell surface under tissue stress*®,
At the plasma membrane RHAMM partners with CD44 and when bound to HA
fragments, activates RAS-ERK1,2 signaling amongst other pathways*®. Interestingly,

RHAMM is not widely expressed in cells during a homeotic state but is transiently
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elevated following tissue injury®. Loss of RHAMM expression results in aberrant tissue
repair*®. Therefore, RHAMM is a target of interest in understanding and potentially

managing disease processes that have an underlying inflammatory or fibrotic pathology.

In the wound environment, RHAMM preferentially binds HA fragments, and these
interactions promote fibroblast migration and proliferation as well as increase expression
of pro-inflammatory cytokines*’. The normal cellular infiltration seen in wound models is
defective in mice null for RHAMM®*. Furthermore, RHAMM knockout fibroblasts and
keratinocytes are unable to properly differentiate and migrate, implicating this protein as
a key regulator of wound repair®. Histological analysis of capsule samples from patients
with implants have shown that fibroblasts and myofibroblasts are abundant within the
capsule, and a possible over-expression of these cells is thought to be associated with the

development of capsular contracture®°2,

However, more work is needed to better elucidate the role of the RHAMM signaling

pathway and HA in the development of capsular contracture.

1.8 RHAMM Function Blocking Peptide Mimetics

The role of RHAMM, in its association with low molecular weight HA (LMW-HA)
fragments as a regulator of inflammation and fibrosis, has made it an appealing target for
a variety of fibrotic diseases such as scleroderma, idiopathic lung fibrosis and
arthritis®®4%%3, A number of peptide mimetics have been designed and experimentally
shown to modulate inflammation, wound repair and fibrosis*.. In cell culture, a peptide
mimic, P-15, that was isolated in an unbiased screen for binding to HA fragments, inhibits
fibroblast motility in a dose dependent manner. P15 does not have an effect on RHAMM-
null cells* suggesting it may disrupt RHAMM pro-fibrosis signaling. Consistent with
this, in a rat model of excisional skin wounds, P-15 disrupted the pro-inflammatory
response that RHAMM-fragmented HA interactions mediate®’. The expression of TGFB1
and collagen 1 by dermal fibroblasts were significantly reduced in the P-1-treated animals

compared to controls #'.
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In a mouse model of scleroderma, the peptide NP-110, which mimics sequence in the HA
binding region of RHAMM, reduces dermal thickness, collagen density and
hydroxyproline content>®. NP-110 appears to act by binding directly to RHAMM to prevent
its association with LMW-HA, which ultimately prevents activation of TGFB1 and the
down-stream signaling of this cytokine that leads to fibrosis®®. This effect is lost in the
absence of RHAMM, as documented by experiments on RHAMM-null dermal fibroblasts
in vitro®. A similar finding was observed in a rat model where the mammary fat pad of the
rodents was radiated and at one day post-radiation, received an injection of NP-110 or a
scrambled control peptide®. The animals that received NP-110 had reduced TGFB
expression compared to the control®. Histological analysis of the fat pad also showed
decreased fibrosis and collagen deposition in NP-110 treated vs control animals, as well as
an increase in adiponectin, a marker of adipogenesis whose expression is linked to anti-

inflammatory environment®,

1.9 Animal Models

Several animal models have been reported to evaluate the pathogenesis and potential
treatment modalities for capsular contracture. Models include the use of mice, rats, and
rabbits®®>>%, Previously, silicone blocks, or lab-made implant replicas were used in lieu
of industry standard silicone implants®’. In more recent years, mini cohesive silicone gel
implants have been used to more precisely replicate the material used in human breast
surgery?®°, However, the majority of these studies place the implant on the dorsal surface
of the animals back and therefore do not replicate the local tissue micro-environment of

mammary tissue®.

In radiation models, there is a variety of doses of ionizing radiation used in the literature.
Doses range from 5Gy to 35Gy, however the species used in the model can impact the
result. In rats, Kim et al., tested multiple doses of radiation of 10-, 20- and 35-Gy and
found 35Gy delivered in 5 fractions of 7Gy induced significant histologically detected
fibrotic changes in the capsule around a mini silicone gel implant placed dorsally in a

submuscular pocket using the latissimus dorsi®’. Their group also tested a higher dose of
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45Gy and found this to be fatal to the animals . A limitation of this study includes the dorsal
placement of this implant, which may affect the microenvironment of the capsule and

development of radiation induced capsule fibrosis.

Truong et al. developed a model for radiation-induced rodent mammary fat pad fibrosis®.
In the development of this model, 26Gy of ionizing radiation could be delivered in a single
fraction, without systemic illness or animal fatality®. This was a sufficient dose to elicit
local skin changes, and other indicators of fibrosis including increased collagen deposition
and bundling in the fat pad, as well as TGFB1 expression on the fat pad™.

Based on the previous work done by Truong et al, DeLyzer et al developed a radiation-
induced rat model of capsular contracture with implants placed in a pocket created under
the mammary fat pads®*®®. This novel model uses custom mini silicone implants
replicating those used in human breast reconstruction. Implants were placed beneath the
4™ mammary fat pad and a one-time 26Gy dose targeted radiation therapy was delivered
to the fat pad and implant using a 3D-printed “ratform” 4 weeks post-surgery®®. Capsular
contracture was induced in this model, and was measurable by clinical exam, tissue

histology and fibrosis biomarker assays®8.
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Chapter 2

2  Thesis Objectives and Aims

2.1 Objective 1

Replicate the previously developed rodent model for radiation-induced implant capsular
contracture using the standardized procedures as outlined in the thesis work of T.
DeLyzer et al. with the addition of injection of NP-110 or a scrambled control peptide to

the mammary fat pad.

Aim 1: Replicate the standardized surgical procedure to place a silicone prosthesis

under the right 4™ mammary fat pad.

Aim 2: Develop a standardized blinded procedure to deliver a one-time dose of
100ug of active NP-110 peptide or inactive control scrambled peptide to the right

4™ mammary fat pad based on previous protocols from Truong et al

Aim 3: Replicate the standard radiation protocol developed by DeLyzer et al to

deliver a targeted one-time dose of 26Gy radiation using the custom ‘ratform’.

2.2 Objective 2

Evaluate the effect of local NP-110 injection into the mammary fat pad tissue on implant
radiation-induced capsule fibrosis compared to an inactive control peptide, radiation

alone, and non-radiated capsules.
Aim 1: Evaluate radiation changes clinically using Baker grade and Kumar score.

Aim 2: Use paraffin embedded sections of the implant capsule tissue with adjacent
fat pad and stain for Masson’s trichrome and Picrosirius red to evaluate collagen
deposition and bundling within the capsule. Compare the collagen deposition and

bundling between the NP-110 and control peptide groups.
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Aim 3: Use hydroxyproline and total protein assays to evaluate for the collagen
content in the implant capsule and fat pad and compare between the NP-110 and

control peptide groups.

Aim 4: Compare the results from the histological staining as well as assay data
from the NP-110 and control peptide groups to the previously published data from

DeLyzer et al of radiated and non-radiated capsules with no peptide treatment.

2.3 Hypothesis

It is hypothesized that the peptide mimetic NP-110 will decrease radiation-induced
capsule fibrosis in this novel rodent model of radiation-induced implant capsular
contracture implicating the RHAMM pathway will as a therapeutic target for capsular

contracture.
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Chapter 3
3  Methods

All experiments were approved and compliant with the standard operating protocols
(SOP) of the Animal Use Subcommittee (Protocol # 2022-126) at Western University in
London, Ontario, Canada.

All animal work was conducted at London Health Sciences Centre, London Regional
Cancer Program (LRCP), and Victoria Research Laboratory (VRL).

3.1 Animal Experiments Overview

3.1.1 Previous Model Development

Based on the previous work done in the Turley lab by Truong et al, DeLyzer et al
previously developed a novel rat model of radiation-induced capsular contracture®*®8, In
this model, custom 2cc silicone implants (J&J, Mentor) were placed in a sub-mammary fat
pad pocket (right 4" mammary fat pad). This model uses custom mini silicone implants
replicating those used in human breast reconstruction®. Implants are placed under the 4"
mammary fat pad and a one-time 26Gy dose targeted radiation therapy is then delivered to
the fat pad and implant using a 3D-printed “ratform” 4 weeks post-surgery®®. Capsular
contracture is induced in mammary fat pad in this model, and is measurable by clinical
exam, tissue histology and fibrosis biomarker assays®®. This model is the basis for the
experimental design utilized in the current project. The model showed significantly

increased fibrosis in the radiated capsules at a dose of 26Gy®®.
Sample Size Calculation

A previous power-analysis and sample size calculation was performed to determine the

number of animals needed per group seen below:

Sample size = 2 (Za/2 + Z8) 2 x P (1 — P)/(pl — p2) 2
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A power of 0.8 and significance level of p < 0.05 was used. The endpoint used was the
development of clinically detectable capsular contracture. The prevalence in the case
(radiated) group (p1) was assumed to be 100% or 1.0, and the prevalence in the control
(non-radiated) group (p2) 20% or 0.2 based on the rate in the literature of development of

capsular contracture without radiation.

Za/2 = Z0.05/2 = 2 0.025 = 1.96 (From Z table) at type 1 error of 5% Zp = Z0.20 =
0.842 (From Z table) at 80% power

P = Pooled prevalence = (prevalence in case group [p1] + prevalence in the control
group [p2])/2=(1+0.2) /2=10.6

Sample size = 2 (Za/2 + ZB) 2 x P (1 — P)/(pl — p2) 2 = 2(1.96 + 0.842)° x 0.6 (1-

0.6)/(1-0.2)2 = 5.88.

Based on these calculations, a sample size of 6 animals per group was required. To
account for possible attrition of 10% each group sample size was set at 7 animals. Using
this sample size for the previous study, DeLyzer et al had statistically significant
contracture measured in the implant capsules from radiated animals compared to the

control, non-radiated group®*°.

3.1.2  Current Experimental Overview

An overview of the timeline for the experiments is shown below in Figure 1. Experiments
were conducted using Sprague Dawley retired female breeder rats (Charles River). All
the animals were similar in size and weight, although the exact age could not be

provided, Charles River retired breeder rats are typically 6-12 months of age. Rats were
caged in pairs, in a temperature-controlled room, with a 12-hour light/dark cycle, and
were provided water and a standard rat diet in addition to sunflower seeds and enrichment
items. Fourteen rats underwent implant surgery (described below), then received targeted
radiation to the implant 4 weeks post-operatively. At the time of radiation, while under
anesthetic, the rodents were given a 100ug dose of experimentally active peptide, or a

scrambled control peptide (active peptide, control peptide). The peptide was delivered as
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an injection targeted under the nipple subcutaneously to the right fourth mammary fat pad
above the implant. The researchers in the study were blinded to which animals received
the active or control purposes for both the duration of the animal experimental period and
all following analysis. The endpoint of the study was pre-determined to be four weeks
post-radiation based on the previous model development, as this allowed for clinically
and histologically measurable development of capsule fibrosis. All the animals were
monitored weekly for health and weight and pre-determined criteria for removal of the
animal from the study was set in consultation with animal veterinary services at Western

University.

Female Retired Breeder Sprague-Dawley Rats (14 total)
Day 0: SURGERY
Mini-silicone implants — RIGHT 4% mammary fat pad
Sham surgery — LEFT 4t Mammary fat pad

4 weeks RECOVERY

NP-110 PEPTIDE QA CONTROL PEPTIDE
(7 Animals) Day 28: RADIATION (7 Animals)

% ‘ Blinded injection immediately prior %
% @ 26Gy to RIGHT 4" mammary fat .‘; @
— pad and implant (s

\ 4 weeks RECOVERY

Day 52: EUTHANASIA
Harvest RIGHT 4" mammary fat pad,
capsule and implant

Figure 1. Overview of timeline for animal experiments. All animals undergo surgery at
day 0, recover for 4 weeks and then are injected with either active peptide NP-110 or

scrambled control peptide to the 4th mammary fat pad prior to radiation with 26Gy.
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3.2 Surgery Protocol

Surgery was conducted at the LRCP VRL animal facilities. Animals were induced
isoflurane gas anesthesia in an induction chamber. Once sedated the animals were
transferred to a warmed operating table and maintained via a nose cone with isoflurane
gas for the surgery (Figure 2). Animals were administered a single dose of Meloxicam (1-
2mg/kg) subcutaneously while under anesthesia prior to operative positioning. Rats were

positioned supine on a warming pad and limbs secured in position with tape. Lubricant

was used to protect the eyes. Temperature was then measured. Hair over the 4t set of
mammary fat pads was then clipped in a 2cm diameter centered around the nipple. Skin
was prepped with antiseptic scrub (chlorhexidine) followed by alcohol wipe and then
final application of antiseptic solution (betadine). This procedure was repeated twice

prior to incision. On the right and left side, an incision was made through the skin and

subcutaneous tissue below the 411 mammary fat pad, a pocket was then dissected below
the fat pad with scissors (Figure 2). On the right side, a 2cc custom “mini” cohesive
silicone gel implant (Mentor, Johnson&Johnson) was placed in the pocket after being
irrigated with betadine. Dimensions of the implant are 2cm diameter and 1cm projection
(height) (Figure 3). On the left side, no implant was placed (sham surgery). The incisions
on both sides were then closed with an absorbable 5-0 vicryl suture and secured with skin
glue. Animals were then administered oxygen vis nose cone until awoken from
anesthesia and then transferred to a clean bed for recovery. Once appropriately recovered,

animals were transferred back to their regular caging.



Figure 2. Incisions made under the right and left 4th fat pads (A) with demonstration of
the sub glandular pocket that was developed (B) and insertion of the implant into the

implant pocket after irrigation with betadine solution (C).

20
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Figure 3. “Mini” cohesive silicone gel implants supplied by Mentor/J&J. Base diameter

is 2cm, and projection of the implants is 1cm.

3.2.1  Post-Operative Monitoring

Animals were monitored daily for the first 7 days post-operatively and then weekly
thereafter. Weight was recorded along with recording body condition score and a
standardized scoring template for behavior, appearance, activity, and dehydration and
pain. The surgical site was also examined and assessed site for complications. The
implant was examined weekly for evidence of capsular contracture and given a Baker
grading score using the criteria described in Table 1 below. In our study we scored Baker
grade from 1-3 as a grade 4 contracture requires pain to be present, and could therefore
not be accurately assessed in our model. All assessments were performed by K.

Minkhorst or N. Lewandowski.
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Table 1: Baker grading score for implant capsular contracture®,

Baker Grade Description
I Soft, mobile implant
II Implant is palpable but not visible
I Implant is easily palpable, and visible
v Implant is hard, distorted, and painful

3.3 Peptide Preparation and Delivery Protocol
3.3.1 Peptide Preparation

The NP-110 active peptide and scrambled control peptide were prepared in the Luyt lab.
The active peptide sequence is Ac-KLKDENSQLKSEVSK-NH: and has been previously
verified to prevent RHAMM signaling. The scrambled control peptide, identified as NP-
0111 by the Luyt lab contains the same amino acids as the active NP-110 in alternate
sequences with an identical molecular weight which were verified using mass
spectrometry. The exact mass was provided labelled on the vial. The peptides were stored
in the -80 degree Celsius freezer during the study period. The peptide was prepared for
injection by dissolving of 1000ug peptide in 1000uL Hank’s Solution using sterile
technique to create a final dilution of 1ug/uL. The prepared peptide was stored in the -80

degree Celsius freezer until use.

3.3.2 Blinding

Prior to peptide preparation, the vials were labelled A and B by an individual not
involved in any experiments or analysis. All individuals involved in any experiments, and
analysis were kept blind until the completion of all experiments and data analysis. Once
at the study endpoint, the investigators were unblinded to which group received the active

peptide NP-110 and which group received the scrambled control peptide.
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3.3.3 Peptide Injection

Animals were first induced using isoflurane as per our SOP. Once a deep anesthesia was
achieved, the animals were transferred to the radiation platform, and placed supine with a
nose cone for maintenance anesthesia. The skin over the right mammary fat pad was
prepped with an alcohol swab and 100uL of peptide solution was injected subcutaneously
in the mammary fat pad directly under the right 4" nipple. Care was taken to deliver the
peptide directly into the fat pad without violating the implant pocket. This was done by
using tweezers to lift the right 4™ nipple and tent up the skin. The 30g needle was then
introduced under the nipple into the fat pad until the bevel was subcutaneous (Figure 4).
A total of 100uL of peptide solution was injected for a dose of 100ug of active NP-110 or
control scrambled peptide. Odd numbered animals received the peptide labelled ‘A’

(group A) and even numbered animals received the peptide labelled ‘B’ (group B).
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Figure 4. Injection of peptide solution into the right 4th mammary fat pad of 100uL, for a

100ug dose, directly under the right 4th nipple taking care to not violate the implant

capsule.

3.4 Radiation Protocol

Radiation was conducted under the supervision of an experienced medical physicist, Dr.
Eugene Wong, in the London Regional Cancer Centre using a clinically active
orthovoltage unit. A total of 26 Gy was delivered in one session. 13Gy was delivered
from the right side and 13Gy from the left side, targeted to the implant and overlying
right 4" mammary fat pad. No radiation was delivered to the left 4" mammary fat pad
“sham surgery” side. After peptide injection was complete, the animals were positioned
prone on the custom 3D printed ‘Rat-form” which allowed for only the implant, and
overlying fat pad and skin to be in the radiation field (Figure 5). The body of the rodent
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was shielded with a lead shield. A 3cm cone was attached to the orthovoltage radiator and
was placed directly in contact with the side of the radiation cage. The implant and
surrounding tissue were centered in the middle of the cone. A tester film was also placed
on the far side of the cage for some of the animals, which turns dark when exposed to
radiation, to ensure the beam was penetrating effectively (Figure 6). Each side of the right
4™ mammary fat pad and implant received 3360 MU which corresponded to 13 Gy dose.
This was done in two sessions one from the left lateral position of the animal, and then
the cage was flipped and the second dose was received from the right lateral aspect of the
animal, for a total of 26Gy. The penetration of the Orthovoltage unit is approximately 4-
6cm, which is well above the span of the 2cm implant and therefore appropriate to
penetrate for this study. The total session took approximately 12 minutes per side of
radiation time, for 24 minutes total. The animals were monitored for breathing and signs
of movement during the entire session using video monitors. Post-radiation, animals
temperature was recorded and were recovered in individual cages to ensure safe recovery

from anesthesia.
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Figure 5. Positioning of a rodent on the 3D printed “Rat-form” showing the targeting of
the Orthovoltage unit 3cm cone centered at the implant and fat-pad which lies below the

rest of the rats body highlighted by the yellow circle (B).
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Figure 6. Radiation film post-radiation showing the radiated field. The top portion shows
no penetrance at the shielded area from the lead. The red dashed line highlights the
decreased penetrance on the film from the area of the implant and fat pad that was

radiated compared to the rest of the field that was empty under the “Rat-form”.

3.4.1 Post-Radiation Monitoring

Animals were monitored daily for the first 7 days post-radiation and then bi-weekly
thereafter. Weight was recorded along with recording body condition score and a
standardized scoring template for behavior, appearance, activity, and dehydration and
pain. The surgical site was also examined and assessed site for complications. The
implant continued to be examined bi-weekly and scored using the Baker grade scale
(Table 1). The animals abdomen was also examined and scored using the Kumar Score
for radiation skin changes seen in Table 2. All assessments were performed by K.

Minkhorst or N. Lewandowski.
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Table 2. Kumar Score for radiation skin damage®®.

Kumar Score Skin Changes

1 No effect

1.5 Minimal erythema, mild dry skin
2 Moderate erythema, dry skin

2.5 Marked erythema, dry desquamation
3 Dry desquamation, minimal dry crusting

3.5 Dry desquamation, dry crusting, superficial minimal scabbing
4 Patchy moist desquamation, moderate scabbing

4.5 Confluent moist desquamation, ulcers, large deep scabs
5 Open wound, full thickness skin loss

5.5 Necrosis

3.5 Tissue Collection
3.5.1 Tissue Harvest

At four weeks post-radiation, the animals were euthanized with isoflurane overdose per
SOP protocol. A final weight, photo of the area, and Baker score was recorded. The right
4" mammary fat pat, implant and capsule were dissected and removed en block to
preserve local tissue architecture using a 15 blade. The left 4" mammary fat pad was also
harvested at the time of dissection for possible future studies. All tissue was placed in
10% neutral buffered formalin (NBF) immediately after harvest for fixation. Animals

were disposed of as per animal care protocol.

3.5.2  Tissue Processing

The en bloc tissue sample containing the implant, capsule and fat pad were fixed in 10%
NBF and then processed using serial dehydration by the Lawson department histologist,
Carl Potenska. The left sham surgery mammary fat pads were also dissected en bloc

using the mammary artery and 4™ nipple as landmarks. The fat pad was placed in 10%
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NBF for fixation. These samples were then embedded in paraffin wax with the implant in
situ. These provisional blocks were sectioned, then the implants were removed and the
area remaining was filled with paraffin. The blocks were re-heated and cooled twice to
promote integration of the paraffin. Therefore, the structure of the capsule around the

implant was preserved. Sections were taken at 10 microns and transferred to slides.

The left sham surgery mammary fat pads were fixed in 10% NBF and then processed
using serial dehydration by the Lawson department histologist, Carl Potenska. These
samples were then embedded in paraffin wax for preservation, however for the purposes
of this thesis, no sections were taken as the studies are focusing on the implant and

capsule side.

3.6 Tissue Histology

All histological stains are performed on sections taken from the implant capsule and right
4™ mammary fat pad tissue.

3.6.1 Hematoxylin and Eosin

Tissue sections were stained with Hematoxylin and Eosin (H&E). Sections from all
animals in the study were included. Two slides per animal were stained, one superficial
and one deeper section. Image acquisition was conducted using an Aperio ImageScope,
(Leica Microsystems, Buffalo Grove, Il, USA) and associated software was used to
capture images of each slide. One image of the entire slide, and a representative image of

the capsule at 10X magnification were taken.

3.6.2 Masson’s Trichrome

Tissue sections were stained for collagen using Masson’s Trichrome (Cat # HT15-1KT,
Sigma-Aldrich, Darmstadt, Germany). Five sections of the implant side (right) at varying
depths were stained for each animal in the study. Image acquisition was conducted using
an Aperio ImageScope, (Leica Microsystems, Buffalo Grove, Il, USA) and associated

software was used to capture images of each slide. Images of the entire slide, as well as
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four randomly selected images at 10X magnification were taken of areas that contained
capsular tissue and adjacent fat pad. If there was damaged tissue, overlapped tissue, or
the area was not properly focused, another area was chosen. Masson’s trichrome
highlights collagen fibers, with collagen staining blue. Increased blue staining indicates

greater collagen content in the tissue sample.

Image analysis was carried out using ImageJ software (U.S. National Institute of Health,
Bethesda, Maryland, USA). Images were de-convoluted using the pre-programmed
function for Masson’s Trichrome and the image selecting for blue pixels was used. The
polygon function was used to select for the area containing capsular tissue. The size of
the area containing capsular tissue and the mean grey value of this area was measured.
The mean grey value for 20 regions of interest (ROIs) for each animal were averaged,
with higher grey values corresponding to more stain uptake, and thus higher collagen

content.

3.6.3 Picrosirius Red

Tissue sections were stained for collagen using Picrosirius Red Staining Kit (Cat # 2490-
250, Polysciences, Warrington, PA) with the help of the Molecular Pathology Lab at
Robarts Research Institute. Five sections at varying depths of the implant side (right) per
animal were stained. Slides were examined under polarized light and four ROIs at 40X
magnification were taken of each slide, focusing on capsular and adjacent mammary fat
pad. Abrio 2.2 (Cri, Woburn, MA, USA) software was used for image acquisition.
Images were captured by a blinded assessor and saved in Pseudocolor format.

Analysis was carried out using ImageJ software (U.S. National Institute of Health,
Bethesda, Maryland, USA). Under polarized light, there is differing birefringence colours
that are dependent on collagen fiber thickness and alignment. Increasing fiber thickness is
observed through changes in colour from blue to yellow to orange to red. Thus,
expression of red, or denser collagen bundling in the tissue is typical of fibrosis. The
image was split into channels using the RGB stack function and the red channel was
selected. The threshold function in ImageJ was used and the threshold was set to 220-255

to capture red stained tissue. The polygon function was then used to outline the area
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containing capsular tissue. The percentage of the area selected containing red pixels as
detected by set threshold was measured. The percent area for 20 ROIs per animal were

averaged.

3.7 Immunohistochemistry

The TGFB and aSMA immunohistochemistry staining of the capsule tissue was
performed following a 3-day protocol. For each antibody, 42 slides were stained (3 for
each animal). On day 1, the tissue was first de-paraffinized and rehydrated. A 15-minute
xylene wash was used to remove paraffin, followed by a second 15-minute xylene wash
to account for any remaining paraffin. Next, a 10-minute wash in 100% ethanol removed
the xylene, followed by a 10-minute wash in 95% ethanol, and then a 10-minute wash in
70% ethanol to dehydrate the specimen. The tissue was then placed in distilled water for
5 minutes to rehydrate. Finally, 1x TBS (or 1x PBS) was used to wash the specimen for 5
minutes. Antigen retrieval was performed using 10mM sodium citrate titrated to a pH of
6.0. The solution was prepared using 1.47g of sodium citrate and 400mL distilled water.
pH was adjusted to 6.0 using HCL and then the solution was brought to a volume of
500mL using distilled water. Antigen was retrieved by microwaving the tissues on power
level 10 for 3 minutes, then on power level 5 for 5 minutes, and then on power level 3 for
8 minutes. The slides were then cooled for 30 minutes and afterwards, washed in 1x TBS
for 10 minutes. Afterward, the slides were blocked with 3% BSA diluted in 1x TBS (or
1x PBS) for 1 hour. The BSA was prepared by dissolving 3g of albumin in 100mL of 1x
TBS (or 1x PBS). The tissue on each slide was then encircled with wax and 50uL of
primary antibody was pipetted onto it. The primary TGF beta 1 antibody used was
Abcam Recombinant Anti-TGF beta 1 antibody (Cat # ab215715, Abcam, Bristol, United
Kingdom) and the aSMA antibody used was Abcam Recombinant Anti-alpha smooth
muscle Actin antibody (Cat # ab124964, Abcam, Bristol, United Kingdom). Both
primary antibodies were diluted in 1 x TBS at a concentration of 1:100uL. The slides
were then left overnight in tinfoil humidifiers in a 4 degrees Celsius fridge. On day 2, the
slides were washed in the 1 x TBS (or PBS) solution for 10 minutes. Next, the tissues

were re-surrounded by wax and 50uL of secondary antibody diluted in 1 x TBS at a
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concentration of 1:100uL was pipetted onto each. The secondary antibody used was
Invitrogen Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 488 (Cat # A-11034, Thermo-Fisher, Waltham, MA, USA). Slides were
then incubated in the tinfoil humidifiers at room temperature for 2 hours, followed by a
10-minute wash in 1 x TBS (or PBS). Finally, 2-3 drops of Invitrogen™ ProLong™ Gold
Antifade Mountant (Cat # P36930, Thermo-Fisher, Waltham, MA, USA) with DNA
Stain DAPI (Cat # D1306, Thermo-Fisher, Waltham, MA, USA) were added to each
slide and coverslips were applied, making sure to eliminate air bubbles. Slides were then
stored in the tinfoil humidifiers at room temperature for next-day imaging. The slides
were imaged on day 3 of the protocol using the Olympus Fluoview microscope and

associated Fluoview computer program (Olympus, Shinjuku City, Japan).

3.8 Biochemical Assays

The second method of quantifying fibrosis in the tissue samples was through tissue
hydrolysis assays for hydroxyproline (Cat # ab222941, Abcam, Bristol, United Kingdom)
and total protein (Cat #QZBtotprotl, Quickzyme Biosciences, Leiden, Netherlands). The
amount of hydroxyproline in a tissue sample was used as a measurement of collagen, and
standardized against the amount of total protein in the sample to account for any
difference in the amount of tissue in each of the hydrolysates. A higher ratio would

indicate higher collagen content and thus, more fibrosis.

Tissue samples were prepared and hydrolyzed using 6N HCI and heated for 16 hours and
95 degrees Celsius. Twenty-five 10uM sections from the right 4™ implant capsule and
mammary fat pad from each animal in both groups were used. The stock hydrolysate
solution was centrifuged at 13 000 rpm for 10 minutes to separate it from the paraffin
wax, and the resulting supernatant was pipetted into an Eppendorf tube. The stock
hydrolysate was serially diluted using 6N HCI. A test assay was run with the standard to
pick a dilution that fit within the standard curve. The dilution that best fit within the curve
was 1/16 for both the hydroxyproline and total protein assays. Six technical replicates

were run per sample.
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Standards were prepared according to manufactures instructions. The standards and
experimental sample assays were run in 96-well plates, and absorption was read at 570nm
and 560nm for total protein and hydroxyproline respectively using Biotek plate reader
Synergy HTX (Biotek Instruments, Winooski, Vt, USA). The standard curve was then
used to calculate the concentration of hydroxyproline (ug/uL) and total protein (mg/mL)
per well. The average concentrations of the technical replicates were calculated,
excluding any outliers. The average for each animal were then used to calculate the
overall ratio of hydroxyproline to total protein for each sample.
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Chapter 4
4  Results

4.1 Qualitative Outcomes

Fourteen female retired breeder Sprague-Dawley rats were included in the study. All the
animals were similar in size, with weight ranging from 2859 to 390g with an average
weight of 332g. Animal 9 was noted to have a soft tissue mass to the right upper limb.
We consulted with the veterinary team as per VRL protocols, and their team deemed it to
be acceptable to be monitored without removing the animal from the study. The mass
was monitored throughout and remained similar in size and shape, was soft and mobile,
and did not impact function or movement of the rodent. It was at a distance from the
operative and treatment site. Therefore, this animal was included in the study to the
endpoint. There was no loss of animals during our study due to complications from

surgery, radiation or other illness.

Surgery was completed as per protocol without any complications. All animals were
monitored post-operatively, and there were no infections, wound healing issues, or other

late complications.

At the time of radiation, there was a mechanical issue with the anesthetic machine, which
failed during radiation of animal 3 (NP-110 group). Due to this failure, animal 3 only
received a partial dose of radiation from the left side, and the protocol had to be aborted
early. We continued to monitor this animal to the end point but removed the data from
analysis due to incomplete radiation treatment. All other animals completed radiation

without any complications.

In terms of qualitative assessment, all animals healed well from surgery and all implants
were soft and mobile, Baker grade 1, prior to radiation (Table 3). One-week post-

radiation, there were some mild radiation changes noted, however all implants remained
Baker grade 1 (Table 3). At four weeks post-radiation, radiation changes as assessed by

Kumar score, and Baker’s grade increased for all animals (Table 3 and 4).
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All animals in the control peptide group developed a grade 3 contracture, whereas two
animals in the NP-110 group developed only grade 2 contracture following radiation
treatment. Grade 2 contractures were qualitatively a more visible implant on the animal’s
abdomen, which had decreased mobility compared to pre-radiation. Grade 3 contractures
were those with a more visible implant, which had significantly decreased mobility
compared to pre-radiation. As seen in the representative images in Figure 7, post-
radiation week 1 and 2 showed minimal change in both groups. By week 3 and 4 post-
radiation, there was more significant hair loss, desquamation and ulceration in some
animals. By the endpoint, the animals in the control peptide group had more visible
contractures overall compared to the NP-110 group (Figure 7). All radiated animals had
some skin changes and hair loss, as evaluated by Kumar score (Table 4) However, on
average the Kumar score of the NP-110 group was lower than the control peptide group,
although this result was not significant (Figure 8). At the time of tissue harvest, it was
also noted that the animals in the control peptide group were more difficult to dissect, as
the capsule was more adhered to the surrounding tissue, especially on the muscular layer.

The left contralateral mammary fat pad sham surgery incisions healed well. Some of the
animals had some central hair loss, however this was minimal. There was no visible skin
redness or ulceration on the left side. Therefore, this indicates mild radiation effects
outside of the field targeted for radiation. However, these effects were mild, and the
significant changes were all seen within the targeted area of the right 4" mammary fat

pad and implant.



Table 3. Baker grade for all animals in the study pre-radiation, post-radiation week 1,

and post-radiation week 4 at the endpoint.

Treatment Animal Pre- Post-Radiation Post-Radiation
Group ID Radiation Day 7 Week 4

1 1 1 2

5 1 1 3

7 1 1 3

NP-110

9 1 1 2

11 1 1 3

13 1 1 3

2 1 1 3

4 1 1 3

6 1 1 3
Control Peptide 8 1 1 3

10 1 1 3

12 1 1 3

14 1 1 3




Table 4. Kumar score for all animals in the study pre-radiation, post radiation week 1,

and post radiation week 4 at the endpoint.

Treatment Animal Pre- Post-Radiation Post-Radiation
Group 1D Radiation Day 7 Week 4

1 1 1 2

5 1 1 3

7 1 1 3

NP-110

9 1 1 2

11 1 1 3

13 1 1 3

2 1 1 3

4 1 1 3

6 1 1 3
Control Peptide 8 1 1 3

10 1 1 3

12 1 1 3

14 1 1 3



NP-110 (Animal 7) Control Peptide (Animal 4)
NSV A RN TN

Figure 7. Implant site pre-radiation in animal 7 (NP-110) and 4 (control peptide) at A,
one week post-radiation, B; two weeks post radiation, C; three weeks post radiation and

D; four weeks post radiation (endpoint).
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Figure 8. Average Kumar scores for animals in the NP-110 and control peptide groups at
the end of the study period (4 weeks post-radiation), p=0.462 using Mann-Whitney U

test.

4.2 Masson’s Trichrome

The tissue was embedded with the implant in-situ. It was then removed, and the cavity
filled with paraffin. This technique allowed the tissue architecture to be preserved and
for the capsule to be easily visualized (Figure 9). As seen in Figure 9, decreased
Masson’s Trichrome blue staining were observed in the samples from the NP-110 treated
group compared to control (Figure 9 & 10). This was evident in both low power images
of the entire capsule as well in the high power (10X magnification) images where the

thickness of the capsule can be clearly defined (Figure 10).

Quantification of blue stained pixels from Masson’s Trichome-stained slides in
specifically selected capsule tissue using ImageJ software measured significantly lower
staining in the NP-110 group, 107.23 mean gray value, compared to the control peptide,
174.93 (p<0.001) (Figure 11). The higher the mean grey value, the darker the pixels
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stained in the sample, which can be measured from a range of 0-255. Therefore, when
compared to the animals treated with the control peptide, those that received NP-110

went on to develop capsules with significantly less collagen.

Shapiro-Wilk analysis of the Masson’s trichrome quantification data for both groups was
non-significant, therefore indicating the data is normally distributed. Levene test for
homogeneity was also non-significant for all groups. Therefore, analysis performed

between the groups used was an independent two-tailed T-test.

NP-110 Control Peptide

Figure 9. Representative images of paraffin embedded sections of entire capsule and fat
pad specimen post sectioning from animal 1 from the NP-110 group (left) and animal 6

from the control peptide group (right). Stained with H&E (top) and Masson’s trichrome

(bottom).



41

Figure 10. Representative images of implant capsule stained with Masson’s Trichrome at
10X magnification. Capsules from the NP-110 group are thinner with less stain (left)

compared to the control peptide groups (right).
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Figure 11. Mean grey value of capsule samples, selecting for blue Masson’s trichrome
staining for collagen using ImageJ software. Higher mean grey value indicates increased
darkness of stain uptake from the sample and therefore increased collagen. There was
significantly increased collagen stain in the control peptide group compared to the NP-
110 group (p=0.004).

4.3 Picrosirius Red

Picrosirius red, under polarized light microscopy, detects collagen, with increased red
staining indicating increased density of collagen bundling. The images from Picrosirius
red staining, qualitatively appeared to have decreased red levels and decreased thickness

of capsules from the NP-110 group compared to the control peptide group (Figure 12).

When measured quantitatively using ImageJ software, the NP-110 group had

significantly lower precent area of red pixels in the capsule tissue, 11.62%, compared to
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the control peptide group, 21.13% (p<0.001) (Figure 13). Therefore, the animals that
were treated with the NP-110 peptide immediately prior to radiation had less densely

bundled collagen compared to the control peptide group.

Shapiro-Wilk analysis of Picrosirius red data from both groups were non-significant,
therefore indicating the data is normally distributed. Levene test for homogeneity was
also non-significant for all groups. Therefore, analysis performed between the groups

used was an independent two-tailed T-test.
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Figure 12. Representative images of implant capsule stained with Picrosirius red at 40X
magnification. Capsules from the NP-110 group are thinner with less stain (left)
compared to the control peptide groups (right).
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Figure 13. Percent of red pixels per area of capsule samples, selecting for area of the
capsules using ImageJ software. Higher percent red pixels indicates increased Picrosirius
red stain from the sample and therefore increased collagen deposition and bundling.
There was significantly increased red staining in the control peptide group compared to

the NP-110 group (p<0.001) when calculated with an independent two-tailed T-test.

4.4 Hydroxyproline Assay

The hydroxyproline and total protein assays were completed using tissue scraped from 25
slides which include both the capsule and fat pad tissue from the specimen. The ratio of
hydroxyproline (ug/well) to total protein (ug/well) in the sample was calculated which
serves as a surrogate measurement of the ratio of collagen in the sample compared to
other proteins in the tissue, and therefore a higher ratio indicates increased collagen levels
in the sample. In the analysis, there was no significant difference between the NP-110
group with a ratio of 0.021, compared to the control group of 0.020 (Figure 14).
However, there was a high standard deviation in the NP-110 group of 0.007 compared to

0.002 for the control group.
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Shapiro-Wilk analysis of all assay data were both non-significant, therefore indicating the
data is normally distributed. However, the NP-110 group and control peptide group
Levene test for homogeneity was significant. Therefore, a Mann-Whitney U test was used
for any comparisons with these two groups.

0.035

0.03

0.025

0.02

0.015

0.01

Ratio OHP/Total Protien

0.005

NP-110 Control Peptide

Figure 14. Ratio of the amount of total protein (ug/well) to hydroxyproline (ug/well) in
the NP-110 and control peptide groups capsule + fat pad tissue. There was no significant

difference between the NP-110 and control peptide groups (p=0.652).

4.5 Transforming Growth Factor Beta 1 (TGFB1)

Sections of capsule and adjacent fat pad tissue were stained for TGFB1 using
immunofluorescence, which stains the protein of interest green, to evaluate the levels of
this pro-inflammatory cytokine at the endpoint of the study. As seen in Figure 15, TGFB1
levels are increased in the capsular tissue compared to the surrounding tissue. When the
amount of staining was quantified using ImageJ software, there was decreased staining in

the NP-110 group compared to the control peptide group, however, this did not reach
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statistical significance (Figure 16). When comparing the level of TGFB1
immunofluorescence in the mammary fat pad tissue, there was no significant difference

between groups.

Shapiro-Wilk analysis of TGFB1 capsule and fat pad data were both non-significant,
therefore indicating the data is normally distributed. However, the Levene test for
homogeneity was significant for both the capsule and fat pad data sets. Therefore, a

Mann-Whitney U test was used for any comparisons.
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NP-110 Control Peptide

Figure 15. Representative images of TGFB1 immunofluorescence staining of the capsule
tissue (A&C) and mammary fat pad (B&D) from an animal treated with NP-110 (A&B)
and control peptide (C&D) at 40X magnification. TGFB1 is seen in green with DAPI to

stain the nuclei blue.
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Figure 16. Mean grey value after selecting for green pixels in ImageJ from TGFB1

immunofluorescence of capsule tissue, p=0.592 using Mann Whitney U test.
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Figure 17. Mean grey value after selecting for green pixels in ImageJ from TGFB1
immunofluorescence-stained slides of mammary fat pad tissue, p=0.286 using Mann
Whitney U test.

4.6 Alpha Smooth Muscle Actin (aSMA)

Sections of capsule tissue were stained for aSMA, a protein expressed by contractile
myofibroblasts using immunofluorescence. As seen in Figure 18, aSMA levels are
increased in the capsular tissue adjacent to the implant where the myofibroblast are
concentrated. When the amount of staining was quantified using ImageJ software, there
was decreased staining in the NP-110 group compared to the control peptide group,
however, this did not reach statistical significance (Figure 19).

Shapiro-Wilk analysis of aSMA data was non-significant, therefore indicating the data is
normally distributed. However, the Levene test for homogeneity was significant.

Therefore, a Mann-Whitney U test was used for any comparison between groups.
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NP-110 Control Peptide

Figure 18. Representative images of aSMA immunofluorescence staining of the capsule
tissue from NP-110 (left) and control peptide (right) treated animals at 40X

magnification. aSMA is seen in green with DAPI to stain the nuclei blue.
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Figure 19. Mean grey value after selecting for green pixels in ImageJ from aSMA

immunofluorescence of capsule tissue, p=0.103 using Mann Whitney U test.
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Chapter 5

5 Discussion and Conclusion

The main objective of this thesis is to use the novel model for radiation-induced capsular
contracture developed by T. DeLyzer et al, to evaluate the role of RHAMM in the
development of capsule fibrosis using the RHAMM function-blocking peptide mimetic,
NP-110. The role of RHAMM in the development of capsular contracture has not yet been
elucidated. We aimed to identify if this pathway is playing a role in the pathogenesis of
this common complication of implant-based breast reconstruction. We demonstrated that
the rats treated with NP-110 scored lower on clinical assessment scales of radiation induced
skin changes and capsule fibrosis. Furthermore, the capsules from the NP-110 treated
group had significantly lower collagen deposition and less-dense bundling than the control
peptide group on two histological stains. There was no significant difference in the NP-110
compared to control peptide groups for hydroxyproline analysis of both the capsule and fat

pad tissue.

Overall, the use of NP-110 showed a reduction in capsule fibrosis in a novel model of
radiation-induced implant capsular contracture. Therefore, these results provide evidence
that the RHAMM pathway is involved in the pathogenesis that leads to capsule fibrosis.
Overall, this identifies the RHAMM pathway as a potential target for non-surgical therapies

to prevent or reduce capsular contracture.

5.1 Objective 1 Discussion

Replicate the previously developed rodent model for radiation-induced implant capsular
contracture using the standardized procedures as outlined in the thesis work of T. DeLyzer
et al. with the addition of injection of NP-110 or a scrambled control peptide to the

mammary fat pad.

We followed the model outlined by DeLyzer et al with the addition of the peptide injection
immediately prior to radiation®®. The model proved to be straightforward to replicate, with
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the primary operator of this study being a junior surgical trainee (K. Minkhorst), compared
to an experienced staff plastic surgeon (T. DeLyzer). Despite this, the surgery time
remained low, of around 15 to 20 minutes of operative time, and an overall time of 35 to
45 minutes including induction and recovery of each animal. The operative procedure was
set up with two assistants, (T. DeLyzer and N. Lewandoski), one as an operative assistant
and the other who documented and observed the animals during recovery to allow for
continuing to the next animal as the previous one recovered. Overall, all animals in the
study were able to be operated on two morning sessions making this quite reasonable for

investigators and animal facility resources.

The timing and method of peptide injection was decided on for both practical reasons and
based on previous study. Truong et al also used a one time of 100ug of NP-110 peptide
and found significant reduction in the radiation-induced fibrosis of rodent mammary fat
pads, which became the rationale for the dosing in this study®*. One difference was that we
did not inject at post-radiation day 1, but instead immediately prior to radiation. This was
chosen as the animals were already under anesthesia for the radiation protocol, and this
reduced the need for a separate induction and anesthetic exposure for the peptide injection,
reducing the risk of harm to the animals and reducing time and resource requirements for
the investigators. Furthermore, the injections were done by landmarking to the right 4%
nipple and performing a subcutaneous injection, which was not confirmed by ultrasound
guidance as done by Truong et al®*. Despite this change, our study still showed a significant
reduction in capsule fibrosis in the NP-110 group, suggesting our dosage, timing, and
delivery method were effective. By eliminating the use of ultrasound guidance we
simplified the protocol to make it more accessible to other researchers for replication, and
in the clinical setting, that a simple subcutaneous injection may be an appropriate delivery

method.

The radiation protocol for this study was modified slightly from DeLyzer et al, as the unit
that was used in their study was no longer in service at our institution. Instead, we used a
clinically active Orthovoltage unit, to deliver a 26Gy dose of ionizing radiation in a single
session. Despite this change, we did still see significant radiation changes clinically and

histologically. Previous models of radiation induced capsular contracture have used doses
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ranging from 10Gy to 35Gy, to varying degrees of capsule fibrosis and harm to the
experimental animals3/°>658 In our teams experience, both in the development of Troung
et al and DeLyzer et al models, the 26Gy dose was sufficient in producing significant

radiation-induced fibrosis without systemic illness in the experimental rats.

Finally, we used the timeline devised by DeLyzer et al of radiation four weeks post-
operatively and the endpoint of the study four weeks post radiation®. This timepoint was
chosen based on the rat lifespan, which is approximately 3 years, with one human year
being the equivalent of two to six weeks®’. Most patients who undergo breast
reconstruction with implants develop capsular contracture within a year post-surgery or
post-radaition®®°. Previous animal models have also shown significant changes in the
implant capsules by post-radiation week three?’. Therefore, this timeline has been proven
to be sufficient to show significant change in the implant capsules post-radiation, while

still allowing for researchers to conduct studies in a timely fashion.

5.1.1 Conclusions and Limitations of Objective 1

The overall goal for the first objective of this thesis was to replicate the previously
developed model of radiation-induced implant capsular contracture with the addition of an
experimental agent. The previously developed model proved easy to replicate and therefore
further enforces the previous work of DeLyzer et al that this model is an effective tool in
the study of capsular contracture. The efficiency of the team was supported by the fact that
the main operator (K. Minkhorst) was the primary assistant in the previous experiments,
however, there was an interval of two years between the previous study and the current
thesis work. Therefore, it is concluded that the procedure is straightforward and easily
replicable, especially considering it was easily completed by a junior surgical trainee (K.

Minkhorst) although developed by an experienced staff plastic surgeon (T. DeLyzer).

This model was developed by DelLyzer et al, and has the advantage of mimicking the
location of the implant in the mammary region instead of other models which typically
place the implant dorsally*®%"%,  This provides the implant with a similar
microenvironment of the location of implant placement in patients, however there still are

some important differences. Firstly, we did not remove the mammary fat pad, which would
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not mimic the post-mastectomy tissue trauma in this patient population. Secondly, typically
in implant-based reconstruction the implant is place sub-pectoral with acellular dermal
matrices to support the implant®. There are some animal models that use other anatomic
areas of to mimic the submuscular placement, such as under the latissimus dorsi muscle®.
However, as it is the dorsal region with no nipple, or other relevant structures, it is not a
perfect model either. Researchers must choose to make compromises in their model choice
as the abdomen musculature cannot be used to make a sub-muscular pocket as the implant
would then be intra-peritoneal. For the purpose of this thesis, we chose to prioritize the
mammary tissue-microenvironment over the sub-muscular implant placement. Therefore,
the current model is a useful addition to those that exist, as it helps to increase the overall

knowledge of capsular contracture pathogenesis.

Another limitation of this work is the use of a different radiation unit from the protocol
described by DeLyzer et al and our current study. We used a clinically active Orthovoltage
unit designed for radiating skin cancers primarily, whereas in the previous project a
decommissioned clinical linear accelerator that was designated for research use was used.
This could have affected the penetrance of the radiation, as orthovoltage units are typically
used to treat superficial cancers, such as skin cancer, due to their decreased penetration into
the tissue compared to liner accelerators®2. This may explain why the animals in our study
did have more hair loss and skin changes compared to the previous study®®. However, as
the implant and fat pad are superficial structures in the rodent abdomen, and we saw
significant fibrosis in our experiments, we can conclude that the dose of 26Gy from
orthovoltage radiation is sufficient to induce capsular contracture in this model.
Additionally, this finding may provide reassurance to other researchers that they can use
this model with whichever radiation unit their institution has available, either a linear

accelerator or an orthovoltage unit, will still produce measurable capsule fibrosis.
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5.2 Objective 2 Discussion

Evaluate the effect of local NP-110 injection into the mammary fat pad tissue on implant
radiation-induced capsule fibrosis compared to an inactive control peptide, radiation

alone, and non-radiated capsules.

Qualitatively, we saw an increase in capsule fibrosis as well as radiation induced skin
changes in all animals post-radiation. This effect was somewhat reduced in the NP-110
group compared to the control peptide. Similarly to the results seen from Truong et al and
DeLyzer et al, the skin changes were relatively mild and no systemic injury from radiation
to the animal was observed®*°8, All of the animals in our study did develop at least grade
2 implant capsular contracture, with all the animals in the control group developing grade
3 contracture. Although this scale was developed for human patients with implants, the
decreased mobility of the implant and increased implant visibility are hallmark features of
capsular contracture®. Therefore, the inclusion of this qualitative evaluation of the implants
and capsules in our study provides some insight into what the effect of NP-110 treatment

may translate to clinically for patients, although more studies are needed.

Quantitatively, using Masson’s trichrome and Picrosirius analysis of capsule tissue, there
was significantly decreased collagen deposition and bundling in the NP-110 treated group
compared to the control peptide. Interestingly, when compared to the previous data from
DeLyzer et al, with the Masson’s trichrome analysis there was no significant difference
between the NP-110 treated capsules and the non-radiated capsules (Appendix 1)%. This
result is significant, as it shows that treatment with NP-110 not only decreases fibrosis
compared to other radiated capsules, but the degree in which it prevents fibrosis is similar
to capsules that had not been radiated. Similarly, for the Picrosirius analysis, there was
significantly lower red staining, and therefore collagen bundling in the NP-110 group
compared to the groups treated with the control peptide (p<0.001) and the group that
received radiation alone from DeLyzer et al previous study (Appendix 2). We re-
analyzed the images from the previous study, using the polygon function in ImageJ and
select for only capsule tissue. This was done for both the current and previous study in
order to control for the variability of capsule tissue, especially from DeLyzer et al slides

as an outside lab performed the image capture and there was significant variability in the
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regions of interest. In the current study, we performed the image capture as COVID-19
restrictions were lifted, which allowed for more consistency between regions of interest
captured. Although these results are in an animal model, both the Masson’s Trichome and
Picrosirius red staining are consistent that NP-110 resulted in capsules with decreased
collagen deposition and bundling of collagen fibers, compared to both those treated with
the control peptide and radiation alone. Therefore, we have also shown that the scrambled
control peptide has no activity and the NP-110 peptide which blocks RHAMM signaling
is the agent resulting in decreased capsule fibrosis. Furthermore, the dose of peptide used
in this study was adequate to prevent capsule fibrosis to a degree that these NP-110
treated capsules were similar to those that had not been radiated. This result reinforces

the importance of RHAAM as a target for prevention of capsular contracture.

RHAMM has been implicated in a number of pro-fibrotic processes, and the RHAMM
signaling pathway is a regulator in fibroblast migration and wound repair#’48:0,
Fibroblasts and myofibroblasts are abundant in implant capsule tissue, and overactivity of
these cells are believed to be implicated in the pathogenesis of capsular contracture®.
Although other studies have looked at capsule thickness, we wanted to assess not only
amount of collagen in the implant capsules but the degree of collagen bundling®®. In
human samples from capsular contracture patients, the capsules are not only thicker but
tighter around the implant, and squeeze down on the prosthesis, causing discomfort and
disfigurement®*, When there is increased collagen cross-linking, the strength of this tissue
layer increases and therefore decreases the mobility of the implant®!. Our study shows
that not only does RHAMM function-blocking peptide mimetic NP-110 reduce the
collagen deposition, but also decreases collagen bundling in the capsule. This is
consistent with previous study of radiation-induced fibrosis of rat mammary fat pads®. In
their study, Truong et al showed that NP-110 increased collagen 3 mRNA expression,
indicating that RHAMM is involved in the regulation of collagen deposition and
bundling®. Increased expression of collagen 3 isoforms has been shown to reduce tissue
rigidity, compared to increased expression of collagen 1 isoforms which is associated
with increased tissue rigidity and fibrosis®®%*. Future study using this model is needed to
analyze the expression of fibrogenic mMRNA and better characterize the effect of NP-110

on the capsule and surrounding tissue microenvironment.
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We measured TGFB1 levels in the capsule tissue and the adjacent mammary fat pad
using immunofluorescence. TGFBL1 levels were not significantly decreased in the capsule
tissue from NP-110 treated animals compared to control. There was no significant
difference between the groups in level of TGFB staining in the mammary fat pad. Truong
et al measured TGFBL1 levels in their rat model of radiated mammary fat pads using
gPCR, there was an increase in expression of TFGB1 after radiation that was decreased
in animals treated with RHAMM function blocking peptides versus control, although this
decrease was not significant®. However, the specimens were from three weeks post-
radiation, and previous work has shown that TGFB1 expression peaks within the first
week of radiation exposure'®%, Similarly, our specimens were from four weeks post
radiation, and the peak of TGFB1 expression may have passed at that point, leading to
the lack of significance in this result. Therefore, we hypothesize that there may be a link
between TGFB1 signaling and RHAMM in radiation-induced fibrosis and the
development of capsular contracture, although further experimentation is needed to better

elucidate these pathways.

TGFBL1 has been identified as a key cytokine in the promotion of myofibroblast
differentiation and survival®. In radiation tissue injury, TGFB1 is upregulated in the
extracellular matrix within hours of ionizing radiation exposure®. In a mouse model of
radiation induced fibrosis, animals were treated with ionizing radiation to the hind leg,
and those given a TGFB inhibitor had significantly decreased tissue fibrosis seen on
Masson’s trichrome staining compared to control'®. Furthermore, in a model of radiation
induced capsular contracture with Smad3 knockout mice, which is a protein downstream
in the TGFB pathway that is activated by the TGFBL1 receptor, decreased capsule
thickness and fibrosis was seen in the animals missing this downstream protein compared
to controls?. In cell tissue culture, increased RHAMM protein was detected on the cell
surface after stimulation with TGFB1, and the effect of TGFB1 induced cell locomotion
was reduced by antibodies that inhibited RHAMM signaling®’. Future study could aim to
analyze TGFB expression in the capsule and fat pad tissue at various time points post-
radiation to better elucidate the link between NP-110 and its effect on this pro-

inflammatory cytokine in the setting of capsule fibrosis.
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Similar to the findings with TGFB1, immunofluorescence staining for aSMA was
increased in the control peptide treated capsules compared to control, however was not
statistically significant. Myofibroblasts express aSMA, and increased levels of this
protein in the cells has been linked to increased contractility®®. Furthermore, exposure to
TGFBL1 increases the expression of aSMA in fibroblast cell culture®. Therefore, the
increase in myofibroblasts, and therefore contractility of the capsule around the implant
may be influenced by local inflammation and TGFB1 expression®. Similar to previous
studies, we showed expression of aSMA in capsular tissue, which was slightly decreased
by treatment with NP-110"°%. This finding validates that the composition of capsular
tissue in our animal model is similar to histological samples from human capsular tissue,
and that myofibroblasts are predominate cells among the collagen fibrils®. Although we
did not see a statically significant difference in our sample, there was high level of
variance, likely due to the heterogenous expression of myofibroblasts throughout the
capsules, and therefore a larger sample size may be required to reach statistical

significance.

The hydroxyproline to total protein ratio in the NP-110 treated capsule and fat pad tissue
was not significantly different compared to the control peptide group. This result differed
from the previous work from DeLyzer et al, where an increase in the hydroxyproline was
seen in the radiated group compared to control(Figure 20)%8. One explanation for this result
is that between the completion of the previous study and our current experiments, Biovision
changed the formulation of their hydroxyproline assay, which could affect the accuracy of
this test. Indeed, we did see an increase in the standard deviation of the samples, especially
in the NP-110 group. Furthermore, this test uses tissue scrapped from paraffin slides that
included the fat pad and capsule tissue. There was a differing amounts of fat pad tissue
present on the slides due to inconsistency in tissue orientation and sectioning, that could
have increased variability in our sample. For this reason, utilizing a different method of
evaluating the effect of NP-110 on the capsule and fat pad tissue level of collagen in the

future may provide more conclusive results.
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5.2.1  Conclusions and Limitations of Objective 2

Overall, the experiments conducted in this study provide evidence that the use of RHAMM
function blocking peptide, NP-110, significantly decreases radiation-induced capsule
fibrosis. Therefore, we conclude that the RHAMM signaling pathway may be implicated
in the development of capsular contracture, and is a target for development of possible

therapeutic agents.

Limitations of these include the lack of MRNA expression analysis to characterize the
change in transcription as a result of NP-110 treatment. Unfortunately, to preserve the
tissue architecture in our tissue processing and paraffin embedding we did not have any
tissue available for western blot or gPCR analysis. In the previous work by DeLyzer et al,
some of the capsule and fat pad sections were bisected and saved in the -80 degree
Celsius freezer, however the slides from these samples were much more difficult to orient
and assess the capsule tissue compared to the method used in our current study®®. The
hydroxyproline tissue assay was in part chosen for these studies because they could be
done using tissue scraped from the paraffin slides. However, as seen in this study there
was no significant difference between the NP-110 group and the control, and significant
variability in the samples. This could be resolved by increasing the number of technical
replicates to increase the accuracy of this test as well as possibly increase the sample size
of the animals in each treatment arms. Future experiments could include animals that
were euthanized at various time points to assess the effect of NP-110 on the tissue
microenvironment and transcriptome at various time points using other experimental

techniques.

Furthermore, although there have been previous studies that have shown a significant
effect of using NP-110 in a radiation model, there is no specific work looking at the
stability of NP-110 post-radiation>*. Therefore, it is possible there was some effect of the
radiation on NP-110 and we did not measure NP-110 levels in the tissue post-radiation.
However, there is the advantage of mimicking the possible timing and delivery of what
could be done clinically. Therefore, since we did still see a significant effect on the
capsule fibrosis of the animals treated with NP-110 we can hypothesize it is able to have

some stability and effect post-radiation. It would be useful in future studies to test the
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stability of NP-110 after radiation to better understand the feasibility of using peptide

mimetics for possible prevention of capsular contracture.

Lastly, in this protocol we only delivered a one-time dose of 100ug of NP-110 peptide. The
dose of 100ug once was based on the results of Truong et al which found this dose effective
in reducing radiation induced mammary fat pad fibrosis®*. However, other studies have
used weight-based dosing of NP-110 (3mg/kg) at multiple time points, in a murine model
of bleomycin-induced scleroderma®3. Although our results were significant, it would be
interesting to explore the effect of variable doses, as well as repeat delivery of peptide to

evaluate the effect of NP-110 more rigorously.

5.3 Significance and Future Directions

To our knowledge, this study is the first evaluation of the effect of NP-110 on implant
capsule fibrosis in a novel rodent model of radiation-induced capsular contracture. This
work builds upon previous studies in the Turley lab on the impact of RHAMM function
blocking peptides on rat mammary fat pad fibrosis. Both this previous work and our study
show that the use of NP-110 reduces radiation-induced fibrosis in a rat model®*. Therefore,
the RHAMM pathway is implicated in the pro-fibrotic process of radiation-induced capsule
fibrosis. The pathogenesis of capsular contracture is not fully understood, and this study
provides evidence that HA fragmentation and activation of RHAMM may be involved,

identifying new targets for study and possible non-surgical therapeutic development.

Capsular contracture is a common and unpredictable complication in patients who undergo
implant-based breast reconstruction post-mastectomy, especially in the context of radiation
therapy™>34 Animal models have implicated TGFB1 and SMAD signaling pathways in
development of capsule fibrosis, however the underlying molecular mechanism is not fully
undestood*®?, Furthermore, due to the ubiquitous action of these pathways, they may not
be ideal targets for the treatment or prevention of capsular contracture®®. Therefore, the
evidence that RHAMM function blocking peptide (NP-110), decreases capsule fibrosis

adds to the literature a potential new therapeutic target for the prevention of capsular
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contracture. We have also shown that local delivery of this peptide is possible via injection
into the mammary tissue using only surface landmarks and therefore is easy and quick to
deliver. However, injection of a peptide clinically may pose barriers to patient treatment in
the future, for concerns of pain, sterility and potential damage to the underlying implant.
Therefore, other routes of administration of RHAMM peptide memetics could be

investigated for feasibility and effect.

Lastly, there is much interest in the role of ADSCs in the treatment of capsular contracture,
and fat grafting has become a common adjunct in breast reconstruction surgery®®.
However, there is variable survival of the fat graft in these tissues®. The use of RHAMM
function blocking peptide mimetics has been shown to increase adipogenesis in a rat model
of mammary fat pad radiation induced fibrosis®. Therefore, it would be valuable to study
the use of fat graft together with RHAMM function blocking peptides, as these two
therapies may work synergistically to decrease tissue fibrosis and increase fat survival,

increasing efficacy of fat grafting surgery.

5.4 Conclusion

In conclusion, the investigation outlined in this thesis has provided valuable insights into
the role of RHAMM in radiation-induced capsular contracture and has laid the groundwork
for potential non-surgical therapies to mitigate this common complication of implant-based
breast reconstruction. Through the replication of the rodent model for radiation-induced
capsular contracture and the evaluation of the effect of NP-110, several significant findings
have emerged.

Firstly, the replication of the rodent model demonstrated the feasibility and reproducibility
of the experimental setup, even when conducted by a junior surgical trainee. The slight
modification in the radiation protocol, utilizing a clinically active Orthovoltage unit, did
not hinder the induction of significant radiation-induced fibrosis, affirming the robustness
of the model. Additionally, the timing and method of peptide injection were optimized for

practicality and efficacy, simplifying the protocol for future studies.
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Secondly, the evaluation of NP-110's effect revealed promising results. Qualitatively, a
reduction in capsule fibrosis and radiation-induced skin changes was observed in the NP-
110 group compared to the control peptide group. Quantitative analyses further supported
these findings, demonstrating significantly decreased collagen deposition and bundling in
the NP-110 treated capsules. Importantly, NP-110 treatment maintained capsules similar

to non-radiated ones histologically, suggesting its potential to prevent fibrosis.

However, certain limitations need to be addressed. The lack of mMRNA expression analysis
and variability in the hydroxyproline assay results underscore the need for further
experimentation to elucidate NP-110's mechanisms of action conclusively. Moreover,
exploring variable doses and repeat delivery of NP-110 could provide deeper insights into

its therapeutic potential.

Despite these limitations, the study holds significant implications for future research and
clinical applications. The identification of RHAMM function-blocking peptide mimetics
as promising therapeutic agents for preventing capsular contracture opens avenues for

novel treatment modalities.

In conclusion, the findings presented in this thesis contribute to our understanding of
capsular contracture pathogenesis and offer promising prospects for the development of
effective non-surgical interventions. Through continued research and innovation, the goal
of mitigating the burden of capsular contracture for breast reconstruction patients may soon
become a reality.
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Appendix: Supplementary Materials
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Appendix 1

Mean grey value of capsule samples, selecting for blue Masson’s trichrome staining for
collagen using ImageJ software. Higher mean grey value indicates increased darkness of
stain uptake from the sample and therefore increased collagen. Data from the non-
radiated and radiated group are shown from T. DeLyzer et al. for comparison to the NP-
110 group and control peptide group. There was significantly increased collagen stain in
the control peptide group compared to the NP-110 group (p=0.004). There was
significantly increased collagen staining in the radiated compared to non-radiated control
(p<0.001) from T.DeLyzer et al. data. When comparing the NP-110 to the non-radiated
group there was no significant difference (p=0.134).
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Appendix 2

Percent of red pixels per area of capsule samples, selecting for area of the capsules using
ImageJ software. Higher percent red pixels indicates increased Picrosirius red stain from
the sample and therefore increased collagen deposition and bundling. Data from the non-
radiated and radiated group are shown from T. DeLyzer et al. for comparison to the NP-
110 group and control peptide group. There was significantly increased red staining in the
control peptide group and the radiated control group compared to the NP-110 group

(p<0.001) when calculated with an independent two-tailed T-test.
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