Optimization of Claudin-11 Removal by Anti-Claudin
Peptide NT11 in the Mouse Blood-Testis Barrier

Sayaka Grace Hansen

Department of Human Genetics
McGill University, Montreal, Canada
June 2024

¥ McGill

A thesis submitted to McGill University in partial fulfillment of the requirements of the degree

of Master of Science

© Sayaka Grace Hansen 2024



Abstract

Male infertility in cancer survivors is a prevalent consequence. Currently, sperm banking
is the only method for preserving fertility in male patients; however, this option is unavailable
for prepubertal boys who are exposed to sterilizing anti-cancer therapies before sperm production
begins. Thus, researchers are exploring post-therapy transplantation of spermatogonial stem cells
(SSCs) as a potential avenue to restore patient fertility. Studies in mice revealed a significant
challenge to this approach: only a limited number of transplanted SSCs successfully reach their
niche due to their inability to pass through the blood-testis barrier (BTB). Various studies have
shown that individual claudin family members, notably Claudin-11, contribute uniquely to the
paracellular properties of the BTB. Thus, targeting claudins to transiently disrupt the BTB
structure may enhance SSC engraftment. Anti-claudin peptide NT11 was developed by
modifying the C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE), designed to
transiently remove Claudin-11 from the BTB. Using an ex vivo air-liquid interface model to
culture mouse testis tissue with NT11, I observed the removal of Claudin-11 after 16 and 72
hours of culture, as detected by wholemount immunofluorescent staining. This effect was
observed in two mouse infertility models (W/Wv and busulfan-treated 129/B6 mice testis
tubules) and quantified using colocalization analyses with Pearson’s correlation coefficient and
by comparison of signal intensities using integrated sum intensities. Moreover, following the
removal of NT11, there was a gradual restoration of Claudin-11 localization in the BTB over 72
hours. These studies will be expanded to observe the effect of NT11 on human testis biopsies
after optimization of the purification processes of our peptide. To achieve this, I have focused on
improving the purification, induction, and solubility of our peptide using several different
methods such as adjusting buffer concentrations, employing Amicon centrifugal filters, and
utilizing size exclusion chromatography. This process has proven to be quite a challenge due to
NT11’s insolubility, which did not improve despite alternative sonication methods, induction
conditions, auto-induction media, and buffer additives. The structure of the protein suggests that
NT11's insolubility likely results from modifications of the B8 and B9 center strands of C-CPE,
leading to protein instability. Therefore, I propose future investigations for increasing NT11
stability and alternative methods for BTB disruption. Ultimately, my study demonstrates the
effectiveness of our current peptide in disrupting mouse BTB ex vivo. However, prior to moving

forward to human studies, it is essential that we improve the purification and solubility of NT11.
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My study serves as a valuable resource for the evaluation of peptides capable of disrupting
cellular barriers for potential drug delivery, as well as investigating methods of improving

protein induction, solubility, and purification for insoluble proteins.



Résumé

L’infertilit¢ masculine est une conséquence fréquente chez les survivants du cancer.
Actuellement, la congélation du sperme avant le début du traitement est la seule méthode
permettant de préserver la fertilité chez les patients. Néanmoins, cela n’est pas possible pour les
garcons prépuberes qui sont exposés a des thérapies anticancéreuses stérilisantes avant le début
de la production de spermatozoides. Par conséquent, les chercheurs explorent la transplantation
post-thérapeutique de cellules souches spermatogonies (SSC) comme voie potentielle pour
restaurer la fertilité des patients. Des études chez la souris ont révélé un défi important pour cette
approche: le nombre de SSC qui réussissent a atteindre leur niche est limité en raison de leur
incapacité a traverser la barriére hémato-testiculaire (BTB). Plusieurs études ont démontré que
les membres individuels de la famille des claudines, notamment Claudine-11, contribuent de
manicre unique aux propriétés paracellulaires du BTB. Ainsi, cibler les claudines pour perturber
la structure du BTB de maniére transitoire pourrait améliorer la greffe de SSC. Le peptide anti-
claudine NT11 a été développé en modifiant le fragment C-terminal de I'entérotoxine
Clostridium perfringens (C-CPE), congu pour éliminer de maniére transitoire la Claudine-11 du
BTB. En utilisant un modele d'interface air-liquide ex vivo pour cultiver du tissu testiculaire de
souris avec NT11, j'ai observé I'¢limination de Claudine-11 apres 16 et 72 heures de culture,
détectée par immunofluorescence. Cet effet a été observé dans deux modéles d’infertilité chez la
souris (tubes testiculaires de souris W/Wv et 129/B6 traitées au busulfan) et a été quantifié a
l'aide d'analyses de colocalisation avec le coefficient de corrélation de Pearson et des
comparaisons d'intensités de signaux utilisant les intensités de somme intégrées. De plus, suite a
la suppression de NT11, une restauration progressive de localisation de Claudin-11 dans le BTB
a eu lieu sur 72 heures. Ces études seront développées pour observer I'effet du NT11 sur les
biopsies de testicules humains apres 1’optimisation de la purification de notre peptide. Pour
atteindre cet objectif, je me suis concentrée sur I'amélioration de la purification, de l'induction et
de la solubilité de notre peptide en utilisant différentes méthodes, telles que I'ajustement des
concentrations de tampon, l'utilisation de filtres centrifuges Amicon et l'utilisation de la
chromatographie d'exclusion de taille. Ce processus est devenu un défi en raison de I’insolubilité
du NT11, qui ne s’est pas améliorée malgré les méthodes alternatives de sonication, les
conditions d’induction, les milieux d’auto-induction et les additifs tampons. La structure de la

protéine suggere que l'insolubilité de NT11 provient vraisemblablement des modifications des



feuillets B8 et B9 du C-CPE, provoquant une instabilité protéique. Par conséquent, je propose de
futures études pour augmenter la stabilité de NT11 et des méthodes alternatives pour la
perturbation du BTB. Pour finir, mon étude démontre 1’efficacité de notre peptide actuel pour
perturber la BTB de souris ex vivo. Cependant, une amélioration supplémentaire de la
purification et de la solubilité de NT11 est nécessaire afin d’entreprendre les études chez
I’homme. Mon étude constitue une ressource utile pour I'évaluation de peptides capables de
perturber les barrieres cellulaires pour I’administration de médicaments, ainsi que pour 1'étude de
méthodes permettant d'améliorer l'induction, la solubilité et la purification des protéines

insolubles.
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1. Introduction
1.1 Significance and Rationale

The National Cancer Institute has projected 2,001,140 new cancer cases in 2024, with
statistics estimating that one in every two men will face a cancer diagnosis in their lifetime
(Siegel et al., 2024). As the number of cancer diagnoses among children and young adolescents
rise and innovative therapies improve survival rates, the need for fertility preservation among
male oncofertility patients has become increasingly significant (Kadam et al., 2018). Cancer
treatments, while lifesaving, often have detrimental effects on fertility, posing significant
challenges to individuals seeking to preserve their reproductive potential. As such, addressing the
fertility concerns of male cancer patients has emerged as a critical aspect of comprehensive
cancer care.

Spermatogonial stem cells (SSCs) are sensitive to anti-cancer therapies designed to target
rapidly dividing cells (Lopes et al., 2020). Chemotherapy, in particular, poses a significant risk
of permanent infertility by impairing the ability of testicular cells to generate healthy, mature
sperm (Dohle, 2010). Studies of spermatogenesis in long-term cancer survivors, particularly
those with testicular cancer and Hodgkin's disease, have shown persistent azoospermia or severe
oligozoospermia in up to 24% of patients, with recovery levels being higher in younger patients
compared to older patients at the time of treatment (Vakalopoulos et al., 2015). The combination
of radiotherapy and chemotherapy will induce gonadotoxic effects (Vakalopoulos et al., 2015).
SSCs play a crucial role in continuously replenishing germ cells, which eventually differentiate
into sperm throughout a male's life (Amann & Howards, 1980; Kubota & Brinster, 2018). As a
result, the efficacy of sperm production is severely compromised from these cancer treatments.
Presently, sperm banking stands as the primary method of preserving fertility in male patients
(Osterberg et al., 2014). The collected sperm can later be used for in vitro fertilization (IVF) or
intracytoplasmic sperm injection (ICSI). However, for prepubertal boys undergoing sterilizing
anti-cancer therapies, sperm cryopreservation is not viable as their testes do not yet produce
sperm (Osterberg et al., 2014). This limitation has prompted researchers to turn their attention to
SSCs, which are present in the testes from birth (Forbes et al., 2017; Hermann et al., 2012). By
harvesting these cells before cancer treatment, they can be preserved and subsequently
transplanted back into the patient post-therapy, thus offering a promising avenue for restoring

patient fertility (Hermann et al., 2012).
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Despite its potential, SSC transplantation has yet to be clinically implemented due to an
important limitation: only a low number of transplanted SSCs will properly reintegrate into the
stem cell niche in the testis which is required for engraftment and subsequent regeneration of
spermatogenesis post-transplantation (Kadam et al., 2018; Shinohara et al., 2001; Takashima &
Shinohara, 2018). This inefficiency of SSC homing can be attributed to the tight junction barrier
formed between somatic cells in the seminiferous epithelium—the blood-testis barrier (BTB)
(Shinohara et al., 2001). When SSCs are transplanted into the testes, they are injected into the
lumen of the seminiferous tubules, necessitating their traversal of the BTB to reach their niche on
the basement membrane (Kanatsu-Shinohara et al., 2008). Studies in mice indicate that only
approximately 1 in 8 SSCs successfully colonize and regenerate spermatogenesis post-
transplantation (Nagano, 2003). Our hypothesis is that transient disruption of the BTB could
facilitate the passage of more SSCs to their niche on the basement membrane, thereby enhancing
engraftment efficacy following transplantation.

In the Ryan and Nagano labs, we have developed a novel peptide with the ability to bind
to claudins, critical components of tight junctions, thereby transiently removing these
transmembrane proteins from the BTB. In my thesis study, I established a system to assess the
effects of this peptide using mouse testis pieces ex vivo, while also exploring various methods of
optimizing protein induction, purification, and solubility. I demonstrated that our peptide
effectively removes the target claudin from the BTB in a reversible manner. Notably, upon
removal of the peptide from the media, the targeted claudin was again localized to the tight
junctions of the testis tubules, the BTB. Our project lays the groundwork for investigating the
transient disruption of the BTB in human samples, as the fundamental structure and composition
of the BTB are highly conserved between mice and humans (X.-H. Jiang et al., 2014).
Ultimately, our research will contribute to defining effective peptides that disrupt the mouse
BTB and encourage further investigation in the development of peptides capable of disrupting

cellular barriers for potential drug delivery.

1.2 Spermatogenesis and Spermatogonial Stem Cells

Spermatogenesis involves a series of intricate, cellular, proliferative, and developmental
phases to produce genetically unique male gametes. This complex biological process takes place

inside the seminiferous tubules; a convoluted cluster of tubules located in the testes.

18



Spermatogenesis can be broken down into three phases (Suede et al., 2023). The first phase
involves mitotic cell division of diploid SSCs located in the niche on the basal membrane of the
seminiferous epithelium. These mitotic divisions allow the SSCs to self-renew and produce a
pool of committed spermatogonia that will develop into primary spermatocytes (Suede et al.,
2023). In the second phase, which is known as spermatocytogenesis, primary spermatocytes will
undergo meiosis to produce haploid secondary spermatocytes while leaving the basal membrane
and moving towards the lumen (Sharma & Agarwal, 2011). In this process, the SSCs will
undergo spermatogonial renewal (type A spermatogonia), proliferation via mitosis,
differentiation and cell cycle progression from type B spermatogonia to preleptotene
spermatocytes in the basal compartment, below the Blood-Testis Barrier (BTB) between Sertoli
cells (Cheng & Mruk, 2012). The BTB will then go through extensive restructuring to allow the

transit of preleptotene spermatocytes in the adluminal compartment above the BTB where
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Figure 1: Seminiferous epithelium organization. This diagram shows cross sections
through the testis, seminiferous tubule and Sertoli cells. Maturation of the SSCs into eventual
spermatids starts at the basement membrane and occurs as they move towards the lumen.

Adapted from Elinati, 2012.
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Meiosis I and II, spermiogenesis (development of round spermatids to elongated spermatids, and
to spermatozoa), and spermiation will take place (Cheng & Mruk, 2012). Thus, the third phase
consists of spermatids elongating to form spermatozoa by spermiogenesis which consists of
morphological development from round spermatids to mature and motile sperm cells (Figure 1)
(Sharma & Agarwal, 2011; Wong et al., 2010). The spermatozoa will then travel through the
lumen of the seminiferous tubules, exit through the rete testis, and be stored in the epididymis
until ejaculation (Sharma & Agarwal, 2011).

The duration of spermatogenesis in humans is 74 days whereas in mice this process takes
34.5 days (Toor & Sikka, 2017). Spermatogenesis occurs within the seminiferous tubules and is
regulated by several endocrine factors that include testosterone, follicle-stimulating hormone
(FSH), and luteinizing hormone (LH) (Sofikitis et al., 2008). LH stimulates the proliferation and
maturation of Leydig cells, which secrete testosterone, while FSH acts on Sertoli cells,
promoting the production of signaling molecules essential for spermatogenesis (Oduwole et al.,
2021). During spermatogenesis, the seminiferous epithelium undergoes cyclic changes as a result

of germ cell development. Spermatogenesis can be broken down into seminiferous epithelium

Mouse Testis Tubule Human Testis Tubule

Figure 2: Segmentation of stages in human and mouse testis tubules. A diagram
demonstrating the stages in the cycle of the seminiferous epithelium in human (I-VI) vs
mouse (I-XII). In human, there is a mosaic arrangement of the stages of spermatogenesis
whereas in the mouse, spermatogenesis occurs in an orderly fashion along the seminiferous
tubule. The cross section outlined in red demonstrates the different stages that can be

observed. Adapted from Silber, 2010.
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cyclic changes stages that are characterised by the changes in morphology and relative locations
of the spermatid, round spermatids, and spermatocytes when observing the cross-section of a
testis tubule. Spermatogenesis is typically divided into 6 stages in human and 12 stages in mouse
(Krause et al., 2008), which can be observed along a single testis tubule (Figure 2) (Ahmed & de
Rooij, 2009). Most studies categorize the stages based on Periodic Acid Schiff (PAS) and
hematoxylin-stained sections where they differentiate one stage from another based on the
changes of the acrosome and nuclear morphology of the younger generation of spermatids
(Ahmed & de Rooij, 2009; Russell et al., 1993; Xu et al., 2021).

SSCs are at the foundation of male fertility and spermatogenesis (Phillips et al., 2010).
However, SSCs represent only 0.03% of all germ cells in rodent testes as they are outnumbered
by the differentiating spermatogonia, spermatocytes, spermatids and sperm (Phillips et al., 2010;
Song et al., 2022). SSCs are defined by their ability to balance self-renewal and differentiation,
producing millions of sperm each day. Interestingly, SSC transplantation has demonstrated that
SSCs have homing activity (Kanatsu-Shinohara et al., 2018). It has been previously shown that
when dissociated testis cells were transplanted into the seminiferous tubules of infertile mouse
recipients, donor SSCs would migrate through the BTB, thereby settling and proliferating on the
basement membrane (Avarbock et al., 1996; Brinster & Zimmermann, 1994; Kanatsu-Shinohara
et al., 2018). When SSCs mature under physiological conditions, they migrate from the basal
compartment towards the adluminal compartment. This transition requires the formation of new
tight junctions between Sertoli cells forming below the preleptotene spermatocytes, preceding by
the dissolution of older junctions and the release of these cells into the adluminal compartment
(B. E. Smith & Braun, 2012; Stammler et al., 2016; Yan Cheng & Mruk, 2015). Consequently,
SSC homing that is observed in SSC transplantation contrasts with the natural process of

spermatogenesis.

1.3 Spermatogonial Stem Cell Transplantation

Our theory regarding the potential of SSC transplantation to restore male fertility in
oncofertility patients is grounded in our observation of fertility recovery in sterile mice following
SSC transplantation (Nagano, 2003). The transplantation procedure involves the use of a
microinjection pipet loaded with donor cells, including SSCs, which are introduced into the

efferent duct of infertile recipients, facilitating injection into the rete testis where all seminiferous
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tubules converge (Nagano, 2003; Takashima & Shinohara, 2018). This strategic site of injection
requires the donor cells to travel in the reverse direction of spermatogenesis, dispersing into
individual tubules (Nagano, 2003; Ogawa et al., 1997; Takashima & Shinohara, 2018). While the
cells injected into the lumen comprise various cell types beyond SSCs, such as germ cells of later
stages and different somatic cells, only the SSCs possess the capacity for self-renewal and
regeneration, enabling them to survive and repopulate the recipient testes (Nagano, 2003; Zohni
et al., 2012). In contrast, other cell types within the injection do not persist due to cellular death,
lacking self-renewal capability (Nagano et al., 1999; Tournaye & Goossens, 2011). The presence
of non-SSC cells in the injection is due to the absence of exclusive SSC biochemical or
immunological markers that could be used to obtain a purified population of SSCs (Zohni et al.,
2012). As stem cells are characterized by their regenerative potential rather than specific
markers, SSCs cannot be identified exclusively at this time.

The Nagano lab has calculated that approximately 3000 SSCs exist in one normal adult
testis, representing ~0.01% of total testis cells (Nagano, 2003). In mice, SSCs require
approximately 1 week to colonize the stem cell niche after SSC transplantation (Brinster &
Zimmermann, 1994; Kadam et al., 2018; Nagano, 2003; Zhao et al., 2021). In SSC
transplantation, homing efficiency is defined as the proportion of injected stem cells that will
colonize the recipient testis (Nagano, 2003). The number of SSCs gradually decreased during the
homing process, and only 12% of SSCs successfully colonized the niche on Day 7 after
transplantation (Nagano, 2003). Around 75% of injected donor SSCs were lost within 1 day
while the 12% migrated to their niche on the basement membrane (Nagano, 2003).

Recipients of these injections in our experiments are genetically infertile W/Wv mutant
mice. The dominant-white spotting (W) locus encodes the c-KIT proto-oncogene which is a
membrane-bound tyrosine kinase (Ogawa et al., 2000; Yuan et al., 2015). c-KIT plays an
important role in male germ cell development and dysfunctional c-KIT will lead to azoospermia
in mice (Jin et al., 2023; Ogawa et al., 2000). The W mutation is located in the transmembrane
domain and the Wv mutation is located in the kinase domain of the c-KIT protein (Yuan et al.,
2015). The KitV/KitV- compound heterozygous mutations will lead to infertility in W/Wv mice
as their testes do not generate spermatogenesis while heterozygous W/+ and Wv/+ are fertile
(Ogawa et al., 2000). This specific strain of mice carrying the compound heterozygous mutations

are used as they mimic the phenotype of male infertility in human (Yuan et al., 2015).
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Alternatively, busulfan-treated 129/B6 mice can also be used as an induced infertile mouse
model. Busulfan is a chemotherapeutic alkylating agent that destroys endogenous
spermatogenesis (Qin et al., 2016). Busulfan treatment has been studied and often used for the
preparation of SSC transplantation recipients in mice. Thus, W/Wv mice and busulfan-injected
129/B6 mice both serve as models to verify the efficacy of SSC transplantation (Azizi et al.,
2021). With successful SSC transplantation, SSCs from the donor injection will engraft and
establish spermatogenesis in recipients, producing offspring carrying the donor genotype (Li et
al., 2018).

In future clinical application, our research will facilitate SSC transplantation following
the harvesting and cryopreservation of SSCs prior to cancer therapy. By collecting the cells
before exposure to cytotoxic agents, we aim to regenerate and sustain healthy spermatogenesis,
thereby enabling patients to achieve conception naturally (Diao et al., 2022). Unlike
conventional sperm banking methods, which often necessitate reliance on assisted reproductive
technologies (ART), our approach offers a more direct route to restoring fertility in male
oncofertility patients (David & Orwig, 2020). Unfortunately, this method is not ready for clinical
application due to an important limitation: the low number of SSCs that will reach their niche

due to the Blood-Testis Barrier.

1.4 The Blood-Testis Barrier

The BTB is essential for male germ cell development. This barrier is a highly dynamic
structure made up of adhesion junctions, gap junctions, basal ectoplasmic specialization, and co-
existing tight junctions basally located between adjacent Sertoli cells that limit paracellular and
transcellular transport of substances (Figure 3) (Li et al., 2018). The gap junctions include
connexin-based complexes such as Connexin 43 which interact with scaffolding proteins (Lee et
al., 2009). Moreover, the basal ectoplasmic specialization includes cadherins such as N-cadherin
with catenins, such as B-catenin, and a-catenin (Lee et al., 2009). Ectoplasmic specializations, in
conjunction with Sertoli cell tight junctions, are present at the periphery of the cell, with actin
filament bundles hexagonally packed and endoplasmic reticulum cisternae parallelly position to
the Sertoli cell membrane (Luaces et al., 2023). The Sertoli cell tight junctions are especially
critical components of the BTB as they serve to seal the paracellular space and are composed of

proteins from apposing cells that interact tightly with one another (S. Wu & Cheng, 2020). These
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interactions regulate the movement of small molecules and ions through the paracellular space
with a gate and fence function (Xu et al., 2009). The gate function prevents the passage of water,
solutes, and other large molecules between the paracellular space, whereas the fence function
restricts the movement of proteins and lipids between apical and basolateral domains which
generates cell polarity (Yan Cheng & Mruk, 2015). The gate and fence functions are regulated
by specific proteins that interact and make up the tight junction complex.

The BTB is first formed in the testis at the peripubertal period during the initiation of the
first round of spermatogenesis in response to gonadotropic stimulation (increase in circulating
LH, testosterone and FSH) and the appearance of zygotene-pachytene primary spermatocytes (de
Kretser et al., 2016; Fu et al., 2023). This formation begins with the emergence of the tight
junctions, ectoplasmic specializations, desmosomes, and gap junctions between Sertoli cells
(Mruk & Cheng, 2015). Formation of tight junctions are specifically coordinated by transcription
factors that up- or down-regulate the expression of genes required for tight junction formation.
Once apical-basal polarity is established, proteins required for the cytoplasmic plaque are
delivered, followed by the trafficking of tight junction proteins to the basal domain which will be

incorporated into the membrane of the Sertoli cell. In the developing human testis, the junctional
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Figure 3: The Blood-Testis Barrier organization. The Blood-Testis Barrier is located
basally between adjacent Sertoli cells. The BTB provides a divide in environment in which
the basal compartment contains spermatogonia and preleptotene spermatocytes, while the
adluminal compartment contains pachytene spermatocytes, round spermatids, and elongated

spermatids. Adapted from Hofmann & McBeath, 2022.
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specializations between Sertoli cells occur in the early phase of puberty around 11 to 13 years of
age, thus establishing the basal and adluminal compartments of the seminiferous tubule (de
Kretser et al., 2016). In mice, the BTB is formed between 15 and 18 days postpartum (Hogarth,
2015). The BTB was discovered and characterized in the nineteenth century when dyes injected
into rodents were shown to be prevented from reaching the basement membrane of the
seminiferous tubules (Chiquoine, 1964; Yan Cheng & Mruk, 2015). Additionally, the junctions
were characterized by the presence of punctate tight junctions between the cell membranes of
adjacent Sertoli cells (de Kretser et al., 2016).

During spermatogenesis, the SSCs that have differentiated and matured into preleptotene
spermatocytes will migrate through the barrier between mouse spermatogenesis stages VII and
VIII of the seminiferous epithelium cycle from the basal compartment to the adluminal
compartment while the tight junction reforms basally (Hogarth, 2015). This separation by the
BTB creates distinct microenvironments optimized for the different stages of germ cell
development, forming equally an immunological and physical barrier (Jiang et al., 2014;
Matsumoto & Bremner, 2016; Sourdaine et al., 2018). Therefore, the BTB is essential in
maintaining the basal stem cell niche, without which spermatogenesis would not occur (de
Kretser et al., 2016; Takashima et al., 2011). However, in order to achieve successful SSC
transplantation, the injected SSCs must migrate to their niche located on the basal membrane,
passing through the BTB, repopulating the environment and regenerating spermatogenesis (Yan
Cheng & Mruk, 2015). Therefore, while the BTB plays a crucial role in regulating
spermatogenesis and providing distinct microenvironments for germ cells, this biological barrier

is equally a major obstacle impeding efficient SSC engraftment following transplantation.

1.5 Tight Junction Proteins: Claudins

Integral tight junction membrane proteins contributing to the function of the BTB include
Occludin, junctional adhesion molecules (JAMs), and claudins (Cheng & Mruk, 2012; Lee et al.,
2009; Morrow et al., 2010). Occludin was the first tight junction protein identified (Furuse et al.,
1993). Occludin knockout (KO) mice are infertile; however, this protein, unlike the murine
model, is undetectable in the human testis (Mok et al., 2013; Moroi et al., 1998; Morrow et al.,
2010; Stammler et al., 2016). Additionally, tight junctions can be formed in the absence of
Occludin (Balda et al., 1996; Wong & Gumbiner, 1997). When Occludin was removed from
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various cells lines, it did not affect cell morphology, tight junction fibrils, or localization of other
tight junction associated proteins (Balda et al., 1996; Wong & Gumbiner, 1997). On the other
hand, claudins are found in both human and mouse BTB and are essential to the formation of
tight junctions and the BTB, particularly Claudin-11 which has been studied extensively in both
models (Saitou et al., 2000; Stammler et al., 2016).Claudins were first named in 1998 by
Japanese researchers Mikio Furuse and Shoichiro Tsukita at Kyoto University when they isolated
Claudin-1 and Claudin-2 from chicken liver tight junction membrane fractions (Furuse et al.,
1998). Furuse and his colleagues demonstrated that claudins were essential and responsible for
the formation and function of tight junctions (Furuse et al., 1998). Claudins are the largest family

of critical tight junction proteins, predominantly contributing to the functional properties of the
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Figure 4: Proteins in the Blood-Testis Barrier. Tight junctions such as claudins, Occludin
and JAMs are the major protein constituents of the BTB. Claudins will interact with
cytoplasmic proteins such as ZO-1, linking them to the actin cytoskeleton. In addition to tight
junction proteins, there are other junctional proteins in the inter-Sertoli cell junctional
complex, including gap junctions such as connexins and adherens junctions such as cadherins.

Adapted from Lee et al., 2009 and Cheng & Mruk, 2012.
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tight junction barrier (Ding et al., 2013). Claudins will interact with scaffolding proteins such as
Z0-1 (tight junction protein encoded by the 7JPI gene in humans) among others, which belong
to the cytoplasmic plaque, linking them to the actin cytoskeleton and enabling their localization
to the tight junctions (Figure 4) (Aydin et al., 2020; Morrow et al., 2010). Claudins can be
categorized into classical (Claudins 1-10, 14, 15, 17, and 19) or nonclassical (Claudins-11-13, -
16, -18, and -20-24) types according to their sequence similarities (Mruk & Cheng, 2015).
Notably, Claudin-11 is a nonclassical type claudin. Among the many proteins associated with the
tight junction, the combinations of claudin family members and their interactions with the
cytoplasmic components ultimately determine the properties of the tight junction (Giinzel & Yu,
2013). These interactions will depict the overall paracellular electrical resistance and paracellular
charge selectivity of the tight junctions (Ding et al., 2013). By linking the tight junction
transmembrane protein to the actin cytoskeleton, the cytoplasmic plaque proteins will aid in
regulating and modifying barrier properties, enabling coordinated responses. Moreover, the
combination of claudins present will determine the properties of the paracellular barrier (Krause
et al., 2008). For example, Claudins-4, -5, -8, -11, -14, and -18 are known to increase the
paracellular electrical resistance while Claudins-2, -7, -10, -15, and -16 are known to increase
paracellular cation permeability (Mruk & Cheng, 2015). Additionally, various researchers and
studies have shown that claudins affect the maintenance of tissue shape, tension between cells
during morphogenic movements, and hydrostatic pressure during lumen expansion (Bagnat et al.,
2007; Behr et al., 2003; Nelson et al., 2010; Siddiqui et al., 2010; V. M. Wu et al., 2004).

Claudins are 20-27kDa tetraspan transmembrane proteins with 207 to 305 amino acids in
length for which there are currently 24 members described in mammals (Lal-Nag & Morin,
2009). Claudins are structurally composed of 2 extracellular loops (EL1 and EL2) and 4
transmembrane domains, with the N-terminus and C-terminus in the cytoplasm (Figure 5)
(Krause et al., 2008). The first extracellular loop consists of 49-59 amino acids whereas the
second extracellular loop consists of 14-35 amino acids (Krause et al., 2008). The
transmembrane domains consist of 20-30 amino acids, the N-terminal domain consists of
approximately 7 amino acids and the C-terminal domain consists of between 27-65 amino acids,
depending on the specific claudin (Overgaard et al., 2011; Tsukita et al., 2001).

The extracellular loops of the apposed claudins will interact with the respective loops of

the adjacent claudin. The first extracellular loop is known to determine the charge selectivity of
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Figure 5: Schematic representation of a claudin molecule. Claudins are tetraspan proteins
with 2 extracellular loops, 4 transmembrane domains and both the C-terminal and N-terminal

ends within the cytoplasm. Adapted from Giinzel & Yu, 2013.

the barrier, while the second extracellular loop contributes to the trans interaction of claudins
between adjacent cells (Krause et al., 2008). The specific amino acid sequences of the first
extracellular loop will affect the characteristics of the pore (Overgaard et al., 2011). Thus,
various claudins will form pores that will affect the size of the molecules that can pass through
the tight junction in addition to being selective, restrictive, or permissive for specific cations and
anions (Meoli & Giinzel, 2020). They can be classified according to their ability to promote
barriers that are cation- or anion-specific, or form barriers that create a seal to prevent the
passage of molecules. The EL1 has a conserved motif (W-GLW-C-C) where a cysteine disulfide
bond acts to stabilize the loop (Lal-Nag & Morin, 2009; Morrow et al., 2010). The second
extracellular loop will determine the tightness of the barrier as it is involved in the trans
interactions with claudins in the apposing cell and cis interactions with claudins in the same cell
(Krause et al., 2008). Claudin-11, which has the shortest EL2 consisting of 14 amino acids, is
known to form very tight barriers such as the BTB (Morita, Sasaki, et al., 1999). The four
transmembrane domains consist of many hydrophobic amino acids which participate in the cis

interactions of claudins in the same cell (Giinzel & Yu, 2013). They are also essential for the
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proper folding of the claudin (Krause et al., 2008). Lastly, the cytoplasmic C-terminal domain
interacts with scaffolding proteins that bridge the tight junction to the actin-cytoskeleton
(Takahashi et al., 2005; Xu et al., 2009). Most claudins have a PDZ binding domain at their C-

terminus which contribute to the binding of the scaffold machinery in the cytoplasmic plaque

(English & Santin, 2013; Lui et al., 2003; Nomme et al., 2015). Thus, claudins have an essential

role in the tight junctions and directly affect the barrier paracellular permeability.

1.6 Sertoli Cell Tight Junction Remodelling

The mechanism by which spermatocytes move from the basal to the adluminal
compartment, passing through the Sertoli cell barrier in largely unknown (de Kretser et al., 201
Meng et al., 2005). However, various ideas have been suggested, including the involvement of

claudins and transforming growth factor-p2 [TGFp2], a signalling molecule (Stanton, 2016).

6;

Researchers suggest that disruption of the adluminal tight junctions is mediated by the release of

TGFB2 from Sertoli cells and transiting spermatocytes (de Kretser et al., 2016). As previously
mentioned, movement of preleptotene spermatocytes across the BTB occurs via the new
formation of tight junctions and dissolution of old tight junctions. The release of TGFf2 will
signal the sequestration of the tight junction protein Occludin to lysosomes for disposal (de
Kretser et al., 2016). Thus, testosterone and TGFB2 act together for germ cells to cross the
barrier and continue with meiotic maturation while maintaining BTB integrity through self-
mediated restructuring during the seminiferous epithelial cycle of spermatogenesis (Loveland,
2018; Meng et al., 2005). As preleptotene spermatocytes migrate across the BTB towards the
adluminal compartment, tight junction disassembly ahead of the spermatocyte is coordinated
with the tight junction assembly that occurs behind these germ cells such that the events are
synchronized with one another (Mruk & Cheng, 2015). Testosterone will promote the
reassembly of BTB proteins on the basal side of the transiting spermatocyte. In the absence of
androgen receptor, there is a decrease in tight junction proteins suggesting that testosterone
signaling through androgen receptor is essential for BTB remodelling and movement of germ
cells across the BTB (L. B. Smith & Walker, 2014).

Additionally, it is suggested that when spermatocytes separate from the basement
membrane, there is a surge in Claudin-3 localization at the basal membrane during mouse

spermatogenesis stages VI to IX of the Sertoli cell which is mediated by androgen receptor
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signaling (Meng et al., 2005; B. E. Smith & Braun, 2012). Disruption of androgen signaling in
Sertoli cells interferes with Sertoli cell tight junction remodeling (Chakraborty et al., 2014).
Claudin-3 emergence occurs in accordance with the emergence of the preleptotene
spermatocytes and Sertoli cell tight junction remodeling, localizing to the BTB. This tight
junction protein is absent in Sertoli cell androgen receptor knockout mice (Chakraborty et al.,
2014). Claudin 3 localizes to the newly forming tight junction between the new Sertoli-Sertoli
cell contacts near the basement membrane at mouse stages VIII-IX of spermatogenesis
(Chakraborty et al., 2014; Chihara et al., 2010; B. E. Smith & Braun, 2012). Claudin-3 is then
replaced with Claudin-11 such that spermatocytes are surrounded by Sertoli cell tight junctions
(McCabe et al., 2016; B. E. Smith & Braun, 2012). Once the preleptotene spermatocytes are
surrounded by tight junctions, the old tight junctions above will dissolve, releasing the
spermatocytes into the adluminal compartment with a proper restructured BTB formed below,
effectively separating the basal and adluminal compartment (B. E. Smith & Braun, 2012;
Stammler et al., 2016). The interactions that occur at the BTB are regulated by proteins whereby

claudins are known to play a major role in determining the properties of the tight junction.

1.7 Claudin Interactions in the Blood-Testis Barrier

Various research studies have shown that individual claudin family members contribute
uniquely to the paracellular properties of the BTB (Stammler et al., 2016). In the human testis,
Claudin-11 has been most explored along with a single article on Claudins-5, -6, -7 (Manku et
al., 2016) and another on Claudin-3 (Ilani et al., 2012). A study by Cornelia Fink and colleagues
detected Claudin-11 at the mRNA and protein level in human seminiferous tubules (Fink et al.,
2009). Claudin-11 protein was co-localized with ZO-1 in the basal compartment, corresponding
to the BTB (Tarulli et al., 2013). They observed that men with testicular intraepithelial neoplasia
have a significant increase in Claudin-11 expression in their testis tubules suggesting that the
neoplasia is a result of disorganization and dysfunction of Claudin-11 (Fink et al., 2009; McCabe
et al., 2016). Various other researchers also suggest that Claudin-11 levels are inversely
correlated with spermatogenic activity in the human testes (Chiba et al., 2012; Nah et al., 2011).
In another study, researchers showed that Claudin-11 expression was increased in decreased

spermatogenesis whereby increased Claudin-11 immunoreactivity was observed at the inter-
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Sertoli tight junctions in maturation arrest and in the cytoplasm of Sertoli cells in Sertoli cell
only testes (Nah et al., 2011; Park et al., 2010).

Furthermore, de Michele and colleagues observed a transient expression of Claudin-11 in
humans from 0 to 3 years of age, which was attributed to the mini-puberty phenomenon,
characterized by an increase in testosterone production and a first wave of Sertoli cell
maturation, along with an increase from 9 years of age onwards which is correlated with the time
puberty (de Michele et al., 2018). In another study, Claudin-11 organization was examined with
immunofluorescent staining across Sertoli cell-only (SCO) and meiotic arrest (MA) in human
testis tubules (Haverfield et al., 2013). This study observed filamentous Claudin-11 staining
pattern that was restricted to the basal aspect of the tubule in men with normal spermatogenesis
and punctate Claudin-11 staining diffusely spread throughout both the basal and adluminal
aspects of the tubule in tubules from MA and SCO men (Haverfield et al., 2013). Thus, many
researchers have studied the role of Claudin-11 in the human testis. One article has shown that
Claudin-3 is present in newly formed tight junctions; however, another discusses that Claudin-3
is only found in mice and not humans (Ilani et al., 2012; Stammler et al., 2016). Additionally,
another team of researchers has shown increased expression of Claudin-6 and Claudin-7 in
seminomas while Claudin-5 expression remained unchanged (Manku et al., 2016). Thus, while
there are various research articles illustrating the role of Claudin-11 in human BTB, the rest of
the claudin family members in the human testes are still largely unknown.

In the mouse testis, Claudin-11 is the most well-characterized claudin molecule.
Additional research has also identified mRNAs for Claudins-1, -2, -3, -4, -5, -7 and -8 using
northern blot analyses (Furuse et al., 1998; Morita, Furuse, et al., 1999; Morita, Sasaki, et al.,
1999). Moreover, microarray analysis identified Claudins-10, -12 and -23 in mice testis (Singh et
al., 2009). Claudin-11 is expressed in Sertoli cells during the entire cycle of the seminiferous
epithelium in mice, whereas Claudin-3 is described to be strictly stage-specific and androgen-
dependent (Singh et al., 2013; Stammler et al., 2016). In a study where most of the genital tract
in Claudin-11 knockout mice appeared normal, the testes from these mutants were 30%—-50%
smaller (hypogonadism) than those of wild-type testes (Gow et al., 1999). The Claudin-11
protein is first detectable in mouse testes at postnatal day 13 and is primarily localized to the area
of the BTB (Gerber et al., 2016; Morrow et al., 2010). Furthermore, Claudin-11 is an obligatory

protein for tight junction formation and barrier integrity in the testis; spermatogenesis does not
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proceed beyond meiosis in its absence, resulting in male sterility (Mazaud-Guittot et al., 2010;
Yang et al., 2014). Claudin-11 knockout mice exhibit degeneration of the seminiferous
epithelium with detachment of Sertoli cells and absence of spermatogenesis (McCabe et al.,
2016). Thus, Claudin-11 knockout mice are infertile. The infertility associated with the absence
of an intact BTB in the Claudin-11 knockout mouse is further evidence for the importance of the
BTB in maintaining the stem cell niche.

Interestingly, Shinohara and her colleagues found that autologous SSC transplantation of
Claudin-11-deficient SSCs rescued male infertility in chemically castrated Claudin-11-deficient
mice, allowing development of fertile sperm from the donor cells (Kanatsu-Shinohara et al.,
2020). In their article, they discuss that the removal of endogenous germ cells for recipient
preparation reprogrammed claudin expression patterns in Sertoli cells, rescuing fertility in the
Claudin-11-deficient mice (Kanatsu-Shinohara et al., 2020). Therefore, while various claudins
can be detected in the mouse and human testis, Claudin-11 is a pivotal tight junction protein
belonging to the BTB that has been well studied in both human and mouse model.

For Claudin-3, immunofluorescence analyses identified Claudin-3 expression specifically
when the preleptotene and leptotene spermatocytes migrated across the mouse BTB (Morrow et
al., 2010). A prolonged preleptotene stage can be observed in Claudin-3 knockout mice,
supporting its role on the migration of spermatocytes; however, Claudin-3 knockout mice are
fertile and have an intact BTB unlike Claudin-11 knockout mice (Komljenovic et al., 2009;
Stammler et al., 2016). Additionally, Claudin-5 is expressed at stage VIII along with Claudin-3
(Meng et al., 2005). These results suggest that the interactions among these tight junction
membrane protein in the mouse testis may play a role in the course of the seminiferous epithelial
cycle (Hollenbach et al., 2018; Morrow et al., 2010; Wang et al., 2018). Claudin-3 mRNA was
first detected in mouse testis at postnatal day 15 and decreased during adulthood. Additionally, in
another study, Claudin-1 protein was detected in mouse testes at postnatal day 3, increased at
postnatal day 10 and subsequently decreased between postnatal days 16 to 30 (Gye, 2003).

Therefore, claudins are ideal candidates for targeting the BTB due to their significant role
in the BTB and the maintenance of spermatogenesis. Particularly, Claudin-11 that has been well
studied in human as well as mouse and known to have a critical role in tight junctions, is an ideal
target. Targeting Claudin-11 to disrupt the BTB structure may improve SSC engraftment. By

removing claudins from the tight junction, more SSCs will traverse the BTB and successfully
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reach their niche on the basement membrane. However, while this method is promising with
respect to disrupting the barrier, it is evident that proper BTB formation and structural integrity
are paramount for functional spermatogenesis to occur (Mazaud-Guittot et al., 2010).
Consequently, it is crucial that the disruption of the BTB is temporary and claudin expression is
restored for proper BTB formation. The barrier can then be re-established upon SSC migration
into the basal compartment, providing the appropriate SSC niche needed for spermatogenesis.
Thus, disrupting the BTB by removing claudins from the tight junctions will allow more SSCs to
reach their niche while subsequent recovery of the BTB will enable SSCs to self-renew in their

microenvironment and regenerate spermatogenesis.

1.8 Disrupting the Blood-Testis Barrier

Clostridium perfringens enterotoxin (CPE) is a single chain 319 amino acid polypeptide,
associated with C. perfringens food poisoning in humans (Black et al., 2015; Wieckowski et al.,
1994). Many studies have shown that Claudin-3 and -4 are natural receptors of CPE as it
interacts with high affinity to their claudin EL2 domains. In contrast, the EL2 domains of
Claudin-1, -2, -5, -10, and -11 do not interact with CPE (Black et al., 2015; Hanna & McClane,
1991; Horiguchi et al., 1987; Katahira et al., 1997; Kitadokoro et al., 2011; Sonoda et al., 1999).
The individual interactions between Claudin-1, -2, -3, -4, -5, -10, and -11 with CPE were
determined by dot blot assays, pull-downs, cytotoxic assays and cellular binding assays. The
interaction between CPE and claudins were mapped to the EL2 through mutagenesis studies
where Winkler and his colleagues found that CPE binds to a central motif (the hydrophobic turn
and flanking polar residue) located in the EL2, NP(L/M)(V/L/T)(P/A) (Winkler et al., 2009).
Additionally, Kimura and his colleagues showed that the negatively-charged acidic amino acids
located in the C-terminal domain of CPE are attracted to the last 12 positively-charged basic
amino acids of the EL2 of CPE-sensitive claudins (Kimura et al., 2010).

CPE bound to claudins can form CH-1 and CH-2 complexes (Chakrabarti et al., 2003;
Robertson et al., 2007; Shrestha et al., 2016). The CH-1 complex results in a calcium influx in
the cell that promotes caspase-3 mediated apoptosis and oncosis (Chakrabarti et al., 2003;
Robertson et al., 2007). This complex is formed when six molecules of CPE bind to claudin
receptors on the cell surface and oligomerize into a cation-selective beta-barrel pore. (Shrestha et

al., 2016). On the other hand, CH-2 complexes are formed when CPE bound to claudin causes
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the internalization of the complex and removal of the claudin from the tight junction (Shrestha et
al., 2016). Thus, the CH-2 complex will promote the internalization of tight junction membrane
proteins leading to the opening of the paracellular barrier (Shrestha et al., 2016).

The C-terminal fragment of CPE (C-CPE) contains the claudin binding domain in the last
30 amino acids and a stabilization domain but lacks the cytotoxic domain (Hanna et al., 1989,
1991; Hanna & McClane, 1991; Van Itallie et al., 2008; Kokai-Kun & McClane, 1997; Singh et
al., 2000; Smedley & McClane, 2004; Veshnyakova et al., 2010). When claudins interact with
CPE, the claudin protein is internalized and destroyed, resulting in the partial disruption of the
tight junction barrier (Black et al., 2015). However, cellular death occurs due to the toxic N-
terminal domain (Black et al., 2015; Kitadokoro et al., 2011; Kokai-Kun et al., 1999; Smedley et
al., 2007; Smedley & McClane, 2004). By exposing cells solely to the C-terminal fragment of
CPE, various claudin members (Claudin-3, -4, -6, -7, -8, and -14) are removed from the tight

junction without cytotoxic effects (Black et al., 2015; Ebihara et al., 2007; Harada et al., 2007;

The claudin binding
domain was mapped
to the last 30 amino
acids (aa residues
290-319)

Claudin binding
domain of C-CPE

Extracellular
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COOH

Figure 6: Schematic representation of C-CPE interacting with a claudin molecule. The
claudin binding domain of C-CPE was mapped to the last 30 amino acids on the C-terminal
domain. This claudin binding domain will interact with the second extracellular loop (EL2) of

a claudin molecule. Adapted from English & Santin, 2013 and Vecchio et al., 2021a.
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Van Itallie et al., 2008; Kojima et al., 2016; Kondoh et al., 2005; Takahashi et al., 2005, 2008).
In a previous study, they removed the last 30 amino acids from the C-terminal domain of CPE
and demonstrate that CPE could no longer bind to claudins (Van Itallie et al., 2008; Kimura et
al., 2010). Thus, the claudin binding domain of C-CPE was mapped between amino acids 290
and 319 (Figure 6) (Van Itallie et al., 2008; Kimura et al., 2010).

Interestingly, the absence of the CPE N-terminal domain prevents the formation of CH-1
complexes. Thus, claudins bound to C-CPE form solely CH-2 complexes, leading to the
internalization of the target claudins (Shrestha et al., 2016; Suzuki et al., 2017). Therefore, C-
CPE is an ideal peptide for the removal of claudins as it is 1) not cytotoxic, 2) binds to claudins
and removes them from the tight junction without affecting the localization of other claudin
members, 3) does not affect gene expression such that claudins can repopulate the tight junction
upon C-CPE removal, and 4) does not bind to other cell surface proteins (Takahashi et al., 2008).
The Nagano lab showed that when C-CPE was co-injected with testis cells from fertile donor
mice into the testes of infertile recipient mice there was improved SSC engraftment. SSC
engraftment was measured by visualizing SSC colonies with lacZ staining and the kinetics of
BTB disruption by C-CPE was analyzed by injecting C-CPE into busulfan-treated mice and
observing the ability of biotin to cross the BTB. In control GST-injected testes biotin staining
was seen only in the interstitium, but in the C-CPE-treated mice, positive biotin signals were
detected in the tubule lumen as well, indicating the disruption of the BTB. BTB disruption after
C-CPE injection was most evident on day 3 and restored by day 10. Therefore, C-CPE is capable
of transiently disrupting the tight junction barrier.

A critical drawback to C-CPE is that it only binds to a subset of claudins, limiting its
potential function to disrupt tight junctions to Claudins-3, -4, -6, -7, -8, and -14 (Kojima et al.,
2016). Various researchers have attempted to overcome this challenge by modifying the
sequence of C-CPE using site-directed mutagenesis which led to the development of C-CPE
variants that target Claudins-1, -2, -3, -4 and -5 (Beier et al., 2019; Liao et al., 2016; Piontek et
al., 2020; Protze et al., 2015; Walther et al., 2012; Winkler et al., 2009). Other studies have used
peptides corresponding to the EL2 domain of Claudin-2 to block the trans-interaction amongst
Claudin-2, -3, and -4 in order to increase tight junction permeability (Dithmer et al., 2017,
Nasako et al., 2020; Sauer et al., 2014; Staat et al., 2015; Zwanziger et al., 2012). The blood-

brain barrier and blood-nerve barrier of rats, showed increased permeability to small
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Figure 7: Scheme of C-CPE::Claudin fusion proteins. Peptides contain a His tag for
purification and a NT tag to improve solubility. For NT11, the claudin binding domain of C-
CPE (amino acid residues 290 to 319) was replaced by the EL2 of mouse Claudin-11.

Adapted from Enrique Gamero-Estevez’ thesis.

macromolecules when using peptides corresponding to the C-terminal region of Claudin-1 and
Claudin-5 EL1 were present (Dithmer et al., 2017; Sauer et al., 2014). Additionally, monoclonal
antibodies against Claudin-3 and -5 increase barrier permeability in vitro by blocking claudin
interactions between apposing cells, (Fukasawa et al., 2015; Kato-Nakano et al., 2010; Okai et
al., 2018; Tokunaga et al., 2007).

Despite significant progress, it is important to note that neither C-CPE nor these other
peptides, target Claudin-11, the most crucial claudin family member in the mouse and human
BTB (Dithmer et al., 2017; Sauer et al., 2014). While C-CPE has shown positive effects, it
primarily interacts with other claudin members in the BTB. To overcome this challenge, a former
PhD student, Enrique Gamero-Estevez, in the Ryan and Nagano labs designed a series of
peptides to target individual claudin family members; one of these was NT11 which targets
Claudin-11. The claudin binding sequence of C-CPE was replaced with the sequence of the EL2
of mouse Claudin-11, making the peptide target Claudin-11. The EL2 is responsible for claudin
homodimerization such that this domain would enable targeting of the claudin of interest. Thus,
the fusion protein is predicted to bind and remove Claudin-11 by recognizing the Claudin-11
EL2 sequence. However, the C-CPEACBD::CLDNI11 peptide was highly insoluble. Thus, an NT
solubility tag, derived from spider silk, was added to make NT11 a water-soluble peptide
(Krongvist et al., 2017). Moreover, NT11 contains a poly-histidine (His) tag to purify the tagged
protein by His-tag purification. Thus, the NT11 construct is as follows: His::NT::C-
CPEACBD::Cldn11EL2 (Figure 7). My project will focus on demonstrating that our peptide

NT11 will disrupt the BTB in an ex vivo model of mouse testicular tubules by removing Claudin-
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11 from the tight junction. In this manner, we hope to bring SSC transplantation closer to clinical

reality with the ability of our generated peptide to transiently disrupt the BTB.

1.9 Summary and Hypothesis

In light of the increasing number of cancer survivors, there is a significant demand for
effective fertility preservation methods, particularly among male patients facing the detrimental
effects of cancer treatments on sperm production. SSCs play a pivotal role in continuously
generating sperm through their self-renewal and differentiation abilities. Consequently, SSC
transplantation could be used to restore fertility in male oncofertility patients. However, a critical
drawback to SSC transplantation is the low efficiency of SSC engraftment due to the BTB which
prevents the transplanted SSCs from reaching their stem cell niche. Thus, targeting the BTB to
enhance homing to the germ cell niche is predicted to enhance SSC transplantation efficiency.
This can be done by specifically targeting claudins, which play an important role in the
formation and function of the BTB (Furuse et al., 1998).

Various strategies, including the use of Clostridium perfringens enterotoxin (CPE) and its
derivatives have been explored to transiently disrupt tight junctions. CPE interacts with specific
claudins, notably Claudin-3, -4 and -8, to induce their internalization or form cytotoxic
complexes (Black et al., 2015). Interestingly, the C-terminal fragment of CPE (C-CPE) can be
used similarly for transient disruption of tight junctions, including those in the BTB, without
cytotoxic effects (Black et al., 2015; Kojima et al., 2016). By targeting claudins and promoting
their internalization, C-CPE facilitates the partial disruption of tight junctions. A significant
limitation of C-CPE is its specificity to a subset of claudins, excluding crucial members such as
Claudin-11. To address this challenge, we designed the NT11 peptide by incorporating the
Claudin-11 EL2 into C-CPE.

I hypothesize that the NT11 peptide will reversibly remove Claudin-11 in an ex vivo
model of testicular tubules. To test this hypothesis, I established an ex vivo organ culture system
to investigate the effect of NT11 on Claudin-11 localization to the BTB in ex vivo cultured testis
tubules from two infertile mouse models. Additionally, I hypothesize that upon the removal of
the peptide, Claudin-11 will return to the tight junctions of the testis tubules. By investigating
these hypotheses, my study lays the groundwork for defining effective peptides that disrupt the

mouse blood-testis barrier and encourages further investigation in the development of peptides
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capable of disrupting cellular barriers. Furthermore, I hypothesize that implementing additional
purification procedures in our current NT11 induction and purification protocol would optimize
NT11 purity for future application in in vivo mice studies or ex vivo human tissue biopsy studies.
Ultimately, my project has focused on optimizing Claudin-11 removal by anti-claudin peptide

NT11 in the mouse BTB for future stem cell delivery.
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2. Materials and Methods
2.1 Animal: W/Wv Mice and Busulfan-Injected 129/B6 Mice

W/Wv mice (The Jackson Laboratory, WBB6F1/J-KitV/KitV-V/J, 100410, Bar Harbor,
ME, USA) were euthanized between 6 and 10 weeks postpartum for all experiments. Kit"/Kit"V-Y
compound heterozygotes are viable but sterile due to germ cell deficiency. W/Wv mice are the
offspring of a cross between WB/ReJ KitV/J (The Jackson Laboratory, WB/RelJ KitV/J, 000692,
Bar Harbor, ME, USA) females and C57BL/6J-Kit"V-/J (The Jackson Laboratory, C57BL/6J-
KitV-/J, 000049 Bar Harbor, ME, USA) males. Average weight of testis for W/Wv mice was
12mg.

129/B6 mice (The Jackson Laboratory, B6129SF1/J, 101043, Bar Harbor, ME, USA)
were injected with 50mg/kg of busulfan (Sigma-Aldrich, B2635, Burlington, MA, USA) 2 weeks
after weaning which corresponds to 5 weeks postpartum. Busulfan are damages germ cells,
decreases sperm motility and testis weight, and increases sperm abnormality rate. Consequently
mice injected with busulfan are infertile (Jiang et al., 2022). Busulfan-treated 129/B6 mice were
euthanized between 8 and 10 weeks postpartum for all experiments. 129/B6 Mice are the
offspring of a cross between C57BL/6J females (B6; The Jackson Laboratory, C57BL/6J,
000664, Bar Harbor, ME, USA) and 129S1/SvImJ males (129S; The Jackson Laboratory,
129S1/SvimJ, 002448, Bar Harbor, ME, USA). Average weight of testis for busulfan-injected
129/B6 mice was 30mg.

2.2 Animal Protocol Ethics

Animal Use Protocol #MUHC-7376 with McGill University and its Affiliated Hospital’s
Research Institutes has been granted to Dr. Makoto Nagano, Glen site of the RI-MUHC. The
Animal Certificate for the Protocol “Improving colonization of spermatogonial stem cells by

disrupting blood-testis barrier” is renewed every year. The latest protocol’s expiration date is

August 30™, 2024.

2.3 SSC culture medium

The SSC culture medium is a complex mixture made in the laboratory which contains
the following components: Minimum Essential Medium a (Invitrogen, 12561, Carlsbad, CA,

USA) with 0.2% BSA (Sigma-Aldrich, A3803, Burlington, MA, USA), Spg/mL insulin (Sigma-
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Aldrich, 15500, Burlington, MA, USA), 10pg/mL iron-saturated transferrin (Sigma-Aldrich,
T1283, Burlington, MA, USA), 3 x 10® M sodium selenite (Sigma-Aldrich, S5261, Burlington,
MA, USA), 50uM 2-mercaptoethanol (Sigma-Aldrich, M7522, Burlington, MA, USA), 10mM
HEPES pH 7.2-7.4 (Sigma-Aldrich, HO887, Burlington, MA, USA), 60uM putrescine (Sigma-
Aldrich, P5780, Burlington, MA, USA), 2mM glutamine (Invitrogen, 25030-081, Carlsbad, CA,
USA), 50 units/mL penicillin and streptomycin (Invitrogen, 15070-063, Carlsbad, CA, USA),
and finally 7.6 eq/L free fatty acids (31mM palmitic acid (Sigma-Aldrich, P0500, Burlington,
MA, USA), 2.8mM palmitoleic acid (Sigma-Aldrich, P9417, Burlington, MA, USA), 11.6mM
stearic acid (Sigma-Aldrich, S4751, Burlington, MA, USA), 13.4mM oleic acid (Sigma-Aldrich,
01008, Burlington, MA, USA), 35.6mM linoleic acid (Sigma-Aldrich, L1012, Burlington, MA,
USA), 5.6mM linolenic acid (Sigma-Aldrich, L2376, Burlington, MA, USA)) (Kubota et al.,
2004). Final pH of the media should be between 7.2-7.4. This media was used for all ex vivo

organ cultures performed throughout this study.

2.4 Air-Liquid Interface Culture System

Mouse testes were retrieved from a W/Wv mouse and/ or a busulfan-treated 129/B6
mouse. When using busulfan-treated 129/B6 mice, individual testes were weighed and only those
around 30mg were used. Mouse testes were immediately placed in a petri dish filled with 7mL of
PBS (137mM NaCl, 2.7mM KCl, 10mM Na;HPOs, and 1.8 mM KH>POs, adjusted to pH 7.4)

where the tunica was removed without disturbing the structure of the seminiferous tubules. The
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Figure 8: Air-liquid interface ex vivo culture system. Testis tissue pieces are cut in half

after the removal of the tunica and placed in a single well in a 24-well plate. The testis tissue
piece will float on the PCTE membrane filter in 300puL of SSC culture medium. The medium
will contain 40uM of NT11 for the NT11-treated samples and the equivalent volume of PBS

for the controls. A thin layer of medium covers the tissue in a dome-like shape.
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testis was then cut in half in the longitudinal direction to increase surface area. The testis tissue
was placed gently on a polycarbonate (PCTE) membrane filter (Disc 13mm PCTE 1.0pm)
(Thomas Scientific, GVS Filter technology 4663F85, Swedesboro, NJ, USA) that is floating in a
single well of a 24-well plate with SSC culture media (Figure 8). Medium in the well consisted
of 40mM of NT11 or C-CPE in addition to the amount of SSC culture medium to make the total
volume 300uL. The control culture contained an equivalent volume of PBS added to the media.
A layer of medium from under the filter was gently pipetted over the testis tissue which was
placed flat on the floating PCTE membrane filter with the cut side of the testis on the membrane
filter. This layer of medium formed a dome-like shape over the tissue. Once the air-liquid
interface culture system was complete; the 24-well plate containing the sample was placed in the
32°C incubator for the course of treatment, i.e. 16 or 72 hours.

For Claudin-11 restoration, the 24-well plate containing the sample was placed in the
32°C incubator for the course of treatment (Figure 9). After 16 hours, the plate was taken out for
5 minutes: Media from the well was completely drained by removing the 300uL with a pipette.
300uL of fresh SSC culture medium was then placed into the well containing the testis tissue on

the PCTE membrane filter. Again, a thin layer of medium from the 300 pL was gently pipetted
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Figure 9: Scheme for claudin recovery experiment. Testis tissue pieces were treated with
NT11 (40 uM) or vehicle control for 16 hours, followed by a change in media to complete
SSC culture medium. Tubules were collected at 24, 48, or 72 hours, fixed in Trichloroacetic

acid (TCA) and subjected to whole-mount immunofluorescence.
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over the tissue to form a dome-like shape. The 24-well plate was then placed into the 32°C

incubator for 24 hours, 48 hours and/or 72 hours, respectively.

2.5 Antibodies for Immunofluorescence

Primary antibodies used for immunofluorescence were: Claudin-11 (Invitrogen, 364500,
Carlsbad, CA, USA) and ZO-1 (Invitrogen, 339100, Carlsbad, CA, USA). The Claudin-11
polyclonal antibody was raised in rabbit (IgG) using a synthetic peptide derived from the C-
terminal region of human OSP/Claudin-11 (one amino acid different from mouse and rat
sequences). The ZO-1 monoclonal antibody was raised mouse (IgG1) using the human
recombinant ZO-1 fusion protein encompassing amino acids 334-634. In addition, secondary
goat anti-rabbit (Alexa Fluor 488, Invitrogen, Carlsbad, CA, USA) and goat anti-mouse (Alexa
Fluor 568, Invitrogen, Carlsbad, CA, USA), were used.

2.6 Whole-Mount Immunofluorescence

After treatment was complete, testis tissue pieces were individually placed in plastic snap
cap tubes containing SmL of Hanks’ Balanced Salt Solution (ThermoFisher Scientific,
ICN1810054, Waltham, MA, USA) with 1mg/mL of Collagenase IV (Sigma-Aldrich, C5138,
Burlington, MA, USA) for 5 minutes each in a 37°C-water bath. The tubules were digested and
separated into individual strands by lightly agitating the tube back and forth. After tubules
sedimented to the bottom at unit gravity (< 1 min), 15 mL of 1xPBS was added to dilute the
collagenase. The supernatant was removed as much as possible without removing the tubules and
PBS was added again to wash the tubules. This process of adding PBS to wash the tubules was
repeated two more times for a total of three washes.

To fix the tubules, the testis that was separated into tubules in the snap cap tubes were
incubated in 10% trichloroacetic acid (TCA) (ThermoFisher Scientific, BP555-500, Waltham,
MA, USA) by fully submerging the tubules (1 mL) for 90 minutes at 4°C with agitation. This
step was followed by an extensive wash of the tubules 3 to 4 times for 10 minutes each with PBS
on a shaker at room temperature (RT). This entailed removing the TCA, adding 10mL of 1xPBS
and placing the snap cap tube on the shaker for 10 minutes, followed by the sedimentation of the
tubules before removing the PBS and adding another 10mL of PBS. For all these steps, the

tubules were avoided with the pipette as much as possible to not lose or damage the testis
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tubules. Samples were then incubated in blocking buffer (10% normal goat serum (Multicell
Wisent, 053110, St. Bruno, QC, CAN) in 0.3% Triton X-100 (Sigma-Aldrich, 112298,
Burlington, MA, USA) in 1xPBS) for 1 hour at RT on a shaker. Enough volume of blocking
buffer was added to ensure that the testis tubules were fully submerged even while being agitated
on the shaker during incubation. Following the blocking process, the supernatant was removed,
and the testis tubules were incubated in primary antibody (diluted in 5% normal goat serum in
0.3% Triton X-100 in 1x PBS) at 4°C overnight on a shaker, enough to ensure that the tubules
were submerged in the solution during agitation. For Claudin-11 primary antibody (Invitrogen,
364500, Carlsbad, CA, USA), a dilution of 1:50 was used and for ZO-1 primary antibody
(Invitrogen, 339100, Carlsbad, CA, USA) a dilution of 1:200 was used.

Following the overnight primary antibody incubation, samples were washed 4 times with
10mL of 1xPBS for 10 minutes each at RT on a shaker. This process was repeated three more
times where the tubules would sediment to the bottom, followed by the removal of the
supernatant and addition of 10mL of PBS to wash the tubules. Samples were then incubated in
secondary antibody (diluted Alexa Fluor-conjugated secondary antibodies (1:500) in 0.3% Triton
X-100 in 1x PBS) along with DAPI (Invitrogen, Carlsbad, California, USA) for 1 hour at RT.
After incubation was complete, tubules were washed three to four times with PBS for 10 minutes
at RT on a shaker. Once the tubules sedimented to the bottom after being taken off the shaker,
the supernatant was removed, and PBS was added. After the washes, the seminiferous tubules
were transferred to glass microscope slides. This transfer process was done by removing most of
the supernatant from the tubes and pouring the contents (200uL of PBS with tubules) directly
onto the slides without going over the edges. This method was chosen as the least number of
tubules would be lost. Forceps were then used to gently disperse the tubules along with
Kimwipes® to remove all the excess PBS from the slide. A single drop of FluorSave reagent
(EMD Millipore, 34789, Massachusetts, USA) was added over the tubules followed by a 1.5mm

coverslip. The testis tubules were next visualized with a microscope.

2.7 Confocal Imaging

Wholemount immunofluorescent testis tubules were visualized with the Zeiss LSM780
laser scanning confocal microscope and Z-stack images were acquired to visualize the 3D

tubular structure of the testis tubules. Images were acquired in grayscale and the colours green,
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red and blue were added above to the corresponding individual signals. For all the images taken
throughout this project, the green channel represents the claudin signals, the red channel
represents the ZO-1 signals, and the blue channel represents the DAPI. Brightness and contrast
of channels were determined with the control samples and treated samples were imaged with the
same settings, per experiment. This enabled comparison in intensity and not only protein
localization pattern between Claudin-11 and ZO-1 on individual testis tubules. The Master gain,
digital offset, and digital gain in conjunction with laser power, were adjusted to set the threshold
of detection by adjusting the sensitivity of the detector, the background/ noise and signal
intensities (Shihan et al., 2021).

Images with the 20x objective (Objective Plan-Apochromat 20x/0.8 M27) were taken
with 1024x1024 pixels (386.4510um x 386.4510um), a depth around 40pm, and with a
resolution of 2.6498 pixels per micron. Images with the 63X objective (Objective Plan-
Apochromat 63x/1.4 Oil DIC M27) were taken with 1024x1024 pixels (134.9511um x
134.9511um), a depth around 10pum, and with a resolution of 7.5879 pixels per micron. The slice
before ZO-1 signals can be seen (all background) was selected as the first stack and the last slice
of the Z-stack was selected to be the slide when ZO-1 appears punctate on each side of the

tubule. In this manner, the Z-stack captures from the top of the tubule to the middle of the lumen
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Figure 10: Confocal imaging of mice testis tubules. A cross section of a testicular tubule
with the dotted lines denoting the first and last Z-stack of a single image using 20x and 63x

objectives.
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(Figure 10). The distance between each Z-stack was 2um for the 20x objective and 0.69um for
the 63x objective. Approximately 20 Z-stacks were taken per tubule using the 20x objective and
15 Z-stacks when the 63x objective was used. 10 different testis tubules were imaged per slide
and condition by navigating different fields of view with 5 images taken using the 20x objective
and another 5 images taken using the 63x oil immersion objective. The tubules chosen for
imaging were selected based on tissue integrity and dispersion on the glass slide. Damaged
tubules were not imaged. Additionally, only tubules that could be singled out with a complete
empty background were imaged. These two conditions limited the tubules that could be imaged
and prevented bias against testis tubule selection based on protein localization pattern or

intensity.

2.8 ImageJ Analysis of Confocal Images

Colocalization of Claudin-11 with ZO-1 was determined using Pearson’s correlation
coefficient analysis of Maximum Intensity Projections (MIPs) of testis tubule images obtained
using the 63x objective with the using FIJI/Image J (version 2.9.0/1.53t, ImageJ2, National
Institutes of Health, Bethesda, MD, USA) and their colocalization tool. MIPs were created using
the Z-stack with the highest intensity of ZO-1 as well as the stack immediately before and the
stack immediately after. This method allowed us to visualise solely the Sertoli cells, excluding

the myoid cells. To assess the signals (colocalization and intensity) at the membrane, the image

Creating a binary
image and mask

MIP of ZO-1

Selection over ZO-1 Selection over Claudin-11

Figure 11: Creating an ROI using ZO-1 signal at the membrane. Using the MIP of ZO-1
that contains the Z-stack with highest intensity of ZO-1 taken along with the previous and
subsequent stack, an ROI is created by selecting auto-threshold with Huang 2 and filtering for
the median at 4.0 pixels. Using this ROI, Coloc 2 (colocalization) is assessed within the area

of the selection (yellow outline) for ZO-1 (red) and Claudin-11 (green).
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was first converted to 8-bit. An ROI was drawn using the MIP of ZO-1 (channel 1) by making
the image into a binary image, converting it to a mask and creating a selection. Huang 2 was
used from the auto-threshold selection. The ROI selection was further refined by filtering for the
median at 4.0 pixels. “Adjust” — “Auto Threshold” — “Huang2” — “Process” — “Make
binary” — “Convert to Mask” — “Process” — “Filter” — “Median, 4 pixels” — “Edit” —
Selection” — “Create Selection” — “Add to ROI” (Figure 11). After creation of the ROI for
each individual image, Coloc 2 was selected and colocalization was compared using channel 1
(ZO-1) and channel 2 (Claudin-11) along with the ROI/mask. Costes was selected from the
threshold regression and PSF was set to 3 pixels with no Costes randomization. The value for
Pearson’s correlation coefficient with no threshold was then taken and plotted using Excel.
Additionally, the integrated sum intensity ratios were analyzed for Claudin-11/ ZO-1 amongst
treatment conditions. The integrated sum intensity values were taken from the Coloc 2 output,

made into a ratio by dividing Claudin-11 over ZO-1 and plotted.

2.9 Statistical Analysis of Images

Statistical analyses were performed using Excel (version 16.83, Microsoft Office 365,
Redmond, WA, USA) and Graph-Pad PRISM (version 8.02, GraphPad Software, Inc.,
California, USA). A two tailed t-test, ANOVA one-way factor test and Tukey-Kramer Post Hoc
test analyses were used to analyze the effects of treatment. Differences were considered
significant when p < 0.05. A two tailed t-test was chosen to compare the values between the
controls and NT11 treated samples, critically assessing if the mean is significantly greater than
one and/ or if the mean significantly less than other. Additionally, using Excel, the standard
deviation, standard deviation of Mean (SEM) and 95% Confidence Interval were calculated for
each condition in each experiment. An ANOVA one-way factor tested was used to compare the
multiple values generated from the control, 24 hours, 48 hours, and 72 hours for the Claudin-11
restoration experiments. This analysis of variance compared the means of 4 independent groups
to determine whether there is statistical evidence that the associated population means are
significantly different. The Tukey-Kramer Post Hoc test then tested the null hypothesis of no
difference between the means for all pairs of groups. These statistical analysis methods provided

a measure to quantify the significance in Pearson’s correlation coefficients and Integrated Sum
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Intensities between control and NT11 treated testis tubules at 16 hours, 72 hours, and the chosen

restoration intervals (24 hours, 48 hours, and 72 hours after 16 hours of NT11 treatment).

2.10 Plasmid Generation

NT11 (His::NT::C-CPE::Cldn11EL2) was generated by Dr. Enrique Gamero-Estevez.
Briefly, the cDNA clone encoding the C-CPEACBD::Cldn11EL2 fusion protein was generated
by replacing the nucleotide sequence encoding C-CPE’s claudin binding domain (amino acids
290- 319) with the nucleotide sequence encoding the EL2 domain of Claudin-11
(SSHREITIVSFGYSLY). Two serines were added as a linker. Sequences encoding a His tag and
the Spidroin protein (NT) solubility domain (Kronqvist et al., 2022) were added to the 5’ end of
the cDNA construct to encode the final fusion protein His::NT::C-CPEACBD::Cldn11EL2. We

refer to this polypeptide as NT11 and it was used for all experiments described in this thesis.

2.11 Protein Induction

First, 340ng of cDNA expression vector for NT11 was added to 200uL of E. coli BL21
(DE3) pLysS Competent Cells (Promega, L1191, Madison, WI, USA) in a 15mL plastic snap
cap tube and left on ice for 30 minutes. The tube was heat-shocked in a 42°C-water bath for 45
seconds and then 500uL of Lysogeny broth/Luria-Bertani (LB) (10g/L Tryptone, 10g/L NaCl,
5g/L Yeast Extract, ddH20) was added to the tube and the tube was placed in a 37°C shaker for
one hour. The mixture was plated on LB agar plates containing 50pug/mL kanamycin sulfate
(ThermoFisher Scientific, BP906-5, Waltham, MA, USA) and 34pg/mL chloramphenicol
(Sigma-Aldrich, C3175, Burlington, MA, USA). The plate was incubated at 37°C overnight.
Individual colonies were used to inoculate SmL of LB media containing 50pg/mL of kanamycin
and 34pg/mL of chloramphenicol. and incubated overnight at 37°C with shaking (250rpm).

4mL of the overnight culture was used to inoculate 400mL of LB media containing
50pug/mL of kanamycin and 34pg/mL of chloramphenicol in a 2L Erlenmeyer flask. The cultures
were grown at 37°C with shaking (250 rpm) until they reached an optical density (OD) 600nm of
0.4-0.6. A 1mL “uninduced” aliquot was centrifuged and the bacterial cell pellet was stored at -
20°C. Protein expression was induced by adding IPTG (Isopropyl 8-D-1-thiogalactopyranoside)
(ThermoFisher Scientific, BP1755-10, Waltham, MA, USA) to a final concentration of 0.2mM.

The culture was then incubated overnight at RT on a shaker at 250rpm. Following the overnight
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induction, 500ul aliquots of the “induced” culture were centrifuged and the pellets stored at -
20°C. The remaining culture was centrifuged at 5000g (J6-HC, Rotor JS-4.2, 4200rpm) for 30
minutes 4°C. The pellets were then transferred from the 250mL plastic centrifuge bottles to
50mL conical tubes and 800mL of bacterial culture pellets were pooled together (2 x 400mL
bacterial cultures). Each pellet was weighed, noted, and labelled. Finally, pellets were stored at -

80°C until protein purification.

2.12 Studier Method for Auto-Induction of Protein Expression

This protocol describes the production of recombinant proteins in bacteria originally
developed by F. W. Studier (Studier, 2005, 2014, 2018). Transformation of the cDNA expression
vector for NT11 into E. coli BL21 (DE3) pLysS Competent Cells was done in the same manner
as described above. The mixture containing 500uL of LB with the E. coli BL21 cells and cDNA
expression vector for NT11 was plated on a LB + 1% glucose agar plate containing 100pg/mL
kanamycin sulfate and 34pg/mL chloramphenicol. Once plated, the plate was left to incubate at
37°C overnight.

Individual colonies were used to inoculate 50mL of ZYP-0.8G non inducing media
(46.5mL of ZY, 50uL of 1M MgS04 (ImM) (ThermoFisher Scientific, M63, Waltham, MA,
USA), 1ml of 40% glucose (0.8%), 2.5mL of 20xNPS (1x)) with 100pg/mL of kanamycin, and
34ug/mL of chloramphenicol. ZY is composed of 10g of Bacto™ Tryptone (ThermoFisher
Scientific, 211705, Waltham, MA, USA), 5g yeast extract (Sigma-Aldrich, Y1625, Burlington,
MA, USA) and 925mL of ddH>O. 20xNPS is composed of 0.5M (NH4)2SO4 (ThermoFisher
Scientific, 446450250, Waltham, MA, USA), 1M KH,PO4 (Sigma-Aldrich, P5379, Burlington,
MA, USA), and 1M of Na,HPO4 (Sigma-Aldrich, S9390, Burlington, MA, USA) added in
sequence until all was dissolved. 24.65g of MgSO4+7H>0 was dissolved and filled to 100mL to
make 1M MgSOs. 40% glucose was made with 40g of Dextrose Anhydrous (ThermoFisher
Scientific, BP350-1, Waltham, MA, USA) and 74mL of ddH>O by adding the glucose slowly
into the stirring water and left to stir for 1 hour until all was dissolved. The flask was then placed
into a 37°C shaking incubator overnight at 300rpm.

ODsoo of the overnight ZYP-0.8G non inducing media culture was noted. After the
overnight culture, the 50mL overnight ZYP-0.8G non inducing media culture was used to

inoculate 500mL of ZYP-5052 auto-inducing media (464mL of ZY, 500uL of 1M MgSO4

48



(1mM), 10mL of 50x5052 (1x), 200puL of 1000x trace metal mixture, 25mL of 20xNPS (1x),
100pg/mL of kanamycin sulfate, and 34pg/mL of chloramphenicol) in a 2L baffled flask. ODsoo
of hour 0 was taken directly after putting the overnight starter culture. The ZYP-5052 culture
was then placed into a 37°C-shaking incubator at 300rpm and ODsoo was noted every hour for 12
hours, taken along with ImL aliquots, before moving the culture into a RT shaking incubator at
300rpm overnight. 100mL of 50x5052 is composed of 25g of glycerol (ThermoFisher Scientific,
PI117904, Waltham, MA, USA), 73mL of ddH»O, 2.5g of glucose, and 10g of a-lactose (Sigma-
Aldrich, L3625, Burlington, MA, USA) which were added in sequence and stirred for 2 hours
until dissolved. 1000x trace metal mixture is composed of the following listed in Table 1 which
were added to 36mL of ddH20. All metals were made into individual stock solutions and
autoclaved except for FeCL3*6H>O which was dissolved in 0.1M concentrated HCI (Sigma-
Aldrich, 320331, Burlington, MA, USA).

ODeoo of the overnight ZYP-5052 auto-inducing media culture was noted. ODgoo was
taken every hour until hour 26. The cultures were then poured into 250mL plastic centrifuge
bottles and centrifuged at 5000g (J6-HC, Rotor JS-4.2, 4200rpm) for 30 minutes, collected in the
same manner as described above. Each 1ml aliquot taken from every hour was then run on an
SDS-PAGE gel to confirm induction. Finally, these pellets were stored at -80°C until the next

step of protein purification.

1000x Trace Metal Mixture

Trace Elements Final Concentrations
FeCl3*6H,O (Sigma-Aldrich, F2877, Burlington, MA, USA) 50mM

CaCl,*2H;0 (Sigma-Aldrich, C3881, Burlington, MA, USA) 20mM

MnCl,*4H,O (Sigma-Aldrich, M3634, Burlington, MA, USA) 10mM

ZnS04°7H,0 (Sigma-Aldrich, Z4750, Burlington, MA, USA) 10mM

CoCl*6H,0 (Sigma-Aldrich, C8661, Burlington, MA, USA) 2mM

CuCL*2H,O0 (Sigma-Aldrich, C6641, Burlington, MA, USA) 2mM

NiCL*6H,0 (Sigma-Aldrich, N5756, Burlington, MA, USA) 2mM

Na;Mo004°2H,0 (Sigma-Aldrich, M1003, Burlington, MA, USA) 2mM
NaxSeO3°5H,0 (Sigma-Aldrich, S5261, Burlington, MA, USA) 2mM
H;3;BO;3 (Sigma-Aldrich, B6768, Burlington, MA, USA) 2mM

Table 1: 1000x trace elements. Table listing the final concentrations of the metals required to

make 1000x trace metal mixture for auto-induction media. Stock solutions of the metals were

prepared except for FeCls which was dissolved in 50 ml of 100x diluted concentrated HCI.
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2.13 Protein Purification

The previously centrifuged bacterial cell pellets were resuspended in 10mL of
resuspension buffer (5S0mM Tris pH7.5 (ThermoFisher Scientific, BP153, Waltham, MA, USA),
150mM NaCl (ThermoFisher Scientific, S271, Waltham, MA, USA), 10mM imidazole pH 7.5)
(Sigma-Aldrich, 15513, Burlington, MA, USA)) per 1g of pellet. Protease inhibitors (1.45nM
Pepstatin A (ThermoFisher Scientific, 78436, Waltham, MA, USA), 2.1nM Leupeptin
(ThermoFisher Scientific, 78435, Waltham, MA, USA), 0.15nM Aprotinin (ThermoFisher
Scientific, 78432, Waltham, MA, USA), and 0.57mM PMSF (ThermoFisher Scientific, 36978,
Waltham, MA, USA)) were added to the 10mL of resuspension buffer per 1g of bacterial cell
pellet. After resuspension, S00uL of lysozyme (10mg/mL ddH»O) (Sigma-Aldrich, 62971,
Burlington, MA, USA) for 10mL of resuspension buffer was added and left on ice for 20
minutes. Next, 10% sodium deoxycholate and NaCl were added to a final concentration of 0.2%
and 0.5M, respectively. This was placed on ice for another 5 minutes for cells to lyse.

The lysate was sonicated (Sonics Vibra-Cell VC 50 Ultrasonic Homogenizer, 19308C,
Sonics & Materials Inc. Danbury, CT, USA) in the 4°C room (20 times for 30 seconds each at
45° amplitude) with a small probe (CV 18 Generator Probe) in an ice bucket. A 10uL aliquot
was taken from the lysate, labelled “before centrifuge” and stored at -20°C. The lysate was then
transferred to a 30mL centrifuge round bottom tube and centrifuged at 15000g (J2-HS, rotor JA-
17, 11500rpm) for 30 min at 4°C, twice. A 10uL aliquot was taken from the supernatant, labelled
“after centrifuge” and stored at -20°C. Another aliquot was taken from the pellet, labelled
“pellet” and stored at -20°C. The resulting supernatant containing the His-tagged fusion protein
was then pipetted to an appropriate size conical tube and incubated at 4°C overnight rocking with
Ni-NTA agarose beads (Qiagen, 30210, Germantown, MD, USA) (80uL of 50% Ni-NTA slurry
per 400mL of bacterial culture) that were swelled in resuspension buffer.

Following the overnight incubation, the Ni-NTA agarose beads were collected with a
low-speed centrifuge at 270g (Sigma 4-15C, rotor 312/J 11156). A 10uL aliquot was taken from
the supernatant and labelled “unbound” and stored at -20°C. Additionally, another 10uL aliquot
was taken from the beads and labelled “bound” and stored at -20°C. The supernatant was then
discarded, and the beads were washed in 10mL of wash buffer (50mM Tris pH7.5, 0.5M NaCl
and 15mM imidazole) 4 times. 10mL of wash buffer was pipetted with the beads, centrifuged at
270g (Sigma 4-15C, rotor 312/J 11156) and then discarded while keeping the beads. A 100uL
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aliquot was taken of the wash buffer after a wash, labelled “wash” and stored at -20°C. The
washed beads were then transferred to a column and washed further until the eluant was free of
protein as assessed by a standard Bradford assay, pipetting SmL of wash buffer into the column
and collecting 2uL fractions for the Bradford assay.

Once there was no longer any protein being washed away, 1 bed volume of elution buffer
(50mM Tris pH7.5, 150mM NaCl and 300mM imidazole) was added to the column with the
beads, eluted into microcentrifuge tubes and repeated until approximately 10 fractions were
collected. A 10uL aliquot was taken from the beads, labelled “beads”, and stored at -20°C. A
Bradford protein assay was used to identify the eluted fractions containing purified recombinant
protein which were then pooled together. The pooled fractions were then dialyzed against PBS.
The pooled fractions were inserted into a dialysis cassette with a 3kDa molecular weight cut off
(MWCO) using a syringe. The cassette, along with a sponge, was placed into a beaker with 2L of

PBS spinning gently for 2 hours at 4°C. The cassette was then transferred into a different beaker
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Figure 12: Scheme of NT11 induction and purification. Starting with transformation, the
bacterial colonies (selected with Kanamycin and Chloramphenicol) are used to inoculate
bacterial cultures and induced (with IPTG or allolactose from auto induction media) to
express NT11. The cultures are centrifuged, and the pellet is resuspended in resuspension
buffer, sonicated and centrifuged. The supernatant is incubated with Ni-NTA beads, washed
with wash buffer and eluted. The eluate containing the NT11 peptide is placed in a dialysis
cassette and stored in aliquots before performing a Coomassie protein assay or western blot.

Adapted from Gomes et al., 2022.

51



with 4L of PBS and spun gently overnight at 4°C and transferred again into a different beaker
with 2L of PBS for another 2 hours at 4°C the next day. Finally, the purified recombinant protein
was collected, and volume and concentration were recorded. Aliquots were stored at -80°C.

Figure 12 illustrates the steps for protein induction and purification.

2.14 Size Exclusion Chromatography

A 30cm column with Sephadex G-75 (Sigma-Aldrich, G10050-10G, Burlington, MA,
USA) was prepared. Sephadex G-75, with an 80kDa limit, allows smaller molecules to interact
with the pores, while those exceeding 80kDa do not. The gel filtration resin was swelled with
PBS and 480puL of His-tag purified NT11 12.7ug/uL was pipetted into the column.
Subsequently, 26 fractions of 1mL (column's bed volume) were collected in microcentrifuge
tubes labelled 1 to 26. Detection of protein was done with a standard Bradford assay. 2L
aliquots were taken from each 1mL fraction and fractions containing protein were collected and
further purified with a second round of His-tag purification. The collected fractions were
separated into two pools and incubated overnight with Ni-NTA agarose beads. The beads were
then treated in the same manner as described above for protein purification. After dialysis, the

concentration and volumes were recorded for both pools of SEC fractions, respectively.

2.15 Amicon Ultra Centrifugal Filters

Amicon® Ultra Centrifugal Filters (Sigma-Aldrich, Burlington, MA, USA) were used for
protein purification by separating eluted protein by size and/ or as a tool to concentrate protein.
For protein purification, a single fraction collected from the SEC was pipetted into a 50kDa
MWCO Amicon ultra-15 centrifugal filter (Sigma-Aldrich, UFC9050, Burlington, MA, USA)
and centrifuged for 45 minutes at 4000g (J6-HC, Rotor JS-4.2, 3800rpm) in a swinging bucket
rotor. In a separate experiment, the eluted protein after dialysis was pipetted directly into a
50kDa MWCO Amicon ultra-15 centrifugal filter and centrifuged for 45 minutes at 4000g (J6-
HC, Rotor JS-4.2, 3800rpm). The eluted product in the filtrate collection tube was then collected
by recording the volume and measuring the concentration while the remaining un-eluted product
in the filter chamber was discarded. Alternatively, 10kDa Amicon ultra-4 centrifugal filters
(Sigma-Aldrich, UFC8010, Burlington, MA, USA) and/ or 3kDa Amicon ultra-4 centrifugal
filters (Sigma-Aldrich, UFC8003, Burlington, MA, USA) were used to concentrate protein after
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dialysis. If the concentration measured by the spectrophotometer (Amersham Biosciences
UltroSpec 1100 pro UV/ Visible, 80-2112-00/01/02/03, 79000) was below 1pg/uL, the eluted
protein was placed in the centrifugal filters, centrifuged for 30 minutes at 4000g (J6-HC, Rotor
JS-4.2, 3800rpm) in a swinging bucket rotor. The protein was then recovered from the filter

chamber whereby the volume and concentration would be recorded.

2.16 Solubility Test

To test the solubility of our protein peptide, various different buffers including 10%
glycerol (ThermoFisher Scientific, P117904, Waltham, MA, USA), 1% Triton X-100 (Biorad
Laboratories, 1610407, Hercules, CA, USA) and 10% DMSO (Sigma-Aldrich, D5879-1L,
Burlington, MA, USA) were tested in our resuspension buffer (5S0mM Tris pH7.5, 150mM NaCl,
10mM imidazole pH 7.5) with 0.2mg/mL of lysozyme (10mg/mL ddH>O). NT11 non-induced
and induced pellets were either resuspended in 200uL of 10% glycerol, 1% Triton X-100 and/ or
10% DMSO in our resuspension buffer with 0.2mg/mL of lysozyme. The microcentrifuge tubes
containing the lysed pellets were then placed on a Glas-Col Tube Rotator (The LabWorld Group,
14628, Hudson, MA, USA) for 30 minutes at RT. If the cells were lysed after 30 minutes, they
were sonicated for 1 second (Sonics Vibra-Cell VC 50 Ultrasonic Homogenizer, 19308C, Sonics
& Materials Inc. Danbury, CT, USA). The lysed cells were then centrifuged for 20 mins at 4°C
(Eppendorf 5415D Microfuge Centrifuge, Standard Rotor F-45-24-11, 13200rpm). The
supernatant was separated from the pellet. In the microcentrifuge tubes containing the
supernatant (soluble fraction), SOuL of 5x loading dye was added and in the microcentrifuge
tubes containing the pellet (insoluble fraction) 250uL of 1x loading dye was added. These

samples were then visualized by western blot analysis and Coomassie protein assays.

2.17 Antibodies for Western Blot

Primary antibody used for Western Blot was Anti-His-Tag (DSHB, N144/14, Iowa City,
IA, US) and Clostridium perfringens enterotoxin A antibody (Biorad Laboratories, 2120-0130G,
Hercules, CA, USA). The Anti-His-Tag monoclonal antibody was raised in mouse (IgG1) using
a hexahistidine (6xHis) fusion protein amino acids 720-804, variable portion of cytoplasmic C-
terminus, of mouse ProtocadherinGammaA3. The Clostridium perfringens enterotoxin A

polyclonal antibody was raised in rabbit using purified enterotoxin A from C. perfringens. In
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addition, Goat Anti-Rabbit-HRT Conjugated (Cell Signaling, 70748, Danvers, Massachusetts,
USA) and Goat Peroxidase-Conjugated Anti-Mouse IgG Antibody (Jackson ImmunoResearch,
115-035-146, West Grove, Pennsylvania, USA) were used.

2.18 Western Blot Analysis and Coomassie Protein Assay

Western blot analyses and Coomassie protein assays were used to visualize the protein
from induction and purification steps leading up to the collected purified recombinant protein.
Aliquots were taken and labelled at each step: “uninduced, induced, before centrifuge, after
centrifuge, pellet, unbound, bound, wash, beads, purified protein”. LD is composed of 0.5M Tris
(pH 6.8), Glycerol, 10% SDS, 0.5% Bromophenol Blue (Sigma-Aldrich, B0126, Burlington,
MA, USA), and ddH>O to which 5% of B-mercaptoethanol (Sigma-Aldrich, M6250, Burlington,
MA, USA) is added. For the uninduced, 25uL of ddH>O and 25uL of 2x Loading Dye (LD) were
added, resuspending the pellet. For the induced, 100uL. of ddH>O and 100uL of 2x LD were
added, resuspending the pellet. For the 10uL aliquoted samples, 90uL of ddH>O were added
along with 100uL of 2x LD. For 100uL aliquoted samples, 100pL of 2x LD was added. For the
purified protein, protein concentration was measured using a standard Bradford Assay and
appropriate amounts of ddH>O and 5x LD were added to 10ug of protein for a total volume of
25uL. All samples were denatured at 95°C for 5 minutes prior to loading.

To run the SDS-PAGE gels (15% separating gel and 4% stacking gel (4x separating
buffer pH 8.8 or 4x stacking buffer pH 6.8, Acrylamide 30%, Temed, 10% APS and ddH>O)) 15
or 10 well 1.5mm SDS-PAGE gels were placed in the gel electrophoresis tank. 1x running buffer
was added to the gel electrophoresis tank and 25uL of each sample were loaded along with the
protein ladder (Precision Plus Protein Dual Color Standards, Biorad Laboratories, 1610374,
Hercules, CA, US). 2 SDS-PAGE gels were run at 35mA (constant amps) per gel per experiment
which was later visualised with Coomassie blue and western blotting, respectively.

For a Coomassie protein assay, the SDS-PAGE gel was placed in a container filled with
Coomassie Brilliant Blue R-250 Stain Solution (MeOH, Glacial Acetic Acid, ddH>O and 1g/L
Coomassie R250 (Biorad Laboratories, 1610400, Hercules, CA, USA). The container was placed
on a shaker for 30 minutes at RT. The Coomassie Brilliant Blue R-250 staining solution was then
discarded and de-staining solution (MeOH, Glacial Acetic Acid, and ddH>O) was added. De-

staining solution was exchanged every 20 minutes for 2 hours. De-staining solution was then
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discarded and exchanged for ddH>O and left shaking overnight. The gel was imaged using
Amersham imager 600 (GE Healthcare, Little Chalfont, United Kingdom).

For Western blot analysis, the SDS-PAGE gel was placed into a gel holder cassette with
foam pads and filter paper. A 0.45um Amersham™ Hybond® P Western blotting polyvinylidene
difluoride (PVDF) membrane (Sigma-Aldrich, GE10600121, Burlington, MA, USA) was cut and
soaked in methanol for 30 minutes prior to assembling the cassette. The cassette was then soaked
in cold transfer buffer (1x transfer buffer, MeOH and ddH»O) and placed in the buffer tank. The
transfer was run for 90 minutes at 100V (constant voltage). After the protein transferred from the
SDS-PAGE gel to the PVDF membrane (confirmed by ladder), the PVDF membrane was
washed with TBST (Tris-HCI 10 mM pH 7.4, NaCl 150 mM, and 0.1% tween 20) for 5 minutes,
repeated 3 times. After 3 washes, the membrane was blocked in blocking buffer (5% non-fat dry
milk in TBST) for 1 hour at RT. Next, the blocking buffer was discarded, and the membrane was
incubated overnight at 4°C on a rocker with a primary antibody in TBST: Anti-His (1:400) or
Anti-CPE (1:10000). Following overnight primary antibody incubation, the membrane was
washed 3 times in TBST for 10 minutes each on a shaker at RT. The membrane was then
incubated with goat anti mouse peroxidase conjugated (1:5000) or goat anti-rabbit-HRT
conjugated (1:5000) in TBST on a shaker for 1 hour at RT. The membrane was then washed 3
times in TBST for 10 minutes each on a shaker at RT. Finally, the membrane was revealed using
Clarity Western ECL substrate (Biorad Laboratories, 1705061, Hercules, CA, USA), and imaged
using Amersham imager 600 (GE Healthcare, Little Chalfont, United Kingdom).

55



3. Results
3.1 Aim 1: Claudin-11 Removal from the Blood-Testis Barrier by NT11
3.1.1 Establishing an Ex Vivo Organ Culture System to Investigate Peptide Effects

First, it was necessary to establish an ex vivo organ culture system that would enable the
investigation of our peptide on testis tissue over several days. This ex vivo culture system would
provide the groundwork to transition from an ex vivo mouse model to an ex vivo human model
for future clinical applications. Several rounds of optimization were required to establish an ex
vivo culture system that supported survival of testis tubules and visualization of NT11 effects on
Claudin-11 in mouse BTB. Claudin-11 is expressed around the Sertoli cells in a hexagonal
pattern at the membrane, overlapping with ZO-1 (Figure 13). When treating the testis tubules

with NT11, I expect to visualize delocalization of Claudin-11 from the tight junction.

Claudin-11 Z0-1

Figure 13: Claudin-11 protein localization pattern in W/Wv mice testis tubules.
Immunofluorescent wholemount staining of a W/Wv mouse uncultured testis tubule. The
hexagonal pattern shows that Claudin-11 (green) is co-localized with the tight junction

adaptor protein ZO-1 (red) in the BTB at the cell membrane. Scale bar = 50um.

It was previously shown by Baumholtz et al., 2017 that 5 hours was sufficient to see the
effects of C-CPE on claudin localization in chick embryos. Therefore, 5 hours was chosen as the
initial treatment time point to observe the effects of NT11 and C-CPE on Claudin-11 and
Claudin-8 in the BTB of mouse testis tubules. To culture B6 mouse (The Jackson Laboratory,
C57BL/6J, 000664, Bar Harbor, ME, USA) whole testis tissue ex vivo the tunica albuginea was
removed, and several cuts were made to the whole testis before submerging the tissue in ImL of

SSC culture media with PBS (untreated control), or in PBS containing 40pM NT11, 40uM C-
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CPE, or 40uM NT11 and 40uM C-CPE. Immunofluorescence analysis revealed that there was no
effect on Claudin-11 or Claudin-8 localization after 5 hours of culture with NT11 or C-CPE
(Figure 14). Therefore, to determine if a longer incubation time was needed for NT11 or C-CPE
to act on the claudins in the BTB of the testis, I analyzed tubules at 10 hours of treatment.
However, no effects on localization of Claudin-11 or Claudin-8 were observed after 10 hours of
culture (Figure 14). When comparing the results between the control, NT11, and NT11+C-CPE
treatment, Claudin-11 was expressed around the Sertoli cells in the hexagonal pattern,

overlapping with ZO-1 across all conditions.

5 hours 10 hours

Control NTI11 NTI11+C-CPE Control NT11 NTI11+C-CPE

Claudin-11

50um % { 50pm

Z70-1

Merged

Figure 14: NT11 treatment had no effect on localization of Claudin-11 at 5 hours and 10
hours in a submerged whole testis ex vivo culture system. Claudin-11 (green) and ZO-1
(red) immunofluorescent wholemount staining of B6 mice testis tubules after 5 and 10-hours

of 40uM NT11 or 40uM NT11 + 40uM C-CPE treatment. Scale bar = 50um.

One possibility is that NT11 and C-CPE were not able to reach the tight junctions of the
individual testis tubules when the whole testis was submerged in the media due to the minimal
manipulation of the testis before culturing. To overcome this challenge and increase the surface
area for the peptide to enter the testis tubules, the testis was digested with Collagenase IV before
submerging the sample in the media containing NT11 and C-CPE. The 5-hour and 10-hour
treatment submerged testes tubules experiments with NT11 and NT11+C-CPE were repeated;

however, there was still no effect on the localization of Claudin-11 and Claudin-8 following
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treatment. Based on these data, longer treatment times including, 24h, 48h, and 72h cultures
were tested.

Prior to increasing the duration of treatment, the mouse model that was used for these
studies was changed. IF analysis of testis tubules with anti-Claudin-11 antibodies revealed some
variation in Claudin-11 staining and differences in the cellular shapes observed along the length
of individual tubules from fertile B6 mice (Figure 15). The different stages in spermatogenesis
affected the protein localization pattern of Claudin-11 along the tubule such that we could not
identify whether the difference was a result of NT11 and/or C-CPE or merely a different stage in
spermatogenesis at the specific region of the tubule. Therefore, I transitioned to the use of W/ Wv
(Yuan et al., 2015) and busulfan-treated 129/B6 mice (Tang et al., 2012) which do not have germ
cells, consequently no variation in claudin localization associated with different stages of
spermatogenesis. Therefore, these mouse models allowed us to more easily visualize and
compare the staining patterns of Claudin-11 between the control and treated testes. Additionally,
the absence in germ cells in these mouse models could increase the ability of NT11 to access the

Claudin-11 from the BTB between the Sertoli cells.

Claudin-11 Z0-1 Merged

Figure 15: Variation in Claudin-11 protein localization pattern in B6 mice testis tubules.
Claudin-11 (green), ZO-1 (red), and DAPI (blue) immunofluorescent wholemount staining of
B6 mice testis tubules. Variations in Claudin-11 localization can be observed along the testis

tubules in addition to different cellular shapes. Scale bar = 100um.
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Initial culture of the testis from these two infertile mouse models showed that the
integrity of the tissue was greatly affected by the preparation and culture system I was using.
Therefore, we developed our air-liquid interface ex vivo culture system using W/Wv testis and
busulfan-treated 129/B6 testis which provided a more standardized comparison of signaling
patterns across the tubule between the control and NT11 treated samples. In this method, I cut
the testis in half and gently placed the testis tissue in 300pL of SSC culture media on a PCTE
membrane filter. A thin layer of SSC culture media containing the anti-claudin peptide was
pipetted over the tissue to form a dome-like shape. This increased the surface area for NT11 to
reach the BTB, maximizing the peptide's accessibility, while minimizing disruption and
maintaining tissue integrity for the 24h, 48h, and 72h cultures. Integrating these changes, I was
able to establish an ex vivo organ culture system, which has allowed us to visualize the effects of
NT11 on mouse testis tubules. These adaptations enabled us to refine our experimental approach,
leading to a more robust assessment of NT11's effect on Claudin-11 in the BTB of W/Wv and
Busulfan treated 129/B6 mouse. All future experiments were carried out using the air-liquid
interface culture system whereby a thin film of medium would cover the surface of the testis

tissue fragment on a semipermeable membrane.

3.1.2 Decrease in Claudin-11 Localization After 16- and 72-hour NT11 Treatments

Upon establishing the air-liquid interface culture system, I compared the localization of
Claudin-11 in W/Wv mutant mice testes tissue pieces cultured with 20uM and 40puM of NT11
independently to a control testis culture in SSC culture media and PBS. A more significant
decrease in Claudin-11 signal intensity was observed in testis cultured with 40uM of NT11.
Therefore, all future NT11-treated samples were carried out with 40uM of NT11.

After treating the tubules for 16 hours ex vivo, I observed a decrease in Claudin-11 signal
intensity in NT11-treated W/Wyv testis tubules in comparison to control testis tubules in SSC
culture media and PBS, The ZO-1 signal intensity, which remained unchanged across conditions,
was used to compared relative levels of Claudin-11 localization between the control and NT11-
treated conditions. For each experimental replicate, 10 testis tubules were imaged from each
condition and representative images are shown in Figure 16. There was a decrease in Claudin-11
signal intensity in the NT11-treated testis tubules compared to control tubules. This can be

observed in my laser scanning confocal microscope images throughout the Z-stacks taken from
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the top of the tubule to the midline of the lumen. When W/Wv mutant mice testis tubules were
treated with 40uM NT11 for 72 hours, I observed a similar decrease in Claudin-11 signal
intensity compared to the control testis tubules. This experiment was replicated two times, each
time using one W/Wv mutant mouse. Thus, using an air-liquid interface culture system, I was
able to observe a decrease in Claudin-11 localization across W/WYv testis tubules in NT11 treated
samples over 16 hours and 72 hours. The decrease in Claudin-11 intensity between the 16-hour
and 72-hour time points did not differ.

Next, I cultured busulfan-treated 129/B6 mice testes with 40uM of NT11 for 16 hours
and 72 hours, respectively. The busulfan-injected 129/B6 mice served as my induced infertile
mouse model. When treated for 16 hours, I observed a decrease in Claudin-11 signal intensity in
NT11-treated testis tubules in comparison to control testis tubules. A similar decrease was
observed when W/WYv testis tubules were treated with NT11 for 72 hours. For both experiments,
Z0-1 signal intensity remained unchanged across conditions and results were compared by
examining the merged Claudin-11 and ZO-1 stacks between the control and NT11-treated
conditions. Furthermore, like the results observed in the W/Wv mice testis tubules, the decrease
in Claudin-11 signal intensity can be observed in the images taken with the 20x (Figure 17A) and
63x (Figure 17B) objectives. Both objectives were chosen to image in order to observe the
Claudin-11 protein localization pattern across the entirety of the tubule in addition to a higher

magnification section which would provide higher definition/resolution.
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Figure 16: NT11 treatment decreased localization of Claudin-11 at the BTB in W/Wy testis

tubules. A. Claudin-11 (green) and ZO-1 (red) immunofluorescent wholemount staining of

W/Wv mutant mice testis tubules after 16- and 72-hours of 40uM NT11 treatment. Scale bar =

100pum. B. Higher magnification images of different testis tubules. Scale bar = 50um.
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Figure 17: NT11 treatment decreased localization of Claudin-11 at the BTB in 129/B6
busulfan-treated testis tubules. A. Claudin-11 (green) and ZO-1 (red) immunofluorescent
wholemount staining of 129/B6 busulfan-treated mice testis tubules after 16- and 72-hours of
40uM NT11 treatment. Scale bar = 100pm. B. Higher magnification images of different testis
tubules. Scale bar = 50um.
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3.1.3 Removal of NT11 Allows Claudin-11 to Repopulate the BTB

The BTB is essential for spermatogenesis, particularly for spermatogonia and
preleptotene spermatocytes, as it acts as an immunological barrier and provides the
microenvironment necessary for the completion of meiosis. To test the reversible manner in
which NT11 disrupts the BTB, I treated W/Wv mutant mice testes with 40uM of NT11 for 16
hours and then removed the NT11 media and replaced it with complete SSC culture media and
allowed the tubules to recover prior to collecting the tubules for IF wholemount staining. Control
tubules from W/Wv mutant mice testes were covered by a thin layer of PBS + vehicle on a
semipermeable membrane for 16 hours followed by an exchange in media to complete SSC
culture media. A small sample of testis tissue was taken at the 16-hour treatment time point to
verify the effect of NT11 on the testis tubules. As observed previously there was a decrease in

Claudin-11 signal intensity compared to the untreated control (Figure 18).

Control NTI11 B Control

Claudin-11

100pm

Z0-1

Merged

Figure 18: Decrease in Claudin-11 localization at the BTB after 16-hour NT11 treatment
before removing the peptide from the media. A. Claudin-11 (green) and ZO-1 (red)
immunofluorescent wholemount staining of W/Wv mice testis tubules after 16 hours of 40uM
NT11 treatment before removing NT11 for 24, 48, and 72hours of additional culture. Scale
bar = 100pum. B. Higher magnification images of different testis tubules. Scale bar = 50um.
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Figure 19: Recovery of Claudin-11 to the BTB following treatment with NT11. Claudin-11

(green) and ZO-1 (red) immunofluorescent wholemount staining of W/Wv mutant mice testis

tubules cultured in control media, in media with 40uM NT11, and 24, 48, and 72 hours after

NTI11 treatment. Scale bar = 100um. B. Higher magnification images of different W/Wv testis

tubules from the same culture conditions described in A. Scale bar = 50pm.
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We observed that the Claudin-11 signal intensity in W/Wv mutant mice testes tubules
treated with NT11 for 16 hours with NT11 and allowed to recover for 72 hours was similar to
that of the control testis tubules (Figure 19). Thus, to determine when Claudin-11 was restored
within the BTB, two shorter periods of recovery were added: 24 hours and 48 hours. After 24
hours of recovery, the overall Claudin-11 signal intensity remained significantly lower compared
to the control and was similar to the signal intensity observed after 16 hours of NT11 treatment
(Figure 19). However, there was more variation in the level of Claudin-11 between tubules
(Figure 20). After 48 hours of recovery, the Claudin-11 signal intensity was increased relative to
immediately following treatment or 24 hours of recovery but still not as strong as in control
tubules or those that have recovered for 72 hours (Figure 19). There was still considerable
variability in Claudin-11 signal intensity from one tubule to another such that some had more
intense Claudin-11 staining like the 72-hour time point whereas some were lower like the 24-

hour time point (Figure 20). These data support that it takes approximately 72 hours for Claudin-

Contrl 24 hours 24 hours 48 hours 48 hours

[ AT

Figure 20: Variation in Claudin-11 localization across tubules of the same recovery time

Claudin-11
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Merged

points. Claudin-11 (green) localization varied across immunofluorescent wholemount
staining of W/Wv mutant mice testis tubules cultured with 40uM of NT11 after 24 and 48
hours of recovery. Various tubules had increased Claudin-11 localization after 24hours than
others. Similarly, at 48 hours, Claudin-11 had varying levels of Claudin-11 localization

between tubules. Scale bar = 50pm.
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11 to fully repopulate tight junctions in the BTB following NT11 treatment. The recovery

experiment was repeated two additional times, and the results were reproducible.

3.1.4 Pearson’s Correlation Coefficient Supports Claudin-11 Delocalization from

the Sertoli Cell Tight Junctions

To quantify the localization of Claudin-11 to the BTB I compared its colocalization with
the tight junction cytoplasmic adaptor protein ZO-1 using Pearson’s correlation coefficient.
Pearson’s correlation coefficient considers both signal intensity and localization of the two
proteins being examined. Pearson’s correlation coefficient was analyzed on Maximum Intensity
Projections (MIPs) obtained from combining the Z-stack with the highest intensity of ZO-1 plus
the Z-stack immediately above and the one immediately below. Each individual point represents
a technical replicate from 3 biological replicates performed for each experiment. It is
hypothesized that Claudin-11 is delocalized from the membrane when targeted by NT11,

similarly to the effects of C-CPE on Claudin-3 or -4; therefore, colocalization was analyzed
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Figure 21: Claudin-11 colocalization with ZO-1 in W/Wv and 129/B6 busulfan-treated
testis tubules after 16 and 72-hour NT11 treatments. A. Pearson’s correlation coefficients
for Claudin-11 and ZO-1 in W/Wv mice testis tubules treated with NT11 for 16 hours (left) or
72 hours (right). The mean and SD are shown. Statistical significance was evaluated using a
two tailed t test. ** p < 0.01; *** p <0.001 B. Pearson’s correlation coefficients for Claudin-
11 and ZO-1 in 129/B6 busulfan-treated mice testis tubules treated with NT11 for 16 hours
(left) or 72 hours (right). The mean and SD are shown. Statistical significance was evaluated

using a two tailed t test. *** p <0.001

66



(Baumholtz et al., 2017). This method of analysis also serves as an internal control and provides
confirmation that Claudin-11 signal intensity is being reduced/ delocalized from the tight
junction and that it is not merely an artifact of confocal imaging.

There was a statistically significant difference in the co-localization (mean Pearson’s R
colocalization value) of Claudin-11 with ZO-1 between control W/WYv testis tubules and those
treated with NT11 for 16 hours (Control: 0.80, SD = 0.04, NT11: 0.69, SD = 0.09; p = 2.8x10%)
which was calculated using a two tailed t test (Figure 21A). Similarly, there was a statistically
significant difference in mean Pearson’s R colocalization value of Claudin-11 with ZO-1
between control W/Wy testis tubules and those treated with NT11 for 72 hours (Control: 0.81,
SD =0.04, NT11: 0.72, SD = 0.09; p = 9.8x10%).

Furthermore, there was a statistically significant difference in mean Pearson’s R

colocalization value of Claudin-11 with ZO-1 between control busulfan-treated 129/B6 mice
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Figure 22: Claudin-11 colocalization with ZO-1 in W/WY testis after 24, 48 and 72 hours
post 16-hour NT11 treatment. Pearson’s correlation coefficients for Claudin-11 and ZO-1 in
W/Wv mice testis tubules treated with NT11 for 16 hours followed by 24h, 48h, and 72h in
culture after NT11 was removed. The mean and SD are shown. Statistical significance was
evaluated using an ANOVA one-way factor test and Tukey-Kramer Post Hoc test. ns p >
0.05; ** p <0.01; **** p <0.0001
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testis tubules and those treated with NT11 for 16 hours (Control: 0.83, SD =0.03, NT11: 0.77,
SD = 0.05; p = 2.1x10%) (Figure 21B). Similarly, there was a statistically significant difference
in mean Pearson’s R colocalization value of Claudin-11 with ZO-1 between control busulfan-
treated 129/B6 mice testis tubules and those treated with NT11 for 72 hours (Control: 0.73, SD =
0.05,NT11: 0.64, SD = 0.07; p = 3.3x10%). Together, this data shows that Claudin-11
delocalized from the BTB when treated with NT11.

Finally, an ANOVA one-way factor test and Tukey-Kramer Post Hoc test was used to
examine the statistical significance of Pearson’s correlation coefficient for Claudin-11 and ZO-1
amongst the control, 24 hours post 16-hour NT11 treatment, 48 hours post 16-hour NT11
treatment, and 72 hours post 16-hour NT11 treatment conditions from the Claudin-11 restoration
experiments (Figure 22). There was a statistically significant difference in mean Pearson’s R
colocalization value of Claudin-11 with ZO-1 between the control vs 24 hours, 24 hours vs 48
hours, and 24 hours vs 72 hours (p value = 1.0x10*, 7.8x1073, and 2.0x10, respectively) but not
for 48 hours vs 72 hours, control vs 48 hours, and control vs 72 hours (p value = 0.65, 0.51, and
0.99, respectively) (Control: 0.78, SD = 0.06, 24 hours: 0.66, SD = 0.09, 48 hours: 0.75, SD =
0.05, 72 hours: 0.78, SD = 0.09).

3.1.5 Measuring Integrated Sum Intensities to Quantify Relative Amount of

Claudin-11 at the BTB

In addition to Pearson’s correlation coefficient, I compared the integrated sum intensities
of Claudin-11 over ZO-1 for each condition. The integrated sum intensity is the sum of the pixel
intensity over all the pixels in the selection, more specifically, the signals located at the blood-
testis barrier of the testis tubules which was selected using an ROI. Notably, ZO-1 pixels were
used to create this selection from MIPs, which consist of the Z-stack with the highest intensity of
Z0O-1 and the stacks immediately above and below. This method was chosen as a secondary
measure of analysis as | observed a strong decrease in signal intensity specifically for Claudin-11
at the BTB in the imaged testis tubules.

Analysis of the W/WYv testis tubules treated with NT11 for 16 hours revealed a
statistically significant difference in the integrated sum intensity value of Claudin-11/Z0-1
between the control and NT11-treated tubules (Control: 1.0, SD =0.22, NT11: 0.78, SD = 0.25;
p =0.01) (Figure 23A). For the W/WY testis tubules treated with NT11 for 72 hours, there was

68



A B

L6 * 1.6 Rk 1.6 kKK L6 Rtk

1.5 1.5 1.5 1.5
_414 A91A4 814 ‘914
£13 £13 § 13 o § 13 5

.
S 12 S . S 12 w2 - 512 .
éll o gll 21,1 R 21.1 —_ -
21 ==t 2 i 21 . g1 L
=09 K =09 T =09 =09 :
g g g o =he s
208 . R 208 208 ¢ 2038
.
go7 N 207 = go7 207 .
gu() 6 . £0.6 £0.6 N :)0 6 .
0

205 s 205 A% 205 _45-‘__ 2os _.'i;._
04 ~04 ~ 04 . 04 £

0.3 0.3 0.3 0.3 °

0.2 0.2 0.2 0.2

Control NTI11 Treated Control NT11 Treated Control NT11 Treated Control NTI11 Treated
Experimental Conditions Experimental Conditions Experimental Conditions Experimental Conditions

Figure 23: Integrated sum intensity of Claudin-11 over ZO-1 in W/Wyv and 129/B6
busulfan-treated testis tubules after 16 and 72-hour NT11 treatments. Integrated Sum
Intensities A. Integrated sum intensities of Claudin-11/ ZO-1 in W/Wv mice testis tubules
treated with NT11 for 16 hours (left) or 72 hours (right). The mean and SD are shown.
Statistical significance was evaluated using a two tailed t test. * p < 0.05; **** p <0.0001 B.
Integrated sum intensities for Claudin-11 and ZO-1 in 129/B6 busulfan-treated mice testis
tubules treated with NT11 for 16 hours (left) or 72 hours (right). The mean and SD are shown.

Statistical significance was evaluated using a two tailed t test. **** p <(0.0001

also a statistically significant difference in the integrated sum intensity value of Claudin-11/Z0O-1
between control mice testis tubules and those treated with NT11 (Control: 0.95, SD = 0.10,
NT11:0.44,SD=0.11; p=2.7x107).

Additionally, there was a statistically significant difference in the integrated sum intensity
values of Claudin-11/Z0O-1 between the control busulfan-treated 129/B6 mice and NT11-treated
tubules (Control: 1.1, SD=0.14, NT11: 0.48, SD = 0.04; p = 1.8x10'") (Figure 23B). Similarly,
there was a statistically significant difference in the integrated sum intensity value of Claudin-
11/Z0O-1 between control busulfan-treated 129/B6 mice testis tubules and those treated with
NTI11 (Control: 1.1, SD = 0.13, NT11: 0.49, SD = 0.09; p = 2.1x107!3). This data provided a
relative measure of the amount of Claudin-11 present at the BTB after being treated with NT11,
further confirming its removal from the tight junction of the testis tubules.

Lastly, an ANOVA one-way factor test and Tukey-Kramer Post Hoc test was used to
examine the statistical significance of the integrated sum intensities of Claudin-11/ZO-1 amongst

the control, 24 hours post 16-hour NT11 treatment, 48 hours post 16-hour NT11 treatment, and
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Figure 24: Integrated sum intensity of Claudin-11 over ZO-1 in W/WYv testis tubules
after 24, 48, 72 hours post 16-hour NT11 treatment. Integrated Sum Intensities of Claudin-
11/ ZO-1 in W/Wv mice testis tubules treated with NT11 for 16 hours followed by 24h, 48h,
and 72h in culture after NT11 was removed. The mean and SD are shown. Statistical
significance was evaluated using an ANOVA one-way factor test and Tukey-Kramer Post

Hoc test. ns p > 0.05; * p <0.05; ** p < 0.01; *** p <0.001; **** p <0.0001

72 hours post 16-hour NT11 treatment conditions from the Claudin-11 recovery experiment
(Figure 24). There was a statistically significant difference in the integrated sum intensity value
of Claudin-11/Z0O-1 between the control vs 24 hours, control vs 48 hours, 24 hours vs 48 hours,
24 hours vs 72 hours, and 48 hours vs 72 hours (p value = 1.0x10%, 3.0x1073, 2.0x10-3, 1.0x10*
and 0.04, respectively) but not for the control vs 72 hours (p value = 0.84) (Control: 1.2, SD =
0.21, 24 hours: 0.69, SD = 0.16, 48 hours: 0.93, SD =0.11, 72 hours: 1.1, SD = 0.13). This data
indicates that the amount of Claudin-11 present at the BTB is similar to that of the control after

72 hours in culture from the time of removal of NT11.

3.1.6 Summary of Results from Aim 1

After testing multiple culture conditions, we determined that the air-liquid interface

culture system was the best approach to maintain healthy and viable testis tubules ex vivo in
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order to test our peptides. These data demonstrated that NT11 removes Claudin-11 from mouse
BTB after 16 hours of treatment and that the tubules remain viable despite being depleted of
Claudin-11 after 72 hours in NT11-containing media. The significant decrease in Claudin-11
signal intensity at the BTB in NT11-treated tubules was observed in both W/Wv and busulfan-
treated 129/B6 mouse testis tubules. I also observed that upon removal of the NT11 peptide,
Claudin-11 was gradually restored to the BTB in W/W testis tubules between 24 and 72 hours
in complete SSC culture media.

Quantification of the immunofluorescence data using Pearson’s correlation coefficient of
Claudin-11 and ZO-1 showed a significant decrease in Claudin-11’s colocalization with ZO-1
following NT11 treatment in both W/Wv as well as Busulfan-treated 129/B6 mouse testis
tubules after 16- and 72-hour NT11 treatments (p < 0.05). This data revealed that Claudin-11 is
delocalized from the BTB when treated with NT11. Additionally, Pearson’s correlation
coefficient of Claudin-11 and ZO-1 over 24, 48, 72 hours post 16-hour NT11 treatment were
statistically significant between the control vs 24 hours, 24 vs 48 hours, and 24 hours vs 72 hours
(p <0.05). However, 48 hours vs 72 hours, control vs 48 hours, and control vs 72 were non-
significant (p > 0.05). This data demonstrated that Claudin-11 localized to the BTB at 48 hours
and continued to increase at 72 hours.

Finally, comparison of the integrated sum intensities of Claudin-11 over ZO-1 for all
experiments revealed a statically significant difference between the control and NT11-treated
samples in both W/Wv and Busulfan treated 129/B6 mouse testis tubules after 16- and 72-hour
NT11 treatments (p < 0.05). Thus, the amount of Claudin-11 present at the BTB was
significantly lower. After the removal of NT11, the integrated sum intensity of Claudin-11 over
Z0-1 was statistically significant between the control vs 24 hours, control vs 48 hours, 24 hours
vs 48 hours, 24 vs 72 hours, and 48 hours vs 72 hours (p < 0.05). The control vs 72 hours was
non-significant, indicating that the relative amount of Claudin-11 returned to that of the control
after 72 hours post 16-hour NT11 treatment. Thus, this data demonstrated that in the presence of
NT11, Claudin-11 is removed from the BTB, and its withdrawal allows Claudin-11 to repopulate
the tight junctions.
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3.2  Aim 2: Optimizing NT11 Purification
3.2.1 Assessing Purity of NT11 Protein Preparations

The protein purification technique used to isolate bacterially expressed NT11 from the
bacterial cell extract is affinity chromatography by His-tag purification. This method involves a
single step immobilized metal affinity chromatography (IMAC), which is a specialized form of
affinity chromatography that separates proteins based on their affinity for metal ions
immobilized to a solid chelating resin (Bornhorst & Falke, 2000). Ni-NTA Agarose, a nickel-
charged affinity resin, is used for purifying recombinant proteins containing a polyhistidine
sequence. Specifically, the nickel?>* ion coupled to Nitrilotriacetic acid (NTA) interacts with the
polyhistidine tag from our NT11, facilitating the isolation of NT11 through this protein
purification process. However, His-tag purification is known to have common IMAC
contaminants due to competitive binding by endogenous host proteins. These contaminants
include DnaK (70 kDa), GImS (67 kDa), AceE (100 kDa), EF-Tu (43 kDa), ArnA (74 kDa),
CRP (24kDa), and SlyD (21kDa) (Samuelson, 2016).

During the initial stages of generating and purifying NT11, Dr. Enrique Gamero-Estevez
obtained extremely low yields due to the fact that the protein was highly insoluble. To increase
the yield and solubility of the NT11, several modifications were made to the bacterial culture and
protein induction conditions along with the addition of a His tag and Spidroin protein (NT)
solubility tag (Kronqvist et al., 2022), resulting in the protein purification described above in the
methods. Figure 25A is an SDS-PAGE gel stained with Coomassie Brilliant Blue R-250 and a
western blot probed with a Mouse anti His antibody showing the different steps in the NT11
induction and purification process leading up the final product (Figure 25A lane 2 to lane 11).
Figure 25B shows the different preparations of NT11 generated by Dr. Enrique Gamero-Estevez
and Sayaka Hansen. The protocol described above was used to generate the NT11 used in all the
experiments shown in Figure 25B (NT11 1.36ug/uL, NT11 3.1ug/uL, and NT112.7ug/puL
(Figure 25B lanes 3, 6, and 7, respectively)) by Sayaka Hansen. Our peptide has a molecular
weight of 29.8kDa as seen on the western blot. However, our final product contains many
bacterial contaminants as demonstrated in the equivalent column on the Coomassie-stained gel
(example, comparing Figure 25B lane 7 on the western blot with lane 7 on the Coomassie-
strained gel). The size of the protein recognized by the antibody does not align with the major

bands stained with Coomassie blue (29.8kDa vs 24kDa). Therefore, in order to purify NT11, I
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explored various methods of purification in addition to the affinity chromatography by His-tag

purification currently employed in our purification protocol.
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Figure 25: Assessing NT11 purification and comparing purified NT11s. A. Each lane is
an aliquot taken from a step in the induction and purification process of NT11 12.7ug/uL.
Bacterial contaminants of concern are outlined with yellow boxes in the final product after
His-purification. The Coomassie-stained gel and western blot contain the same samples and
were run simultaneously. B. Purified NT11s generated by Dr. Enrique Gamero-Estevez and
Sayaka Hansen. 8ug of total protein was loaded in each lane. Similarly, bacterial
contaminants of concern are outlined with yellow boxes in the final product on the SDS-

PAGE gel stained with Coomassie blue.



3.2.2 Incorporation of Size Exclusion Chromatography and Amicon Centrifugal

Filters to Improve Purity of NT11

Initially, our hypothesis for further purifying NT11 was to isolate it based on size
following His-tag purification. In an attempt to isolate NT11 from its contaminants, primarily
those around 80 kDa and 24 kDa, I explored Size Exclusion Chromatography (SEC) and the use
of Amicon Centrifugal Filters. When I introduced 480ul of His-tagged purified NT11 12.7ug/pL
(6.069mg of total protein) into the SEC Sephadex G-75 column, protein had visibly eluted from
Fractions 8 to 14 (Figure 26A lanes 9, 10, 11, 12, 13, 14, and 18) but with very little separation
as observed in Figure 26A. The bacterial protein contaminant around 80kDa predominantly
eluted in Fraction 8 (Figure 26A lane 9) in addition to NT11 which began eluting from Fraction
8 (Figure 26A lane 9) until Fraction 14 (Figure 26A lane 18) along with the contaminant at
24kDa (Figure 26A). To enhance purity, a second round of His-tag purification was conducted
on pooled fractions 9 to 11 (Figure 26A lanes 10, 11, and 12) and Fractions 12 to 14 (Figure 26A
lanes 13, 14, and 18) with steps shown in Figure 26B. Total protein concentration for pooled
Fractions 9 to 11 and pooled Fractions 12 to 14 were measured at 1.7ug/puL (Figure 26B lane 8).
and 0.37ug/uL (Figure 26B lane 17)., respectively. However, upon visualizing with a western
blot (Figure 26D lanes 5 and 6), NT11 was only minimally detected in pooled Fractions 9 to 11
(Figure 26D lane 5) and not at all in pooled Fractions 12 to 14 (Figure 26D lane 6). Thus, size
exclusion chromatography with Sephadex G-75 did not effectively isolate NT11 from the
bacterial contaminants.

Next, I tested Amicon Ultra Centrifugal Filters which can also be used to separate
molecules of different sizes. Using a 50kDa MWCO Amicon filter, I attempted to separate NT11
from its contaminant around 80kDa. I processed Fraction 8 (Figure 26A lane 9) from our SEC
for 45 minutes in a 15mL conical Amicon centrifugal filter at 3800 rpm (4000 RCF) in a
swinging bucket rotor. I expected that NT11 would be eluted from the S0KDa Amicon filter,
however, NT11 was retained as shown by the western blot in Figure 26C lane 4 along with the
various bacterial contaminants. Therefore, the Amicon Ultra Centrifugal Filter (Figure 26D lane
7) nor SEC improved the purity of our NT11 peptide (Figure 26D lanes 5 and 6). Based on these
data I next decided to focus on the buffers that are used throughout the NT11 purification process
to prevent non-specific binding of bacterial contaminants to the Ni-NTA Agarose beads:

resuspension/ lysis buffer, wash buffer, and elution buffer.
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NT11 12.7pg/uL. The bacterial contaminant at 80kDa eluted mostly at fraction 8 while NT11

and the remaining contaminants continued to elute until fraction 14. Each fraction is Iml. The

green boxes show the eluted protein from the SEC. B. SDS-PAGE gel stained with Coomassie
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blue of second His-tag purification steps after SEC with fractions 9 to 11 (NT11 1.7pg/uL) and
fractions 12 to 14 (NT11 0.37 pg/uL). C. SDS-PAGE gel stained with Coomassie blue of SEC
fraction 8 that was purified using an Amicon ultra-15 centrifugal filter with a 50kDa MWCO. D.
SDS-PAGE gel stained with Coomassie blue and western blot of generated products from SEC
and Amicon Centrifugal Filter. 15ug of total protein was loaded in each lane. The yellow boxes
outlined on the Coomassie-stained gel are the bacterial contaminants. The pink box outlined on

the western blot shows that there is no NT11 in the SEC nor Amicon centrifugal filter products.

3.2.3 Adjustment of Binding Buffers to Modify Non-Specific Interactions with Ni-
NTA Agarose Beads and Improve Elution

Another known method for improving the purity of His-tag purified recombinant proteins
is increasing imidazole concentrations in the resuspension/lysis, wash and elution buffers
(Bornhorst & Falke, 2000). Increasing the concentration of imidazole can also help with elution
to prevent the protein from remaining on the beads. Additionally, adding 20 mM -
mercaptoethanol (B-ME) to the resuspension/ lysis buffer can help reduce disulfide bonds that
may have formed between contaminating proteins and the 6xHis-tagged protein (QIAGEN,
2003). Furthermore, increasing NaCl concentrations will gives buffers sufficient ionic strength to
prevent nonspecific interactions between proteins and the Ni-NTA matrix. The buffer recipe
used for all NT11 purifications along with the modified buffers can be found in Table 2. The

purification process was compared using an 800mL bacterial culture of NT11 using both buffers

Original and modified buffers for NT11 purification

Original Buffers Modified Buffers

Resuspension Wash | Elution | Resuspension Wash | Elution

Buffer Buffer | Buffer | Buffer Buffer | Buffer
Tris HCl pH 7.5 50mM 50mM | 50mM 50mM 50mM | 50mM
NaCl 150mM 500mM | 150mM | 500mM 500mM | 500mM
Imidazole 10mM I5mM | 300mM | 10mM 60mM | 500mM
B-Mercapto- - - - 20mM - -

ethanol

Table 2: Original and modified buffers for NT11 purification. The quantities of Tris HCI,
NaCl, Imidazole, and B-mercaptoethanol used in the original buffers compared to the
modified buffers for NT11 purification. Buffers were modified with the goal of increasing the

purity of the final NT11 product.
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independently. However, when comparing the finals products visualized by a Western blot
(Figure 27A lane 12 and Figure 27B lane 12) and Coomassie protein assay (Figure 27A lane 12
and Figure 27B lane 12), the increased imidazole buffers hindered the final yield of NT11 and
did not improve the purity of NT11. In both products, the contaminants around 80kDa and
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Figure 27: Comparing buffers with different additives for NT11 purification. A. SDS-
PAGE gel stained with Coomassie blue and western blot of NT11 purification steps using
original buffers. The yellow boxes on the Coomassie-strained gel outlines the contaminants
and the pink box on the western blot outlines the obtained NT11. B. SDS-PAGE gel stained
with Coomassie blue and western lot of NT11 purification steps using buffers with additional
imidazole, NaCl, and B-mercaptoethanol in the resuspension buffer, wash buffer and elution

buffer. Similarly, the yellow and pink box outline the contaminants and NT11, respectively.
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24kDa remained (western blot and Coomassie-strained gel in Figure 27A lane 13 and Figure 27B
lane 13). Additionally, much less NT11 was obtained in the final purified protein using the
increased imidazole buffers compared to the buffers with the original recipe (Figure 27A
Coomassie-stained gel lanes 12 and 13 compared to Figure 27B Coomassie-stained gel lanes 12
and 13). As a result, increasing imidazole and NaCl concentrations in addition to adding -
mercaptoethanol did not further purify our NT11 compared to our original protocol. Thus, I
reverted to using our original buffers and proceeded to focus on possible non-specific

interactions with the Ni-NTA agarose beads.

3.2.4 Exploring Column Purification to Prevent Non-Specific Interactions with Ni-

NTA Agarose Beads

In the standard purification protocol, the lysate was incubated with the Ni-NTA agarose

beads overnight to facilitate binding. This extended period of incubation and/or excess beads
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Figure 28: Assessing NT11 purity after column purification. SDS-PAGE gel stained with
Coomassie blue and western blot of NT11 purification steps using a column purification
method instead of the batch purification method. More contaminants can be observed in the
yellow boxes on the Coomassie-stained gel compared to previous gels. The pink box outlines
the NT11 recovered in Fractions 1- 5 and 6-10 which were pooled. Protein yields listed in

Table 3.
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NT11 NT11 Before After Pellet | Unbound Bound Wash Beads NT11 NT11
Non- Induced | Centrifuge | Centrifuge Fraction Fraction
Induced 1-5 6-10
Sample ImL/ 500uL/ 10uL/ 10pL/ - 10pL/ 10pL of 100uL/ | 10uL of 3.90uL/ 12.8uLl/
Volume/ Total 400mL 399mL 100mL 100mL 100mL 2mL 50% 30mL 2mL 50% 6.50mL 6.90mL
Volume Ni-NTA Ni-NTA
(ImL) (ImL)
Volume on Gel | 25uL 100pL 10pL 10pL 500uL | 10pL 10pL 100pL 10pL 3.9uL 12.8uL
(25pL) water, water, sample, sample, water, | sample, sample, sample, | sample, sample, sample,7.2ul
25uL 2X | 100puL 90uL 90uL water, | 500puL | 90uL 90uL 100pL 90uL 16.1uL water, SpL
LD 2X LD water, 100puL 2X 2X water, water, 2X LD water, water, SuL SXLD
100ul 2X LD LD 100puL 2X 100puL 2X 100puL 2X | SXLD
LD LD LD LD
Percent of 0.125% 0.016% 1.25x10°% | 1.25x10°% | - 1.25x10°% | 6.25x10%% | 0.021% | 6.25x10%% | 0.060% 0.186%
Total Protein
Protein - - - - - - - - - 2.56pg/ul 0.780png/pL
Concentration
Total Protein - - - - - - - - - 10pg 10pg
on Gel
Relative 100% 12.8% 10.0% 10.0% - 10.0% 0.500% 16.8% 0.500% 48.0% 149%
Amount to
Starting
Culture

Table 3: Yield table for total protein loaded on Coomassie-stained denaturing
polyacrylamide gel and western blot on assessing NT11 purity after column purification.
10ug of total protein was loaded on the gels for NT11 Fractions 1 -5 and 6 — 10. The amount
of total protein loaded per well was quantified based on the percent of total protein in the
starting culture (if 0.125% were to be considered as 100%). This suggests that very little

amount of soluble NT11 was recovered using the column purification method.

could contribute to non-specific interactions with the Ni-NTA agarose beads. Therefore, a
column purification approach was tested rather than the batch purification method. Briefly, the
lysate was added to a column containing a 2mL bed volume of Ni-NTA agarose beads. The
column was washed with 200 mL of wash buffer (S50mM Tris pH7.5, 0.5M NaCl and 15mM
imidazole) and NT11 was eluted with elution buffer (50mM Tris pH7.5, 150mM NaCl and
300mM imidazole) whereby 15, ImL fractions were collected. However, this did not eliminate
the contaminants, including the prominent bands at 80kDa and 24kDa, that co-eluted with NT11
(Figure 28 Coomassie-stained gel lanes 11 and 12). Moreover, I collected much less NT11 and
more bacterial contaminants in our final product compared to previous NT11 purification preps
as suggested by the Coomassie-stained gel (Figure 28 lanes 11 and 12) and western blot (Figure
28 lanes 11 and 12). This could suggest that it might be important to significantly reduce the

number of beads used. Additionally, this could suggest that the contaminants are strongly bound
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to NT11 rather than non-specifically binding to the Ni-NTA agarose beads. Alternatively, the
contaminants could be binding to the Ni-NTA agarose beads due to the extremely low yield of
soluble NT11. Based on these data, I next focused on our method of sonication in order to
increase the amount of soluble protein. As demonstrated in the western blot in Figure 28 lane 6,

NTI11 has largely remained in the pellet throughout all purification preps of our protein thus far.

3.2.5 Optimizing Sonication Methods to Extract NT11 from the Pellet

We observed that often our protein lysate remained viscous after initial sonication and
required numerous additional rounds of sonication, without increasing the yield of NT11 in the
soluble fraction. Therefore, instead of using the Sonics Vibra-Cell VC 50 Ultrasonic
Homogenizer (19308C, Sonics & Materials Inc. Danbury, CT, USA) in the 4°C room (20 times
for 30 seconds each at 45° amplitude) with a small probe (CV 18 Generator Probe), I used the
Branson 450 Digital Sonifier (B450, Branson Ultrasonics™, Danbury, CT, USA) at RT (3
minutes ON for 1 second ON and 3s OFF at 30° amplitude) with a Step '4” tapped-end disruptor
horn (101-147-037R, Branson Ultrasonics™, Danbury, CT, USA). With this alternative
sonication machine, I was able to achieve a total protein yield of 27.5mg per 1L of bacterial
culture compared to our average yield of 3mg per 1L of bacterial culture that has been acquired
with our current NT11 protocol. However, a very important factor to note is that while the
alternative sonication machine was able to more soluble protein from the supernatant, NT11
predominantly remained in the pellet, regardless of the sonication machine and protocol
modifications I have made. Proteins that remain in the pellet after sonication of the lysate are
often insoluble proteins. Therefore, I next focused on methods of improving protein solubility in

order to increase the amount of soluble NT11 in the supernatant.

3.2.6 Lowering Induction Temperatures and Incorporating Various Detergents/

Additives to Increase Protein Solubility

When the claudin binding sequence of C-CPE was replaced with the sequence of the
second extracellular loop (EL2) of mouse Claudin-11 to create NT11, our protein peptide
became highly insoluble. An NT solubility tag which is the N-terminal domain of Spidroin
protein was added by Dr. Enrique Gamero-Estevez as a measure to improve NT11’s solubility.

While this did improve the yield of soluble NT11, large quantities of bacterial culture were

80



needed to obtain sufficient quantities of purified NT11 for use in biological systems. To enhance
the yield of NT11, I altered induction temperatures and modified the buffer components in an
attempt to improve NT11’s solubility and decrease the amount of protein that remained in the
insoluble pellet after centrifugation.

Several reports suggest that using a lower induction temperature between 16°C and 20°C
can improve solubility of bacterially-expressed proteins (Farshdari et al., 2020; Niiranen et al.,
2007; Peti & Page, 2007; San-Miguel et al., 2013; Vera et al., 2007). Some even suggest that
performing the induction step between 6°C and 10°C further improves solubility (J. M. Song et
al., 2012). Therefore, to improve solubility of NT11, the incubation temperature was reduced to
16°C following the addition of 0.2mM IPTG at an ODsoo= 0.450. However, comparison of the
soluble (Figure 29A lanes 6, 8, 10, and 12) and insoluble (Figure 29A lanes 7, 9, 11, and 13)
fractions on a Coomassie-stained denaturing polyacrylamide gel and by western blot analysis
revealed that the lower induction temperature did not improve the solubility of NT11 (Figure
29A lanes 6, 8, 10, and 12).

The addition of various detergents and additives to the lysis buffer is also known to
increase the solubility of a protein. More specifically, glycerol, Triton X-100 and DMSO are
known to increase solubility of insoluble proteins when lysing the bacterial cell pellets.
Therefore, I conducted a solubility test by adding either 10% glycerol, 1% Triton X-100 and/ or
10% DMSO in the resuspension buffer with 0.2mg/mL of lysozyme. When comparing the
soluble (Figure 29A lanes 6, 8, 10, and 12) and insoluble fractions (Figure 29A lanes 7, 9, 11,
and 13) on a Coomassie-stained denaturing polyacrylamide gel and by western blot, it seems that
10% glycerol and 1% Triton did slightly improve the solubility of NT11 (Figure 29A lane 10), as
there appeared to be increased NT11 in the soluble fraction (Figure 29A lane 10) as compared to
the soluble fraction that was resuspended solely with resuspension buffer and lysozyme (Figure
29A lane 6). However, the majority of NT11 remained in the insoluble pellet fraction (Figure
29A lanes 7, 9, 11, and 13). Another team of researchers suggested that adding glycylglycine in
the range of 100 mM to 1 M enhanced solubility of insoluble proteins recovered from inclusion
bodies (Ghosh et al., 2004). However, adding 300 mM glycylglycine did not improve NT11
solubility (Figure 29B lanes 6, 8, and 10 compared to Figure 29B lanes 7, 9, and 11). Therefore,
these data suggest that NT11’s solubility could not be increased or improved through the

manipulation of induction conditions or buffer additives. Consequently, I shifted my focus
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towards improving NT11 induction with the goal of producing larger quantities to obtain more

fractions of the minimal soluble NT11.

Solubility test on NT11 induced at lower temperature or with addit

Figure 29

resuspended with various detergents. A. SDS-PAGE gel stained with Coomassie blue and



western blot of solubility test for NT11 that was induced at 16°C. NT11 pellets are treated with
either 10% glycerol, 1% Triton X-100 or 10% DMSO in resuspension buffer with 0.2mg/mL of
lysozyme before spinning down and collecting soluble and insoluble fractions. The pink box
outlines NT11 or no NT11 in each sample. B. SDS-PAGE gel stained with Coomassie blue and
western blot of NT11 induced with 300mM of glycylglycine. Similarly, NT11 pellets are treated
with either 10% glycerol, 1% Triton X-100 or 10% DMSO in resuspension buffer with
0.2mg/mL of lysozyme before spinning down and collecting soluble and insoluble fractions.

Similarly, the pink box outlines NT11 or no NT11 in each sample.

3.2.7 Adjustments to Culture Conditions to Improve Induction of NT11

Although NT11 is highly insoluble, I have been able to recover some soluble NT11 by
greatly increasing the amount of induced bacterial culture at the start of the purification process.
As an alternate approach I decided to determine if improving the induction conditions would
yield more soluble protein at the end of the protocol. Several changes were made to the culture
conditions. First, the bacterial culture media was changed from LB to the richer TB that is known
to produce a higher yield of recombinant protein. TB includes glycerol as an energy source with
more tryptone and yeast extract, leading to faster growth and higher yield of bacteria per volume.
I also used a baffled Erlenmeyer flasks, which improves aeration leading to improved bacterial
growth. The NT11 induction yield was compared between the standard cultured conditions
(400mL LB culture in 2L Erlenmeyer flask induced with 0.2mM IPTG at ODsoo = 0.450) and
“modified” conditions (1L TB culture in 2L baffled Erlenmeyer flask induced with 0.2mM IPTG
at ODgoo =0.850). No improvement in the induction of NT11 was observed.

Next, I tested different if varying the amount of IPTG used for protein induction would
affect the yield of NT11. 50mL TB bacterial cultures were induced at room temperature with
0.2mM, 0.4mM, 0.8mM, 1.0mM IPTG at an ODsoo of 0.450, respectively. Samples were taken at
3 hours and 16 hours after induction. The samples were analyzed by Coomassie staining and
western blot analysis of a denaturing polyacrylamide gel (Figure 30A). Induction with 0.8
(Figure 30A western blot lane 6) and 1.0mM IPTG (Figure 30A western blot lane 7) generated
the most NT11 at 3 hours and 0.6mM IPTG (Figure 30A western blot lane 11) generated the
most NT11 16 hours post-induction at RT (Figure 30A). A previous report suggests that adding

3% ethanol to the media when inoculating the culture can help with induction (Chhetri et al.,
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2015). This was tested by adding 3% ethanol to a 50mL LB bacterial culture when inoculating
and inducing at RT with 0.2mM IPTG at an ODsoo of 0.450. However, when comparing the
amount of NT11 induced with 0.2mM IPTG in the absence of 3% ethanol 16 hours post-
induction (Figure 30A western blot lane 9) with that of the 0.2mM IPTG in the presence of 3%
ethanol 16 hours post-induction (Figure 30A western blot lane 15), the 3% ethanol in culture
media did not improve NT11 induction (Figure 30A).

Lastly, to improve NT11 protein induction and solubility, ZYP auto-induction media was
used (Studier, 2005). For this experiment, SOmL of an overnight bacterial culture in ZYP 0.8G
which was used to inoculate 500mL of ZYP-5052. At hour 0, the bacterial culture had an ODeoo
of 0.5 and after 26 hours, the final ODgoo was measured to be 14.60. This produced a 6.95g
bacterial cell pellet. Additionally, the maximum induced pellet weight for a Iml aliquot at 26
hours was 0.03g. Thus, using auto-induction media, I was able to reach a much higher OD
compared to LB or TB media. Comparison of NT11 induction at every hour and at 26 hours,
revealed significantly more NT11 protein expression compared to LB or TB bacterial cultures in
which IPTG was used to induce protein expression (Figure 30B western blot lane 11). However,
NT11 induction using auto-induction media optimized protein induction, NT11 solubility did not
improve. A solubility test using 10% glycerol and 1% Triton in resuspension buffer with
0.2mg/mL of lysozyme was done on hours 0, 4, 8, 12, 22, and 26, whereby no NT11 could be
detected in the soluble fractions (Figure 30C western blot lane 6, 8, 10, and 12). Therefore, I was

able to improve NT11 induction but not solubility despite various methods explored.
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concentrations and auto-induction media. A. SDS-PAGE gel stained with Coomassie blue and

western blot of NT11 induced at different IPTG concentrations and induction at 0.2mM IPTG
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with 3% ethanol at the time of inoculation. The pink boxes outline the concentrations that
generated the most NT11. B. SDS-PAGE gel stained with Coomassie blue and western blot of
NT11 induced with auto induction media with each lane containing samples from different time
points, beginning at the time of inoculation until hour 26. The pink box outlines the sample
containing the most amount of induced NT11. C. SDS-PAGE gel stained with Coomassie blue
and western blot of solubility test on NT11 that was induced with auto induction media using
10% glycerol and 1% Triton in resuspension buffer with 0.2mg/mL of lysozyme. The pink box

outlines NT11 or no NT11 in each sample.

3.2.8 Summary of Results from Aim 2

The goal of this aim was to optimize purity, solubility and induction of NT11. In order to
enhance purity, many different techniques were employed: size exclusion chromatography, using
Amicon Ultra Centrifugal Filters, adjusting buffer components and the duration of incubation of
the supernatant and Ni-NTA agarose beads. For size exclusion chromatography with Sephadex
G-75, the bacterial contaminants eluted along with NT11, and I was not able to recover our
protein after a second round of his-tag purification. Similarly, using the 50kDa MWCO Amicon
filter did not separate the 29.8 kDa NT11 from the 80kDa or 24kDa bacterial contaminant.
Finally, the buffers used during the purification process were adjusted by increasing imidazole
and NaCl concentrations in addition to adding B-mercaptoethanol (3-ME) to the resuspension
buffer. However, these adjustments decreased the yield of NT11 and did not improve the purity
of the NT11 peptide. Finally, duration for which the supernatant and Ni-NTA agarose beads
were in contact was adjusted by introducing the supernatant to a column containing the beads
and allowing it to flow through rather than incubating the beads overnight with supernatant. This
also did not improve the purity of NT11 as the contaminants at 80kDa and 24kDa remained.
None of these modifications improved the purity of NT11 over the initial protocol.

Several attempts were made to optimize the yield of NT11 by improving its solubility and
increasing its induction. Although using the Branson 450 Digital Sonifier with a Step 2" tapped-
end disruptor horn led to a dramatic increase in total protein yield, NT11 predominantly
remained in the pellet. Next, to improve NT11’s solubility the induction temperature was
decreased, and several modifications were made to the resuspension buffer for lysis. However,

Coomassie staining and western blot analysis of the soluble and insoluble fractions showed that
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the lower temperature did not improve solubility of NT11. Further attempts to improve solubility
by adding either 10% glycerol, 1% Triton X-100 and/or 10% DMSO to the resuspension buffer
with 0.2mg/mL of lysozyme showed that although 10% glycerol and 1% Triton increased NT11
in the soluble fraction, the majority of NT11 remained in the insoluble fraction. Finally, addition
of 300 mM glycylglycine to LB media did not improve NT11 solubility.

The last approach used to increase the overall amount of protein produced was to grow
the bacterial cultures in 1L TB baffled Erlenmeyer flasks and induce with 0.2mM IPTG at an
ODeoo of 0.850 rather than the standard growth and induction conditions of 800mL LB in
Erlenmeyer flask and induction with 0.2mM IPTG an ODsoo of 0.450. However, this did not
improve NT11 induction yield. Addition of 3% ethanol also did not improve NT11 induction.
Conversely, IPTG induction with 0.8mM and 1.0mM IPTG generated the most NT11 after
3hours and 0.6mM IPTG generated the most NT11 after 16 hours of induction compared to the
original 16 hour, 0.2mM IPTG. Additionally, although auto-induction media ZYP-5052
significantly increased NT11 induction yield compared to LB or TB bacterial cultures, NT11
solubility did not improve. Ultimately, I was able to considerably improve NT11 induction but
not solubility. Various strategies to improve NT11 purity, solubility, and induction were
explored, none of which led to a substantial improvement in the production of soluble NT11.
Data from these experiments will contribute towards refining the current NT11 purification and

induction protocol for the future productions of this recombinant protein.
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4. Discussion
4.1 NT11 Mediated Claudin-11 Removal and Recovery in the Blood-Testis Barrier

Throughout my studies, I demonstrated that Claudin-11 localization was significantly
decreased at the BTB in NT11 treated samples compared to control samples in both W/Wv and
busulfan-treated 129/B6 mouse testis tubules cultured ex vivo in an air-liquid interface culture.
Analysis of my data showed that NT11 takes approximately 16 hours to remove Claudin-11 from
the BTB. Additionally, I demonstrated that NT11 will target removal of Claudin-11 from the
BTB in a genetically infertile mouse model (W/Wv) as well as in a mouse model of induced
infertility (busulfan-treated 129/B6 mice). These observations were further supported by
statistical significance when comparing Pearson’s correlation coefficient and integrated sum
intensities in control vs NT11-treated testis tubules. Together, these data reaffirm that in the
presence of NT11, Claudin-11 delocalized from the Sertoli cell tight junctions.

For future application of our peptide, it is important to know that NT11 removed
Claudin-11 within 16 hours as it suggests that the NT11 injection procedure to allow more SSCs
to migrate across the BTB during SSC transplantation may be more effective in a two-step
injection. In mice, SSCs require approximately 7 days to colonize the stem cell niche after SSC
transplantation (Brinster & Zimmermann, 1994; Kadam et al., 2018; Nagano, 2003; Zhao et al.,
2021). Thus, the timing of the NT11 injection would be crucial to coordinate with the injection
of the SSCs in order to effectively disrupt the BTB at the time point where SSCs would be
migrating across this barrier to reach their niche on the basement membrane. This would require
the injection of NT11 and SSCs to occur at 2 different time points. This information will be
important in planning a treatment regime in order to maximize the percentage of SSCs that will
regenerate spermatogenesis post transplantation with an injection directly in the rete testis.

Following the removal of Claudin-11 from the BTB, there was a gradual restoration of
Claudin-11 to the BTB in W/Wv mouse between 24 and 72 hours after NT11 treatment. My data
suggest that at 24 hours after the removal of NT11 from the media, Sertoli cells have recognized
the depletion of Claudin-11 and have initiated cell signaling mechanisms to restore protein
levels. Consequently, by 48 hours, Claudin-11 begins replenishing the tight junctions, and this
process continues gradually up to 72 hours. Pearson’s correlation coefficient and integrated sum
intensities analyses demonstrated that the most significant difference was observed between 24

hours and 48 hours, during which the majority of Claudin-11 recovered to the tight junction. By
88



48 hours after NT11 removal of NT11 from the media, the localization and intensity of Claudin-
11 was approaching the levels observed in the control. Then, Claudin-11 localization slightly
increased at 72 hours, similar to that of the control, indicating that Claudin-11 had returned to its
original state. Most notably, these data suggest that NT11 was able to disrupt that BTB in a
reversible manner such that Claudin-11 repopulated the tight junctions upon NT11 removal.

The BTB provides a separation which creates distinct microenvironments optimized for
the different stages of germ cell development (Matsumoto & Bremner, 2016; Sourdaine et al.,
2018). Thus, an intact BTB is essential to maintain the basal stem cell niche (de Kretser et al.,
2016; Takashima et al., 2011) and the process of spermatogenesis (Mazaud-Guittot et al., 2010).
Consequently, the discovery that the NT11 peptide disrupted Claudin-11 localization to the BTB
in a reversible manner supports further evaluation of this peptide in SSC transplantation because
the BTB can be re-established upon SSC migration into the basal compartment, providing the
appropriate SSC niche needed for spermatogenesis. This peptide could effectively be used to
transiently disrupt the BTB and improve SSC transplantation.

Therefore, the broader implications of these results suggest that NT11 could be used in
context of patients who are looking to restore their fertility post cancer treatment. In these cases,
SSCs can be collected before therapy, stored frozen and transplanted back to the patient in the
rete testis along with a timing-focused NT11 injection that will transiently disrupt the BTB.
NT11 will act to temporarily disrupt the tight junctions, allowing more SSCs to engraft and
appropriately reach their niche on the basement membrane. By validating the effects of NT11,
my research establishes a foundation for defining effective peptides that disrupt the mouse BTB
and encourages further investigation in the development of peptides with the ability to disrupt
cellular barriers for potential use in drug delivery. However, moving forward, it will be

important to optimize NT11 purity, solubility, and induction.

4.2 Optimization of NT11 Purification, Solubility and Induction

Protein purification is an intricate process that requires the optimization of a series of
steps designed to isolate the protein of interest. In the original design of NT11, Dr. Enrique
Gamero-Estevez optimized the purification protocol with a focus on detergents and incorporation
of a NT solubility tag to the fusion peptide. He explored various strategies such as incorporating

different lysis buffers (Octyl-glucoside and CHAPS) with varying Sarkosyl concentrations,
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denaturing purification with 8M urea, and adding Thioredoxin (TRX) to the C-terminal domain
creating C-CPEACBD::Cldn11EL2::TRX::His but ultimately found that His::NT::C-
CPEACBD::Cldn11EL2 generated the highest yield of soluble protein using the current NT11
protocol. However, despite these modifications the yield of soluble His-tagged NT11 was still
low and contains several bacterial contaminants, including large amounts of 80kDa and 24kDa
proteins. Attempts to remove these contaminants and increase the yield of soluble NT11 using
size exclusion chromatography, Amicon Ultra Centrifugal Filters, adjusting buffer composition,
or modifying protein induction and/or culture conditions were unsuccessful.

Although our SEC did not improve NT11 purification, changing the gel from a Dextran
gel to a Polyacrylamide gel could be beneficial for future exploration. Bio-Gel P-30 and Bio-Gel
P-60 have an upper limit of 40kDa and 60kDa, respectively. These polyacrylamide gels could
potentially separate the contaminants from NT11 with the aid of pump that delivers the
supernatant through the column at a controlled flow rate. In our experiments, the supernatant
containing our protein was eluted by the force of gravity which could have contributed to the
over diffusion of proteins across the pores caused by the slow flow rate (O’Fagain et al., 2016).
A pump could resolve this issue and provide an efficient manner to separate NT11 from its
contaminant at 80kDa if used with Bio-Gel P-30 or Bio-Gel P-60. Additionally, when I adjusted
our buffer composition or used a column purification method, these manipulations decreased the
yield of NT11 and did not improve purity. These results suggest that the contaminants at 80kDa
and 24kDa are either bound to NT11 directly or the extremely low NT11 yield leads to the
accumulations of proteins bound to the Ni-NTA agarose beads. These contaminants could be
common IMAC contaminants or chaperons bound to regions where the polypeptide chain is
exposed/ unfolded (Morales et al., 2019). Therefore, future experiments identifying these
contaminants would enable us to better identify measures of purification that will separate our
protein of interest from its surrounding contaminants.

To addresses NT11’s insolubility, I reduced induction temperatures, incorporated various
additives into the resuspension buffer for lysis, and induced NT11 using auto-induction media. In
performing solubility tests, 10% glycerol and 1% Triton were able to increase the amount of
NTI11 in the soluble fractions; nonetheless, the majority of NT11 remained in the pellet. These
results suggest that while glycerol and Triton X-100 were able to decrease protein aggregation

and disrupt hydrophobic interactions, NT11 is still largely insoluble. Results from our
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glycylglycine-mediated enhanced solubilization experiment likely suggest that there are already
chaperones that are currently helping the protein folding of NT11; thus, the addition of
glycylglycine did not further promote this activity. When the sequence of the claudin binding
domain of C-CPE (amino acids 290 — 319) was replaced with the EL2 sequence of mouse
Claudin-11 to create NT11, the fusion peptide became highly insoluble. NT-CCPE was
generated as a control to compare solubility, whereby NT-CCPE was highly soluble. Thus, the
specific change that made our peptide insoluble is the sequence replacement of the claudin
binding domain with the Claudin-11 EL2.

There are many reasons a protein could be insoluble, including misfolding and
aggregation, hydrophobicity, overexpression, toxicity, inclusion body formation and non-optimal
cellular environments (Bhatwa et al., 2021; Carratala et al., 2021; Kramer et al., 2012; Pace et
al., 2004; Sadeghian-Rizi et al., 2019; Serensen & Mortensen, 2005; Trimpin & Brizzard, 2009;
Vihinen, 2020; Wingfield, 2015). Misfolding and aggregation can occur due to incorrect folding
environment, lack of chaperones, or inherent structural instability which can lead to the
formation of insoluble aggregates (Bhatwa et al., 2021; Trimpin & Brizzard, 2009). Moreover,
proteins with hydrophobic regions can aggregate and form insoluble structures. However, when
comparing the specific amino acids from the claudin binding sequence of C-CPE (42.86%
hydrophobic amino acids) to the EL2 of mouse Claudin-11 sequence (35.71% hydrophobic

amino acids), the replaced sequence is in fact less hydrophobic (Table 4).

Comparing hydrophobicity of amino acids from exchanged sequences

Hydrophobic ‘ Hydrophilic

C-CPE claudin binding domain from | LDAGQYVLVMKANSSYSGNYPYILFQKF
NT-CCPE

Mouse Claudin-11 EL2 from NT11 HREITIVSFGYSLY

Table 4: Comparing hydrophobicity of amino acids from exchanged sequences. Amino acid
sequences of the C-CPE claudin binding domain from NT-C-CPE and the second extracellular
loop (EL2) of mouse Claudin-11.

Another cause for protein insolubility is overexpression of a protein which can
overwhelm the cellular processes responsible for folding and solubility, resulting in the
accumulation of insoluble aggregates. Proteins that are overexpressed or misfolded will become
insoluble and inactive protein aggregates, forming inclusion bodies (Carratala et al., 2021;
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Palmer & Wingfield, 2012; Wingfield et al., 2014). However, as shown on the Coomassie-
stained SDS-PAGE gels, NT11 induction is rather minimal; thus, suggesting that overexpression
is likely not the cause for its insolubility. On the other hand, some proteins are inherently toxic to
the host, triggering stress responses that lead to insoluble aggregate formation. In the case of
NT11, our transformed E. coli BL21 (DE3) cells grow in a healthy and stable manner; thus, it is
likely not toxic for the host and not the cause for its insolubility. Last but not least, pH,
temperature, salt concentration and denaturing agents can affect protein solubility and stability
(Pelegrine & Gasparetto, 2005). In the case of NT11, the peptide’s insolubility was caused by
replacing the sequence of the claudin binding domain of C-CPE with the sequence of the EL2 of
mouse Claudin-11. Therefore, this sudden change in solubility suggests that the claudin binding
domain plays a crucial role in the solubility of C-CPE as suggested by other researchers (Van
Itallie et al., 2008).

Various hypotheses for NT11’s insolubility can be made by understanding the structure
of C-CPE and the relevance of the claudin binding domain. Van Itallie and colleagues did a
structural analysis on a smaller fragment of C-CPE containing amino acid residues 194-319 (Van
Itallie et al., 2008). C-CPE (aa 194-319) forms a nine-strand B sandwich with a short helical
element between strands B1 and B2 (Kitadokoro et al., 2011) (Figure 31). Adjacent strands within
each sheet have antiparallel orientations except for the parallel alignment of strands f1 and 33
(Van Itallie et al., 2008). The claudin-binding region corresponds to the B8 and B9 strands, each
positioned in the center of the opposing B sheets (Figure 31). Notably, Van Itallie highlights that
given the central position of strands B8 and 9, the manipulation of these strands may severely
destabilize the overall structure of this protein (Van Itallie et al., 2008). When creating NT11, the
sequence that corresponds to strand B8 and B9 were replaced with the sequence EL2 of mouse

Claudin-11 (Table 5).
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Construct

Amino Acid Sequence

Legend

* His Tag
* Restriction site Ndel (CATATG)

* Linker including restriction site Age I (ACCGGT)
* Cleavage site (TEV)
 C-CPE185-290

[} -sheet8
e [3- sheet 9

C-CPE

MSTDIEKEILDLAAATERLNLTDALNSNPAGNLYDWRSSN
SYPWTQKLNLHLTITATGQKYRILASKIVDFNIYSNNFNNL
VKLEQSLGDGVKDHY VDISLDAGQYVLVMKANSSYSGN
YPYSILFQKFGLVPR

C-CPE Claudin Binding
Domain

LDAGQYVLVMKANSSYSGNYPYSILFQKFGLVPR

NT-CCPE

MGHHHHHHM

SAGTGENLYFQGRCVLTV
PSTDIEKEILDLAAATERLNLTDALNSNPAGNLYDWRSSNS
YPWTQKLNLHLTITATGQKYRILASKIVDFNIYSNNFNNLV
KLEQSLGDGVKDHY VDISLDAGQYVLVMKANSSYSGNY

PYSILFQKF

NT-CCPE Truncated

MGHHHHHH

SAGTGENLYFQGRCVLTV
PSTDIEKEILDLAAATERLNLTDALNSNPAGNLYDWRSSNS
YPWTQKLNLHLTITATGQKYRILASKIVDFNIYSNNFNNLV
KLEQSLGDGVKDHYVDIS

Mouse Claudin-11 EL2

NT11

MGHHHHHHM

SAGTGENLYFQGRCVLTV
PSTDIEKEILDLAAATERLNLTDALNSNPAGNLYDWRSSNS
YPWTQKLNLHLTITATGQKYRILASKIVDFNIYSNNFNNLV
KLEQSLGDGVKDHY VDISSS

Table 5: Amino acid sequences of different constructs and domains. NT11 was created by

adding the mouse Claudin-11 EL2 sequence, replacing the claudin binding domain of C-CPE

which correspond to 3 sheets 8 and 9.
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As aresult, it is possible that manipulating these strands specifically destabilized the C-
CPE portion of NT11, rendering NT11 a highly insoluble protein that is likely to be trapped in
inclusion bodies. Various methods have been proposed in research to extract proteins from
inclusion bodies, including denaturing purification using guanidine HC1 (Wingfield et al., 2014).
Notably, a protein folded from insoluble inclusion bodies will have the same structural and
conformational integrity as the same protein directly purified from soluble extracts (Anfinsen,
1973; Palmer & Wingfield, 2012; Tsumoto et al., 2003). However, when Dr. Enrique Gamero-
Estevez performed denaturing purification with urea, he found that the protein precipitated upon
dialysis and changing the dialysis buffer did not prevent precipitation nor increase the recovery
of folded soluble protein. In Studier’s method of induction using auto-induction media, the slow
production and natural conversion of a-lactose to allolactose, promotes protein folding and
solubility (Studier, 2005). However, NT11’s solubility did not improve, further attesting to the
peptide’s instability likely caused by the manipulation of B8 and 9 centre strands.

C-CPE Ribbon Diagram

Figure 31: Structural composition of C-CPE. C-CPE (aa residues 194-319) forms a nine-
strand 3 sandwich. The binding site for claudin is within the last 30 residues at the COOH-
terminal (orange arrows and loop) that includes strands B8 and B9. B sheets 8 and 9 have a central

position in the nine-strand § sandwich structure. Adapted from Van Itallie et al., 2008.

In summary, many challenges were faced during the optimization of NT11 purification,

solubility, and induction. Despite attempts to optimize various purification methods, including
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size exclusion chromatography and Amicon centrifugal filters, I was not able to isolate NT11
from the bacterial contaminants. Additional strategies, such as adjusting buffers and contact
duration, were explored, but the contaminants remained together with NT11 which posed a
significant challenge. The insolubility of NT11 further complicated the purification process,
leading to further investigations in solubility and induction conditions. However, despite efforts
to improve solubility including reduced induction temperatures, various buffer additives, adding
glycylglycine and previous denaturing purification and addition of Thioredoxin (TRX), NT11
remained largely insoluble. NT11 became insoluble when the claudin binding domain of C-CPE
was replaced with the EL2 sequence of mouse Claudin-11. The manipulation of the B8 and 9
centre strands likely caused NT11 to become unstable. Therefore, it will be important investigate
potential methods of increasing NT11 stability to increase solubility. Finally, induction
conditions were optimized by changing IPTG concentrations and using auto-induction media to
improve the yield and recovery of our protein. My study contributes towards refining the current
NTI11 purification protocol and more generally, the troubleshooting of protein purification,

induction, and solubility of insoluble proteins.

4.3 Limitations of Study

My study successfully demonstrates the effects of NT11 on Claudin-11 protein
localization within the BTB. However, there are some limitations that still need to be addressed.
Firstly, the ex vivo nature of our experiments may not fully replicate the in vivo
microenvironment and physiological conditions experienced by the testis tubules. Thus, although
I have observed positive effects in our ex vivo culture of testis tissue, NT11's effects on Claudin-
11 may be different in an in vivo setting. Thus, future experiments would include mouse in vivo
studies to investigate the effects of NT11 locally injected into the rete testis on mouse BTB. In
my study, I evaluated the effects of NT11 up to 72 hours post a 16-hour NT11 treatment;
however, there could potentially be long-term consequences of BTB disruption. Therefore,
conducting a longitudinal study over an extended period of time to observe the changes
experienced in the testis tubules following NT11 treatment would be interesting. This could be a
longitudinal study on mouse testis for the duration of a single cycle of spermatogenesis (34.5
days) post NT11 injection. This would provide information if there were any long-term

consequences of BTB disruption. Furthermore, while I assessed the effects of NT11 by
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evaluating Claudin-11 localization, it would also be valuable to perform functional assays, such
as trans-epithelial electrical resistance (TEER) measurements, to assess the impact of NT11 on
BTB integrity. This data would suggest whether Claudin-11 removal is sufficient for BTB
disruption. Additionally, another limitation of the study is that I solely quantified NT11’s effect
on Claudin-11; therefore, it is important to investigate if NT11 has any potentially undesirable
effects on other crucial proteins in the BTB. This could be done by visualizing with
immunofluorescence the localization of other claudins/ tight junction membrane proteins
localized to the BTB after NT11 treatment such as Claudin-3 or Occludin.

Optimizing the purity, solubility, and induction of NT11 will be crucial for its clinical
utility. Despite efforts to purify NT11 using various methods such as size exclusion
chromatography and adjusting buffer conditions, the bacterial contaminants around 80kDa and
24kDa remained with NT11. This limitation emphasizes the need for alternative purification
techniques or further optimization of existing methods to effectively isolate NT11 from its
contaminants. Moreover, solubility did not improve despite various strategies such as including
buffer additives or inducing at lower temperatures. This limitation highlights the need for a new
approach such as modifying our current peptide or creating a new version of our peptide to
increase the solubility of the unstable protein. Last but not least, I was unable to definitively
assess the impact of NT11 alone on the BTB due to the inability to isolate it from bacterial
contaminants. Consequently, the observed effects could have been influenced by the presence of
these contaminants. This could have contributed to the long incubation time required for NT11 to
exert its effect on Claudin-11 compared to the relatively short time (3-5hours) for C-CPE to
remove Claudin 3 and 4 from the tight junctions of chick embryo epithelia (Baumholtz et al.,
2017). Very minimal amount of the protein being added is actually NT11; thus, the relative doss
is much less.

Addressing these limitations in future studies could strengthen our results and further
support our findings on NT11-mediated Claudin-11 targeting in BTB disruption. Additionally,
investigating the underlying factors influencing NT11's purity and solubility will contribute to

the development of peptides with the ability to disrupt cellular barriers.
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5. Conclusions and Future Directions
5.1 Final Conclusion

My data demonstrates that NT11 effectively removes Claudin-11 from the BTB of ex vivo
cultured mouse testis tubules. I observed a significant decrease in Claudin-11 signal localization
at the BTB in NT11-treated W/Wv and busulfan-treated 129/B6 testis samples compared to
controls within 16 hours. These experiments highlight NT11's efficacy in targeting Claudin-11 in
genetically and induced infertile mouse models. Following the depletion of Claudin-11 from the
BTB, a gradual restoration of Claudin-11 was observed over 72 hours following removal of
NT11 from the culture medium. Quantitative analysis, including Pearson’s correlation coefficient
and integrated sum intensities of Claudin-11 over ZO-1, further confirmed the reproducibility
and reliability of NT11 in reversibly disrupting the BTB by targeting Claudin-11. These data
support the use of NT11 to transiently open the BTB to promote SSC homing in patients seeking
fertility restoration post-cancer treatment.

Moving forward, the optimization of NT11 purity, solubility, and induction will be
crucial for translating these findings into clinical applications. The troubleshooting that I
performed did not improve the yield, solubility or purity of our anti-claudin peptide NT11.
Beyond addressing the limitations in purification of the NT11 fusion protein through increasing
protein stability, it may be important to consider redesigning the fusion protein so as not to
disrupt the beta-sheet sandwich structure. Ultimately, my study contributes towards NT11’s
therapeutic potential in promoting SSC homing and research on optimization of peptides capable

of disrupting cellular barriers.

5.2 Optimizing NT11 Stability and BTB Disruption

To increase NT11 solubility, it will be important to investigate methods of increasing
peptide stability and correct folding. One way we can potentially stabilize our protein is the
addition of a protein tag on both ends. Currently, NT11 has a His-tag on the N-terminal domain;
however, adding tags such as MBP or small ubiquitin related modifier (SUMO) to the C-terminal
domain in addition to the His-tag can aid with stabilizing the protein as these larger protein tags
fold rapidly (Butt et al., 2005; Costa et al., 2014; Marblestone et al., 2006). The rapid folding of
the attached protein tags can drive the folding of NT11, aiding in the solubility and stability of
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our peptide while preventing its aggregation in inclusion bodies (Ghosh et al., 2004). Thus, the
new construct could be potentially designed as: His::NT::C-CPE::Cldn11EL2::SUMO.

Another well-studied method for stabilizing proteins and increasing solubility is the co-
production of molecular chaperones and folding modulators along with the target protein (Costa
et al., 2014). Initial folding of NT11 can be assisted by molecular chaperones that prevent protein
aggregation through binding to the partially folded or misfolded peptide (Ghosh et al., 2004). A
low concentration of folding modulators in the cell can improve soluble protein production when
co-produced to prevent folding failures (Baneyx & Palumbo, 2003; Gasser et al., 2008;
Hoffmann & Rinas, 2004; Kolaj et al., 2009; Schlieker et al., 2002; Thomas et al., 1997).
Chaperones such as Dnak and GroEL are commonly co-expressed to assist protein folding and
formation of correct tertiary structures (De Marco et al., 2007; De Marco & De Marco, 2004;
Deuerling et al., 2003; Nishihara et al., 1998; Schlieker et al., 2002). A drawback to this method
could be that the contaminants I observed on the Coomassie-stained SDS-PAGE gel of the
purified NT11 product are chaperones, especially the bands at 80kDa; thus, there are already
many chaperones assisting with the folding of the soluble fraction of NT11. Therefore, it would
be important to determine the identity of these contaminants that are eluting alongside our
peptide.

If these described measures do not improve NT11’s stability nor solubility, I propose
alternative methods involving the use of C-CPE and claudins to transiently disrupt the BTB. The
individual B-sheets in the 9-strand f-sandwich play an important role in the stability and proper
folding of C-CPE. Thus, rather than completely replacing the claudin-binding domain, it could
be interesting to investigate the specific changes in amino acid sequences on C-CPE to enhance
its recognition of Claudin-11. C-CPE already recognizes Claudins-3, -4, -6, -7, -8, and -14.
Moreover, various research studies have identified the important amino acids that interact
between C-CPE and claudins, mainly Claudin-4 (Van Itallie et al., 2008; Kitadokoro et al., 2011;
Sharafi et al., 2022; Vecchio et al., 2021; Veshnyakova et al., 2010). Therefore, changing the
amino acid sequences one by one through mutagenesis could potentially create an alternate C-
CPE that recognizes Claudin-11. This approach has been explored where researchers have
created various C-CPE variants to recognize Claudins-1, -2, -3, -4 and -5 more specifically
(Beier et al., 2019; Liao et al., 2016; Piontek et al., 2020; Protze et al., 2015; Walther et al.,
2012; Winkler et al., 2009). A challenge to this approach is that Claudin-11 is a “non-classic”
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claudin that exhibits more variability and differs from the “classic” amino acid sequence of
claudins (Krause et al., 2008). Additionally, it has been noted that even a few changes in amino
acids have rendered C-CPE insoluble; thus, this approach would be quite a challenge.

Another method for disrupting the BTB using our knowledge on claudins could be the
development of a peptide with the sequence of Claudin-11 EL1 and EL2 and a tag:
GST::Cldn11EL1::His::CldnEL2. This method is similar to the idea proposed by other
researchers; however, it includes both the EL1 and the EL2 (Sauer et al., 2014; Shrestha et al.,
2014; Takahashi et al., 2008; Taylor et al., 2021). This peptide could out compete the Claudin-11
trans-interactions and transiently disrupt the BTB although it may not affect the localization of
claudins at the tight junction. Alternatively, I propose creating new versions of the NT11 peptide.
A group of researchers created a soluble mutant of C-CPE known as C-CPE-Y306A/L315A (C-
CPE-YL) that does not exhibit any claudin binding (Neuhaus et al., 2018; Protze et al., 2015;
Waldow et al., 2023). We could attach the sequence of the mouse Claudin-11 EL2 to the C-
terminal domain of C-CPE-YL such that it would recognize the EL2 of Claudin 11 and disrupt
the BTB in a similar manner to our current peptide. Another possible design could be to replace
the sequence between strand 8 and B9 of C-CPE (9aa) with the sequence for the mouse
Claudin-11 EL2 (14aa) to create a new NT11. In this manner, the two ridged B-sheet structures
would remain intact for proper protein folding while carrying the sequence that will recognize

Claudin-11 in the BTB.

5.3 NT11 Treatment on Human Testis Biopsies

Following the optimization of NT11 and BTB disruption using our current air-liquid
interface culture system on an ex vivo culture of mouse testis tubules, we would expand upon
these findings by exposing human testis biopsies to our peptide. This will likely require
optimization of our current ex vivo culture system to better suit the survival of a human testis
tissue piece. Additionally, while there are various research articles illustrating the role of
Claudin-11 in human BTB, the rest of the claudin family members along with their function in
the human testes are still largely unknown. Therefore, it would be interesting to further explore
claudins in the human BTB through immunofluorescence and functional studies such that we can

optimize the utility of our peptides.
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7. Appendix

7.1 Animal Ethics Certificate

McGill
August 31, 2023

Animal Certificate

This is to certify that Dr Makoto Nagano, Glen site of the RI-MUHC, currently holds
an approved Animal Use Protocol # MUHC-7376 with McGill University and its
Affiliated Hospital’s Research Institutes for the following project:

Animal Use Protocol Title: Improving colonization of spermatogonial stem cells by
disrupting the blood-testis barrier

Start date: August 31, 2023
Expiration date: August 30, 2024

McGill University and Affiliated Hospitals Research Institutes recognize the importance
of animal research in our efforts to further our knowledge of natural processes, diseases
and conservation. Research, educational and testing projects are conducted with full
commitment to the wellbeing of the animal subjects. In order to limit animal use to
meritorious research or educational projects, the institution relies on stringent peer review
processes, along with assessment of ethical issues by the Animal Care Committee.
McGill University recognizes that the use of animals in research, teaching and testing
carries significant responsibilities. The institution will continue to develop and maintain
guidelines and regulations, following the high standards established by the Canadian
Council on Animal Care. It is committed to conducting the highest-quality research and
to providing animals with the best care.
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