Investigating Genome Editing Techniques
in Parasite Immunotherapy: Pioneering the
Development of a Viable Attenuated
Cryptosporidium parvum strain for

Prophylactic Vaccination

Jackson Feijia Chen
Division of Experimental Medicine, Faculty of Medicine
McGill University, Montreal

November 2024

A thesis submitted to McGill University in Partial Fulfillment of the Requirements

of the Degree of Master of Science

© Jackson Chen, 2024

Jackson Chen - Page 1 of 110



Detailed Table of Contents

BRIEF ABSTRACT ............cccvvveiii oottt 5
RESUME BRETF .........ccoooviiiiitiiitistioet et 6
ACKNOWLEDGEMENTS .........oooooiiiii ettt ettt 8
CONTRIBUTION OF AUTHORS ............cooooiiiiiiiiiiiiiie et 10
ABBREVIATIONS .........cccooiiiiieiei ettt a e e e s a s 11
LIST OF FIGURES AND TABLES .............ccccoovviiiiiiiiiiiiiiiiiee ettt 16
INTRODUCGTION...........cooooiiiiiiiiiiiii ettt ettt e s nabree s 18
BACKGROUND AND EXPERIMENTAL RATIONALE.........cccoiiiiiiiiee e 18
RESEARCH HYPOTHESIS ...t 19
RESEARCH OBJECTIVES ... 19
SIGNIFICANCE ...ttt 19
LITERATURE REVIEW .......oooviiiiiiii ettt ettt 20
BACKGROUND OF CRYPTO ...ttt 20
Global Impact of DIarrheal DISEASES .........cccuieiiieiiieiierie ettt sre e s snnesnnes 20
Historical Context and Notable Outbreaks ..........cooiiiiiiiiiiiii s 20
DISEASE TRANSMISSION AND EPIDEMIOLOGY ....ovviiiiiiiiiiiiiiiieeee e 21
Molecular Analysis and Species Prevalence.........ccocvuiiiiiiiiciiicese s 22
CLINICAL MANIFESTATIONS AND COMPLICATIONS ....ccviiiiiieiieeieeeiee e 23
DIAGNOSTICS METHODS FOR CRYPTO......ccciiiiiiiiiiiiie e 23
MiCTOSCOPIC EXAMINALION ...ttt bbbttt sb e bbb nneenes 24
Ser0lo@iCal MELHOMS .......oiviiiiiiiie it bbbt nr e e n e re e 24
MOILECUIAT METROMAS ...t bbbt e bt bt et e b bt e n b e nreenes 25
IMMUNE RESPONSES AGAINST CRYPTOSPORIDIUM ......ccocciiiiiiiiiiieciec e 25
Innate IMmunNe RESPONSES .....ccvviiiiiiiiiiiiiii e 25
Adaptive Immunity: Cellular Immune RESPONSES ........ccveriiieiiiiiieiiiieie e 26
Adaptive Immunity: Humoral Immune ReSPONSES.........c.coiiiriiriiiiiiiieiisise s 27
VACCINE RESEARCH AND DEVELOPMENT .....ccciiiiiiiiiiiee e 27
DINA-DASEA VACCINES ...ve.vviviieiriiieeiesresie sttt r e nreen e n e n e nn e nreanes 27
Attenuated Salmonella VACCINES...........cccuiiiiiiii ettt sttt nb e sreeees 28
Recombinant ANtIZEN VACCITIES ......ccuiiviiieiiiiiiiteriiei ettt sttt sttt ettt bbb b nn b e sneeees 28

The RoIE Of AQJUVANLS ......eiviiiiiitiiiieie ettt sb ettt b et nreeees 29

Live AttENUALEA VACCITICS . .. veiueitiiiieiiitietie sttt ettt ettt bt b bt ettt sb et e bt s bt e e e nbe e e nneeeee 29

Jackson Chen - Page 2 of 110



CRISPR-CAS SYSTEMS ...t 29

Mechanisms and APPLICALIONS ...viiveiiiiiiiriieiiiie it e b e sae e sbee e srbeeesraeesees 30
Type 1T CRISPR-CaS9 SYSLEIMS ...veeveitiiiiiiiiiieiiesie ettt sttt r e nre e b e e nneenis 30
CRISPR-Cas Applications in Parasites.........cccoovieerieiiiiieiinieiesesee e 30
ROLES OF CYSTEINE PROTEASES ... 31
Cysteine Proteases N Prot0Z0a ..........oiiiiiiiiiiiieii e 31
Cysteine Proteases in HEIMINthS.........ccuiiiiiiiiiii e 32
Cysteine Proteases in Other INfectious DISEASES ........cviveireriieiriiirie i 32
METHODOLOGY ...........ooveeeiiiieiiieeeee ettt a e e e e 33
BIOINFORMATICS ANALYSIS FOR TARGET SELECTION OF CP1 ...cccceiiiiiiiiieiee 33
Candidate Antigen Selection INCIUSION CIIteTia..........cviveiririeiiiiisie e 33
T-cell Epitope Prediction and Scoring ANalYSiS.......c.cuiiuiiiiriienieiie e 34
B-Cell Epitope Prediction and SCOTING.........cuviiuieitiiiiiiiiiiieiee sttt 35
Combinatory T and B Cell Epitope Scoring ANalysis ........cccoceiiieiiiniiniinienieesie e 35
C. PARVUM IOWA OOCYST INFECTION AND PURIFICATION.......cccccoveiiiieeieesieeeee 35
Infection Protocol of IFNYR-KO Mice via Oral GaVAZE .........ccereeieririeiiniesie e 35
Extraction and Purification of Oocysts from INteStINeS ........cccvereeiieiiiiiiiiece e 36
Extraction and Purification of Oocysts from Stool..........cccveiiiiiiiiiiiii e 37
Verification of Integrity of Extracted C. parvum OOCYSES ......c.covueiieiieiiiiiiieesee e 37
Freeze-and Thaw Lysis Protocol 0f O0CYSES.........cueviiiiiiiiiieiie s 38
DNA Extraction and QUantifiCatiOn............eicueeiuieiiiiieiiiiaiieie et sies st sreesteesnaeeseeseee e 38
CONSTRUCTION OF CP1 AND TK KNOCKOUT REPAIR CASSETTES .........ccceiiiien. 39
Creation of TK- and CP1-specific Repair Cassettes ..........ccuvverririiiiiinieiciieeeseseesresresee e 39
Inclusion of Missing C. parvum enolase gene 3’ UTR .........cccooiiiiiininicni e 41
PCR Optimization Using Overlap Fusion PCR Assembly .........c.ccoceiiiiiiiiniiciccc e 41
Verification and Concentration of Repair Cassette Templates.........ccoovvvveriieiieieeiieneneeese e 42
Sanger SeqUENCING ANALYSIS ....vviuviiiitieieiiei ettt sr bbb bt b e b e enenre e 42
Ligation into pJet Blunt Cloning VECLOT ..........cciiieiiiiiiiiisiieie st 42
Transformation into DhSa Escherichia (E.) coli CellS........cooiviiiiiiiiiiiiiiiiiiie e 43
Restriction Enzyme Double Digestion Verification............ccoveiiiieininieniisc s 43
Mass Production of Repair Cassette TemPIates .........ccovvvirireeiiiiieesneeesese s 44
Ethanol Precipitation for DNA CONCeNtration...........coivieeriieeieseeeeseseese s sns 44
DESIGN, SELECTION, AND SYNTHESIS OF SGRNA CANDIDATES........cccccoiiiiiiiiene 45
In silico Selection of gRNA Candidates with EUPaGDT............cooviiiiiinc e 45
Template Design of Selected CP1- and TK-specific gRNA Design Constructs ..........ccoevervvrvreereenne 46
In vitro Transcription of gDNA Candidates...........ccourvieiriiiiiiiecs e 46

Jackson Chen - Page 3 of 110



Recombinant SpCas9 Enzyme Production ..........ceoiiiriiiiiieieseeeseseese s 46

in vitro DNA Cleavage Assay Assembly and ANalysiS.........ccccovvvrierinieiinenien e 47
INTEGRATION AND TESTING OF CRISPR-CAS9 PLASMIDS ......ccccoiiiiiiieiee, 47
Ligation of Select sgRNA Sequences into the hSpCas9 Plasmid ...........cccoovvviiiiiiieiiniennee e 47
Transformation of the Plasmid into DHSQ E. COLi.......oocviiiiiiiiiiiiiiiiiiii e 48
PCR and Sequencing to Confirm Integrity of Ligated SgRNA ........ccccoviiiiiiiiiicee e 48
QPCR OPTIMIZATION FOR QUANTIFICATION OF SPOROZOITES .......ccooeiiiieiiiiee. 49
Specificity of 18S rDNA and Hsp70 gene primers for PCR..........cccooviiininiiiicceee 49
qPCR Optimization with the Confirmed Targets ........cc.ccorrvriieriririe i 49
EXCYSTATION AND ELECTROPORATION OF C. PARVUM SPOROZOITES................. 50
Purification and Preparation of Infectious QOCYSES ......c.veiiieeiirinieenireeie s 50
Preparation of Sporozoites for Oocyst EXCYStation ........cceivreeieiinieeninieie e 50
Electroporation of Sporozoites with AMAXA 4D NUCICOTeCtOr .....covvviriiiiiiiiiiesiie e 50
IN VITRO INFECTION AND VERIFICATION OF C. PARVUM INFECTION .................... 51
Preparation of HCT-8 Cells for Infection (Days 0 — 2)......ccoveiireeiieninieiesesie e 51
Infection of HCT-8 Cells with Electroporated Sporozoites (Day 3)......cccccvvverveneriiennnenie e 51
Nanoluciferase Detection Quantification (Day 5) ....ccccveiirieiiininiieie e s 52
Cell Harvesting, DNA Extraction, and PCR Verification (Day 5)......ccccoeoriieiiniiniiennnine e 52
RESEARCH FINDINGS ..........ccoooiiitiiiiiii ettt 53
CP1 Demonstrated Superior Immunogenicity and Antigenicity Compared to Other Antigen
Candidates From T- and B-Cell Epitope ANalySis .........ccoorvriierriniiieiinieic e 53
Successful Construction of Revised CP1RCFL and TKRCFL..........ccccooiiiiiiiiiiieee 53
Verification and Analysis of CP1RCFL and TKRCFL Ligated Plasmids..........ccccooeviniiiiiniiiicnnne 54
In Vitro Characterization of Compatible CP1- and TK-sgRNA Candidates............cccccoovverirvnieernnne 54
Optimizing RNP:Template Ratios and Off-Target Binding...........ccoovveeiiiiiiiniinieniie e 55
Successful Ligation of CP1sg2-1326 and TKsg2-132 into hSpCas9 Plasmid............cccccoeiirvenennnne 55
High Specificity of 18S rDNA-based qPCR Curve for Sporozoite Quantification .............c.cceeveruenee. 56
Insignificant Reporter Detection for Preliminary in vivo Nucleofection.........ccccevvvviiiinniiiineenienne 56
FIGURES AND TABLES ............ccoooiiiiiiiiii ittt 57
DISCUSSION .........ccooooieie ettt e e e e e s s a e e e e e e s s nnneaees 75
FINAL CONCLUSIONS AND SUMMARY ..........cccccouoiiiiiiiiiiiiiiiii e 86
APPENDIX ..........ooooiiiiiiiiiiiciet ettt e e e e e e s s s bbbt e e e e e e e e s e bbb a e e aeeaeeeaaans 88
REFERENCES ...ttt ettt a e e s e e et e e e e e s nsnaaees 90

Jackson Chen - Page 4 of 110



Brief Abstract

Cryptosporidiosis, caused by Cryptosporidium spp., is a significant parasitic enteric
disease affecting humans and animals in low- and middle-income countries and developed nations.
Severe health complications and mortality rates are exceptionally high in immunocompromised
populations. Treatment options are severely limited, and no vaccine is available. This research
incorporates the latest advances of CRISPR-Cas9 technology to disrupt the pathogenicity of C.
parvum by targeting and knocking out the Cryptopain-1 (CP1) gene, a crucial virulence factor
expressed during the invasive parasite stages critical for host cell invasion and nutrient acquisition.

The goal is to create a stable attenuated strain for vaccine development and drug research screening.

Active SpCas9-sgRNA ribonucleoprotein (RNP) complexes were designed to target the
CP1 gene in C. parvum sporozoites. The high immunogenicity and antigenicity properties of CP1
were confirmed with a comprehensive and meticulous bioinformatics analysis compared to other
potent targets expressed on the cell surface of C. parvum sporozoites and merozoites. These targets
included C. parvum glycoprotein 2 (Cpgp2), C. parvum glycoprotein 15/45 (Cpgpl15/45), C.
parvum glycoprotein 900 (Cpgp900), and circumsporozoite-like glycoprotein (CSL). Repair
cassette templates were designed for homologous recombination and guide RNAs with high on-
target activity and minimal off-target effects, which were selected using advanced bioinformatics
tools. In vivo, electroporation nucleofection assays with a Lonza Amaxa 4D nucleofector
transfected previously excysted C. parvum sporozoites with active SpCas9-sgRNA RNP
complexes were evaluated using the human ileocecal carcinoma (HCT-8) model transfectable cell
line. Molecular assays demonstrated the high specificity of the de novo constructed repair
templates, and selected guide RNAs for CP1 showed high specificity and efficiency without any
off-target binding potential.

Future studies will evaluate the long-term efficacy, safety, and scalability of the CP1
knockout approach for vaccine production and its applicability to other Cryptosporidium species
and parasites. The successful development of an attenuated strain through CRISPR-Cas9
technology could significantly advance cryptosporidiosis research and contribute to the
development of effective treatments and vaccines. This could motivate us all to work towards

reducing the global burden of this disease, inspiring a collective effort to combat cryptosporidiosis.
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Résumé Bref

La cryptosporidiose, causée par Cryptosporidium spp., est une maladie entérique
parasitaire significative affectant les humains et les animaux dans les pays a revenu faible et
intermédiaire ainsi que dans les nations développées. Les complications de santé graves et les taux
de mortalité sont exceptionnellement élevés chez les populations immunodéprimées. Les options
de traitement sont trés limitées et aucun vaccin n’est disponible. Cette recherche integre les
derniéres avancées de la technologie CRISPR-Cas9 pour perturber la pathogénicité de C. parvum
en ciblant et en éliminant le géne Cryptopain-1 (CP1), un facteur de virulence crucial exprimé
pendant les stades invasifs du parasite, essentiels pour I’invasion des cellules hotes et I’acquisition
de nutriments. L’objectif est de créer une souche atténuée stable pour le développement de vaccins

et le dépistage de la recherche sur les médicaments.

Des complexes ribonucléoprotéiques (RNP) SpCas9-sgRNA actifs ont été congus pour
cibler le gene CP1 dans les sporozoites de C. parvum. Les propriétés immunogenes et antigéniques
¢levées de CP1 ont été confirmées par une analyse bioinformatique compléte et méticuleuse,
comparée a d’autres cibles potentiellement puissantes exprimées a la surface cellulaire des
sporozoites et des mérozoites de C. parvum. Ces cibles comprenaient la glycoprotéine 2 de C.
parvum (Cpgp2), la glycoprotéine 15/45 de C. parvum (Cpgp15/45), la glycoprotéine 900 de C.
parvum (Cpgp900) et la glycoprotéine de type circumsporozoite (CSL). Des modéles de cassettes
de réparation ont été congus pour la recombinaison homologue et des ARN guides avec une activité
ciblée élevée et des effets hors cible minimaux ont été sélectionnés a 1’aide d’outils

bioinformatiques avancés.

Invivo, des essais de nucléofection par électroporation avec un nucléofecteur Lonza Amaxa
4D ont transfecté des sporozoites de C. parvum précédemment excystés avec des complexes RNP
actifs SpCas9-sgRNA, évalués a I’aide de la lignée cellulaire transfectable du mode¢le de carcinome
iléocaecal humain (HCT-8). Les essais moléculaires ont démontré la haute spécificité¢ des modeles
de réparation nouvellement construits, et les ARN guides sélectionnés pour CP1 ont montré une

spécificité et une efficacité élevées sans potentiel de liaison hors cible.

Les ¢tudes futures évalueront I’efficacité, la sécurité et I’évolutivité a long terme de
I’approche d’élimination de CP1 pour la production de vaccins et son applicabilité a d’autres

especes de Cryptosporidium et parasites. Le développement réussi d’une souche atténuée grace a

Jackson Chen - Page 6 of 110



la technologie CRISPR-Cas9 pourrait considérablement faire progresser la recherche sur la
cryptosporidiose et contribuer au développement de traitements et de vaccins efficaces. Cela
pourrait nous motiver tous a travailler pour réduire le fardeau mondial de cette maladie, inspirant

un effort collectif pour combattre la cryptosporidiose.
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PRR: Pattern recognition receptors

Proteinase K: Tritirachium album serine proteinase K
PVDF: polyvinylidene fluoride

PVA: Polyvinyl alcohol

qPCR: quantitative polymerase chain reaction

RFLP: Restriction fragment length polymorphism

RLU: Relative luminescence units

RNA: Ribonucleic acid
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2. Introduction

2.1 Background and Experimental Rationale

Cryptosporidium spp., primarily Cryptosporidium parvum and Cryptosporidium hominis,
are apicomplexan protozoan parasites causing gastroenteric cryptosporidiosis (Crypto) outbreaks
globally in humans'*. High morbidity is reported among millions of young children under five
and immunocompromised individuals in low and middle-income countries (LMICs), resulting in
chronic severe malnutrition, growth stunting, and developmental cognitive defects®>. In developed
countries, large-scale waterborne outbreaks have been recorded in the USA, the UK, Canada,
Australia, and Japan due to C. parvum oocyst resistance to conventional water purification
strategies®®. The largest waterborne outbreak, affecting up to 500,000 people, occurred in
Milwaukee, Wisconsin, costing 97 million USD in direct costs and causing significant mortality

in high-risk populations®!°

. In Canada, outbreaks have significantly impacted Indigenous
communities in Nunavik, Quebec, and Nunavut territory, as well as in Ontario, British Columbia,
and Saskatchewan due to limited access to clean water and healthcare!!''®. Currently, no vaccines
are available, and the only U.S. FDA-approved treatment, nitazoxanide, is ineffective for the most
vulnerable populations, including the elderly, young children, HIV/AIDS patients, and organ
transplant recipients>>!*?3, Crypto poses a significant public health and economic burden in

Canada and worldwide, with an estimated annual cost of 1.2 billion USD?**.

This project focuses on C. parvum due to its ubiquitous host infectability across

humans, livestock, pets, birds, and wildlife and its ease of genetic tractability!-23-25-28,

Advances in Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
CRISPR-associated (Cas)-mediated genome editing and model culture systems have enabled a
better understanding of the parasite’s ontogeny and host-pathogen interactions'®?°=>, A promising
development is the cysteine protease inhibitor, N-methyl piperazine-Phe-homoPhe-vinyl sulfone
phenyl (K11777), which has shown efficacy in rescuing C57BL/6 Interferon-gamma receptor
knockout (IFNyR-KO) mice from lethal C. parvum infection by inhibiting the Cryptopain-1 (CP1)
protein®®3”. This project aims to generate an attenuated strain of C. parvum by deleting CP1 using
CRISPR-Cas9 (6.1-Fig. 1). CP1 is crucial for parasite maturation, nutrient acquisition, and host

immune invasion*®-*8, By disrupting essential genes, we aim to create a viable attenuated strain
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with impaired replicative growth and virulence but retained viability and immunogenicity for mass
production and prophylactic vaccination (6.2-Fig. 2). This strategy is supported by the success of
live-attenuated vaccines based on other related protozoan parasites’®*?. Assessing CP1 as a
potential target of K11777 and evaluating the efficacy of a CP1 knockout (CP1-KO) C. parvum as
a live-attenuated vaccine candidate may provide insights into parasitology and molecular biology,

facilitating reproducible studies on CRISPR-Cas-mediated attenuation of related parasites.

2.2 Research Hypothesis

Deleting CP1 will reduce C. parvum’s replication and virulence while ensuring viability
and immunogenicity. Vaccinating mice with CP1-KO C. parvum will elicit a robust immune
response, leading to lower parasite levels and increased survival after challenge with the virulent

wild-type strain.

2.3 Research Objectives

1. Develop a tool for studying parasite biology and host-parasite interactions (6.2-Fig. 2).

2. Validate genome editing in the compact genome of C. parvum using CRISPR-Cas.

3. Create an attenuated strain by disrupting critical genes, ensuring sustained production and
immunogenicity.

4. Monitor oocyst output and explore pathways contributing to potential virulence resurgence.

5. Evaluate attenuated oocysts as a potential live attenuated vaccine candidate.

2.4 Significance

The potential success of this research may significantly impact Crypto prevention and
treatment, presenting a positive development in addressing this disease. Previous studies have
shown the feasibility of using CRISPR-Cas9 for gene editing in C. parvum.'%*"3%4-47 Developing
a genetically attenuated strain of C. parvum targeting a critical virulence factor is crucial in
providing new tools for combating Crypto. The findings from this research could lead to the first
effective vaccine against Crypto, significantly reducing the global burden of the disease and

improving health outcomes for high-risk human populations.'7#84,
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3. Literature Review

3.1 Background of Crypto
3.1.1 Global Impact of Diarrheal Diseases

Diarrheal-associated diseases, caused by various pathogens, including viruses, bacteria,
and parasites, are among the top five causes of death globally and the fourth leading cause in
children under five years of age, resulting in approximately 800,000 deaths annually®>%3!, Since
2017, over 6 billion cases and 1.5 million deaths have been reported worldwide in 195 countries

and territories>?>

, making diarrheal disease the second most common health disorder after upper
respiratory infections. It is also the fifth leading cause of death year-round**->2. Among the
primary causative agents of diarrheal-associated morbidities and mortalities, Cryptosporidium spp.
are intestinal apicomplexan parasites causing acute gastroenteritis, particularly in pediatric
populations. These parasites are zoonotic and can infect a wide range of vertebrates. Infection can
occur with as few as ten oocysts in healthy individuals and potentially even a single oocyst in
immunocompromised persons>>. There is no effective vaccine for Crypto, and the only FDA-
approved treatment, nitazoxanide, is limited in efficacy, especially in Human Immunodeficiency
Virus-infected or Acquired Immunodeficiency Syndrome-affected (HIV/AIDS) patients!®>*>7. Of
the 26 recognized Cryptosporidium species, C. parvum and C. hominis are responsible for about
90% of human infections, leading to an estimated annual loss of 12 million disability-adjusted life
years (DALYs)>*2. Other species, such as C. meleagridis, C. felis, C. canis, C. suis, C. muris, and
C. andersoni, also infect humans. Seven of the 40 validated ‘genotypes,’ including the C. hominis
monkey genotype and the C. parvum mouse genotype, have also been identified as human

pathogens but may only cause transient infection®®>,

3.1.2 Historical Context and Notable Outbreaks

The first human cases of Crypto were reported in 1976°%!, The disease gained significant
attention during the AIDS epidemic due to its severe impact on immunocompromised patients.
One of the most significant outbreaks occurred in Milwaukee, Wisconsin, in 1993, affecting
approximately 403,000 people’. Symptoms included watery and mucoid diarrhea, lasting a median

of 9 days in healthy individuals and over 14 days in immunocompromised individuals. The
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outbreak resulted in around 4,400 hospitalizations and approximately 100 deaths, primarily among
the elderly and immunosuppressed’. The economic impact was substantial, with costs estimated at
96.2 million USD, including 64.6 million USD in productivity losses and 31.7 million USD in
medical expenses'®®*%, In Canada, between 1974 and 2001, Cryptosporidium was identified as
the third most associated pathogen in waterborne outbreaks'"!7*. Notable examples include the
1996 Cranbrook outbreak in British Columbia, where 2,000 people were initially infected,
spreading to 10,000-15,000 more in Kelowna®. The 2001 North Battleford outbreak in
Saskatchewan resulted in 1,907 confirmed cases due to equipment failures at the water filtration
plant®. In the USA, an estimated 748,000 cases occur annually, with an annual cost of 45.8 million
USD in hospitalizations?**”-%®, In Quebec, Crypto became a notifiable disease in 2003, with
reported cases increasing in recent years, particularly in the Indigenous region of Nunavik!'>!°,
These increases were attributed to the higher sensitivity of PCR testing compared to previous
methods!!'%!%, More recently, in the UK, a significant outbreak occurred in 2024 in the Brixham
area, with 100 confirmed cases and over 100 additional reported symptoms linked to contaminated
water®”. The outbreak led to a boil water notice affecting approximately 40,000 residents®.
Another unprecedented outbreak in 2023 saw cases spike threefold above usual rates, with 2,411
laboratory-confirmed cases reported from mid-August to early October’®’!, This surge was linked

to travel and swimming, particularly in Spain and other Mediterranean countries’®"!.

3.2 Disease Transmission and Epidemiology

Cryptosporidium spp. transmission is similar to giardiasis, caused by Giardia duodenalis,
and is common in humans, livestock, and wildlife’">. Qocysts are released in large quantities
from infected hosts and spread through direct or indirect transmission. The infectious dose varies
by strain, ranging from 9 to 2066 oocysts*. Direct transmission occurs via the fecal-oral route,
including animal-to-animal, animal-to-human (zoonotic), human-to-animal, and human-to-human
(anthroponotic) pathways. C. hominis is strictly anthroponotic, while C. parvum is zoonotic,
infecting cattle, sheep, and goats®*. Zoonotic transmission often involves farmers, veterinarians,
and others in contact with infected animals’®. Respiratory transmission has also been reported in
mammals, including humans. Recent studies have also identified the potential for Cryptosporidium
spp. to be transmitted through contaminated fresh produce, highlighting the importance of food

safety measures in preventing outbreaks'>’”’. In developed nations, waterborne transmission is
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prevalent among those in contact with contaminated water sources>>’®. Drinking and recreational
water, such as swimming pools and lakes, have led to multiple large-scale outbreaks in the past 25
years, particularly in Australia, New Zealand, and Europe®”. Estuarine and coastal waters are
significant risk factors, with shellfish acting as vectors for infectious oocysts. A survey in the USA

found Cryptosporidium spp. in 55% of surface waters and 17% of drinking water supplies’!®,

C. hominis and C. parvum infections have been reported in over 90 countries, causing
approximately 50.8% of waterborne parasitic diseases>. In developing countries, approximately
7.2% of the population experiences Cryptosporidium infection at least once in their lifetime,
compared to 2.5% in industrialized countries. Prevalence rates are higher in Asia, Australia, Africa,
and Central and South America than in Europe and North America®. Cryptosporidium is the most
common cause of diarrheal illness in developing countries' children under two years of age, second
only to rotavirus®. The repercussions of large-scale waterborne outbreaks have led to increased
monitoring and intervention of water supplies, improved water treatment and testing standards,

and greater demand for public health permits and wildlife regulation in recreational areas'’>.

3.2.1 Molecular Analysis and Species Prevalence

Molecular analysis of approximately 3,600 stool samples from immunocompromised and
immunocompetent individuals revealed that C. hominis was the most prevalent species (~54%),
followed by C. parvum (~35%), C. meleagridis (~6%), C. felis (~3%), and C. canis (~3%). This
highlights the widespread nature of Cryptosporidium spp. and the importance of understanding
species-specific transmission dynamics. The infectious dose of Cryptosporidium varies by strain,
with the dose required to infect 50% of subjects (ID50) estimated to be approximately 10-83
oocysts for C. hominis and 132 oocysts for C. parvum in immunocompetent adults®’. This low
infectious dose underscores the parasite's high transmissibility and the need for stringent control
measures, especially in vulnerable populations. Cryptosporidium spp. pose significant risks in both
environmental and occupational settings. Livestock farming for cattle, goats, sheep, pigs, horses,
and deer has been implicated in human infections through ecological contamination®®®!, Farmers,
veterinarians, veterinary students, researchers, and technicians are at higher risk due to their close
contact with infected animals®''%?. Respiratory transmission, though less common, has been

reported in mammals, including humans, further complicating control efforts®:.
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3.3  Clinical Manifestations and Complications

Crypto severity ranges from asymptomatic oocyst shedding to severe, life-threatening
disease. Symptoms typically appear within 14 days of ingesting oocysts, with a mean onset of 5-7
days®’. In a study of 50 immunocompetent volunteers, symptoms ranged from 2 to 26 dpi,
presenting as acute gastroenteritis characterized by watery diarrhea, abdominal pain, nausea,
vomiting, and low-grade fever®’. The duration and intensity of symptoms can vary, with some
experiencing prolonged illness. Disease outcome and onset depend on the infection site, parasitic
characteristics (e.g., species/genotype, age of oocysts), and host factors (e.g., age, nutritional status,

immunocompetency, previous exposure)>**

. Most healthy individuals experience transient, self-
limiting symptoms lasting up to three weeks'®. However, Cryptosporidium spp. can persist longer
than other enteric pathogens, leading to hospitalization and, in rare cases, death*®. Invasive small
intestine infections often cause epithelial damage, disrupting absorption and barrier functions. This
can lead to villous atrophy, blunting, crypt cell hyperplasia, and chronic inflammation,
characterized by mononuclear cell infiltration of lymphocytes, histiocytes, and eosinophils in the
lamina propria®®. Disruption of the microvillous border results in the loss of membrane-bound
digestive enzymes and reduced absorption of fluids, electrolytes, and nutrients, leading to severe
dehydration'®%. In severe cases, patients may experience malnutrition, weight loss, and failure to
thrive, particularly in children. Complications can extend beyond the gastrointestinal tract.
Extraintestinal manifestations, although rare, include respiratory Crypto, which can cause
coughing and dyspnea®. In immunocompromised individuals®, the parasite can disseminate to

other organs, leading to pancreatitis, cholecystitis, and hepatitis!’*3%7 These complications further

exacerbate the patient’s condition and complicate treatment efforts.

3.4 Diagnostics Methods for Crypto

Cryptosporidium was identified as a “neglected pathogen” by the WHO’s Neglected
Diseases Initiative in 2004>22. It is common in developing nations and nearly universal in
impoverished areas, where it is frequently underdiagnosed due to climate changes, poverty, and
lack of access to diagnostic tools and primary healthcare services. Even in developed countries
like the USA, it is estimated that only 1% of cases are diagnosed and reported, making accurate

diagnosis crucial for disease control and the development of novel, effective cures®.
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3.4.1 Microscopic Examination

Microscopic examination can be performed using wet mount preparation or by staining
smears with modified acid-fast or fluorescent stains. Cryptosporidium can be detected in both
preserved and unpreserved stool samples. Samples should be preserved in 10% formalin, sodium
acetate formalin, or polyvinyl alcohol (PVA) if there is a delay in processing®®. However, some
staining techniques may not be compatible with PVA-preserved samples®. Formalin-preserved
samples may not be ideal for molecular diagnosis, even though oocysts can be identified using
light or phase-contrast microscopy. The sensitivity of microscopy can be enhanced by reducing
debris through oocyst concentration methods like centrifugation, Sheather’s sucrose flotation,
saturated salt flotation, and the Allen and Ridley formol-ether method®®®. The modified formol-
ether method is widely used due to its higher sensitivity. In cases of high clinical and
epidemiological suspicion with repeated negative results, immunomagnetic separation is a time-

consuming and expensive but effective option®.

Various staining techniques have been developed to overcome the small size of
Cryptosporidium oocysts’'. Romanowsky stains, such as Giemsa and Jenner’s, were among the
first used for identifying oocysts®®. These techniques generate a wide range of hues, allowing the
differentiation of cellular components. Stained oocysts appear semi-translucent with a narrow clear
halo and stain blue to azure, with red or purple eosinophilic granules visible as dots. However,
these techniques need more sensitivity and specificity. The acid-fast Ziehl-Neelsen (ZN) stain,
introduced in 1981 and later modified, became widely used, with oocysts appearing as red
spherules against a pale green background®. Safranin-methylene blue and the fluorogenic stain
auramine-phenol are alternatives, but auramine-phenol is considered the gold standard due to its
high sensitivity and specificity. Smears stained with auramine-phenol or ZN stain allow for

subsequent DNA extraction for speciation®?.

3.4.2 Serological Methods

Serological methods are highly effective for screening large numbers of samples, especially
in epidemiological surveys. These techniques detect antigens or antibodies with high sensitivity
and specificity. Antigen detection, helpful in diagnosing acute infections, involves antibodies

labelled with fluorescent or enzyme reporters. Monoclonal antibodies (mAbs) against the oocyst
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wall antigen can precisely detect oocysts*+4"%3

. Commercially available assays for antigen
detection include enzyme immunoassay (EIA), enzyme-linked immunosorbent assay (ELISA),
and immunochromatographic (IC) assays. ELISA offers high specificity and quick processing of
many samples, while the IC assay provides rapid results but with lower sensitivity®”**. Detecting
antibodies to Cryptosporidium-specific antigens in serum, saliva, or fecal samples is an indirect

and valuable method for seroepidemiological surveys, indicating infection or exposure®’.

3.4.3 Molecular Methods

For decades, conventional and immunological methods were the primary diagnostics for
Crypto”. These methods are time-consuming, require skilled microscopists, and are prone to false-
positive and false-negative results. The invention of molecular techniques, especially polymerase
chain reaction (PCR), has revolutionized diagnostic laboratories. PCR-based methods are more
sensitive, detect as few as 1 to 106 oocysts are less time-consuming, and allow differentiation of
viable and non-viable oocysts®. They can also identify species, genotypes, and subtypes, crucial
for detecting Cryptosporidium prevalence and transmission routes?’. These methods include PCR-
restriction fragment length polymorphism (PCR-RFLP), multiplex allele-specific-PCR (MAS-
PCR), and quantitative real-time PCR (qQRT-PCR)”. Species can be identified using specific gene
targets such as 18S ribosomal DNA (18S rDNA), thrombospondin-related adhesive protein (TRAP)
C1, Cryptosporidium oocyst wall protein (COWP), Heat shock protein (Hsp)70, and dihydrofolate
reductase (DHFR) genes®*%8,

3.5 Immune Responses against Cryptosporidium

3.5.1 Innate Immune Responses

The innate immune response is crucial for controlling C. parvum infection. After ingestion,
Cryptosporidium oocysts release sporozoites in the intestine lumen, which migrate to intestinal
epithelial cells (IECs), the first barrier and primary target for the sporozoites®®. Chemokines

released by infected IECs attract dendritic cells, promoting chemotaxis®”’’

. Inflammatory
monocytes secrete tumour necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1p), increasing
intestinal permeability’!7*7. Nitric oxide (NO), produced independently of interferon-gamma

(IFN-y), is essential for clearing the infection’®. Inhibiting inducible nitric oxide synthase (iNOS)
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increases parasitism and oocyst shedding!”?’, as iNOS-derived NO disrupts the parasite’s

metabolic processes and inhibits its replication within host cells subject to arginine availability'®.

Mucosal immunity, involving antigen-presenting cells like macrophages and dendritic cells,
is vital for clearing Cryptosporidium®®'°'. Natural killer (NK) cells and IFN-y are vital players?’.
During the acute phase, sporozoites induce IL-12 production by macrophages and dendritic cells,
activating NK cells along with IL-18 and TNF-a?”!'%2, IFN-y produced by NK cells and
macrophages inhibits parasite invasion and intracellular development?’**. NK cells can also kill
infected IECs by inducing programmed cell death. The presence of NK cells significantly helps
contain the infection, as evidenced by the susceptibility of IFNYR-KO mice to Cryptosporidium
infection!®1%, Severe combined immunodeficiency (SCID)-IFNyYKO and IL-12pKO mice are

highly susceptible, and anti-IL-12 treatment exacerbates Crypto in newborn SCID mice!*+1%,

Innate lymphoid cells (ILCs) also play a crucial role in early immune responses to
Cryptosporidium. The infection triggers the release of IL-18 from IECs and IL-12 production by
dendritic cells, which collectively stimulate ILC production of IFN-y'%¢1%8 This innate IFN-y is
required for early parasite control and acts directly on infected IECs to restrict parasite growth!.
Additionally, ILCs contribute to the production of other cytokines that enhance the recruitment

and activation of various immune cells at the infection site!®.

3.5.2 Adaptive Immunity: Cellular Immune Responses

Adaptive immune responses are necessary for resolving Cryptosporidium infections. The
gut-associated lymphoid tissue (GALT) in the intestine is the primary defense against
gastrointestinal pathogens'®”>. T-cell responses, especially CD4+ T cells, are critical for mounting
adequate immune responses!”. In AIDS patients, Cryptosporidium infection is common when
CD4+ T cell counts are below 100 cells/uL!”. T helper 17 (Th17) cells play a crucial role in early
infection stages, producing IL-17 to support innate immunity'?!1°, Increased levels of Th17
cytokines, such as IL-17, IL-6, TNF-a, TGF-f, and IL-23, are found in the GALT and spleen of

immunosuppressed mice infected with C. parvum!''-112,

The promotion of cell-mediated immune responses and killing of infected cells is partly

113

due to IL-12 and IFN-y secretion by macrophages and dendritic cells'°. IFN-y induces
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differentiation of naive CD4+ T cells into Th1 cells, which secrete IFN-y and promote cytotoxic T

14 CD8+ T cells also contribute to parasite clearance by producing IFN-y and

cell differentiation
potentially lysing infected IECs?’. However, they are not the primary actors in adaptive responses
against Cryptosporidium'®. Studies show that CD4+ T cells are more critical for protection, with
CD8+ T cells playing a supportive role’”!'*. Innate and adaptive immune responses are essential

for controlling and resolving Cryptosporidium infections'%,

3.5.3 Adaptive Immunity: Humoral Immune Responses

While cell-mediated immune responses are well-documented, the significance of humoral
immune responses remains less clear'®. B-cells produce secretory IgA, and systemic antibodies
specific to Cryptosporidium spp., including serum IgM, IgA, and IgG, are generated after
infection!”!'>. However, these antibodies are generally insufficient to prevent and control the
disease®. As Cryptosporidium spp. are intracellular pathogens, it is believed that antibody
responses may be directed against the extracellular invasive stages of the parasite!’. This response
disrupts the parasite's attachment or entry into the host's intestinal epithelial cells'”. Despite this,
antibodies may still play a supportive role in protection. It remains unclear whether antibody
responses represent a redundant or non-essential mechanism or are markers of other underlying
immune responses'?®. Hyperimmune bovine colostrum (HBC) has shown significant prophylactic
and therapeutic effects, with studies indicating that administering HBC or antibodies can protect
newborn animals against infection®>!%, The potential of antibodies to prevent Crypto in humans

needs to be better characterized, but insights from veterinary medicine offer valuable lessons.

3.6 Vaccine Research and Development

3.6.1 DNA-based Vaccines

Plasmid vector-based immunization techniques have stimulated antigen-specific B and T
cell responses in various infection models. The first DNA vaccine expressing the Cpgp15/60 gene,
a sporozoite surface antigen, was administered into the mammary glands of cows''®. The resulting
sera and colostrum provided a protective response in infected cell culture assays and
immunosuppressed mice'”. Intranasal Cpgp15 DNA vaccination led to a specific and long-lasting

production of anti-Cpgp15 IgA antibodies in intestinal secretions and specific IgG in the sera of
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mice, persisting for up to one year after the initial vaccination''®

. Wang et al. demonstrated that
immunization with Cpgpl15/60 elicited a high IgG antibody response and conferred partial
protection against Cryptosporidium challenge in mice!'. Mice immunized with Cpgp23-DNA
exhibited partial protection against C. parvum infection, with over a 60% reduction in oocyst

120

shedding after the challenge'~". Another study found that administering a DNA vaccine encoding

Cpgp15 and Cpgp23 induced Thl immune responses and increased resistance to infection!!*.

3.6.2 Attenuated Salmonella Vaccines

Attenuated Salmonella vaccines, with their ability to induce both cell-mediated and
humoral responses, elicit systemic and local immunity, and ease of administration, present a

versatile tool in immunization strategies*®!?!

. These vaccines have successfully delivered
heterologous antigens for various organisms, including intestinal parasites like Toxoplasma gondii
and Eimeria tenella'?*. The attenuated Salmonella enterica serovar Typhimurium strain SL3261
was initially employed as an antigen delivery system for the oral immunization of mice against
two C. parvum antigens, Cpgp23 and Cpgp40'?!. Thirty-five days post-immunization, specific
serum IgG antibodies against Cpgp23 or Cpgp40 were detected using ELISA %123 Additionally,
serum IgA and mucosal IgA antibodies were found in 30% of the mice immunized with Cpgp23'%.

Furthermore, prime-boosting with Cpgp23 and Cpgp40 DNA vaccine vectors followed by

Salmonella immunization significantly enhanced antibody responses to both antigens'?!.

3.6.3 Recombinant Antigen Vaccines

Recent studies have demonstrated that the Cpgp15 recombinant antigen effectively eliminates C.
parvum infection in cattle and can help avoid false-negative results in animal farms'®’. CP15 and
CSL peptides stimulate antibody production and neutralize parasite entry in vitro. Recombinant
proteins Cpgpl5 and Cpgp23 extend the prepatent period, reduce oocyst shedding, and lead to
significant antibody and Th1 cytokine production and increased numbers of CD4+ cells!!®:124125,
However, they provide only partial protection against C. parvum challenge. Additionally,

recombinant antigens such as profilin and Cryptosporidium apyrase have shown promise in

inducing specific and potent humoral and cellular immune responses''*,
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3.6.4 The Role of Adjuvants

The use of adjuvants can enhance the effectiveness of suboptimal vaccines. Some adjuvants
utilize toll-like receptor (TLR) ligands, such as oligodeoxynucleotides (ODNs), which can
stimulate the immune system through TLRs or genes for cytokines like interleukin-12 (IL-12) or
granulocyte-macrophage colony-stimulating factor (GM-CSF), which boost immune signals when
expressed. In one study, intraperitoneal and oral pretreatment with the oligodeoxynucleotide CpG
ODN 1668 led to a significant initial upregulation of cytokines and CD69 mRNA in the intestine,
reducing parasite load through a TLR9-dependent mechanism. Additionally, cytokines such as IL-
18 and IL-12 can enhance the immune response by inducing a Thl response. For instance, co-
immunization with a multivalent DNA vaccine and the pMEM12R plasmid encoding IL-12 further

enhanced immune responses compared to the multivalent DNA Cryptosporidium vaccine alone

3.6.5 Live Attenuated Vaccines

Live-attenuated vaccines have historically been shown to elicit long-lasting memory
immune responses***!1?®. Gamma irradiation can attenuate oocysts or sporozoites, but excessive
treatment can kill the parasite, while insufficient radiation allows the parasite to develop fully,
leading to Crypto'®. A study demonstrated that calves exposed to irradiated oocysts experienced

reduced parasite reproduction and developed partial resistance to reinfection!'®.

Recent
advancements have explored using CRISPR/Cas9 gene editing to create specific knockout and
knock-in tagged strains of C. parvum®®°*!?’. These genetically modified strains aim to reduce

virulence while maintaining the ability to elicit a protective immune response*>>127,

3.7 CRISPR-Cas Systems
3.7.1 Mechanisms and Applications

The CRISPR—Cas system is an adaptive immune mechanism in most bacteria and archaea.
It protects them from infection by phages, viruses, and other foreign genetic elements by
incorporating viral DNA into the bacterial host’s chromosomes?'. It consists of CRISPR repeat-
spacer arrays, transcribed into CRISPR RNA (crRNA) and trans-activating CRISPR RNA
(tractrRNA), along with Cas genes encode Cas proteins with endonuclease activity**. When foreign

genetic elements invade prokaryotes, Cas proteins cut the foreign DNA into short fragments, then
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integrate into the CRISPR array as new spacers'?*!%. Upon subsequent invasions by the same
genetic elements, crRNA quickly recognizes and pairs with the foreign DNA, guiding Cas proteins

to cleave the target sequences, thereby protecting the host!*,

Scientists have harnessed this system to directly reprogram endonucleases to specific genes,
making CRISPR a powerful genome editing technique that allows for precise, sequence-specific
modifications of DNA or RNA1! This highly reprogrammable technology has been
successfully applied in agriculture, therapeutics, combating infectious agents, the food industry,

and bioenergy'*

. CRISPR-Cas systems are categorized into two main classes: Class 1 and Class
2. These classes are divided into six types, labelled I through VI, and several subtypes'®*. Class 1
systems (Types I, III, and IV) feature complexes with multiple effector Cas proteins, whereas a

single effector protein characterizes Class 2 systems (Types 11, V, and VI)!**,

3.7.2 Type Il CRISPR-Cas9 Systems

The Type II CRISPR-Cas9 system, derived from Streptococcus pyogenes (SpCas9), is
among the most well-studied and widely utilized CRISPR-Cas systems'*. This system comprises
the RNA-guided Cas9 endonuclease and a single-guide RNA (sgRNA). The Cas9 protein features
two nuclease domains, HNH and RuvC, each responsible for cleaving one strand of the target
double-stranded DNA!?*!13° The sgRNA is a streamlined fusion of crRNA and tracrRNA, which,
together with the Cas9 protein, forms a ribonucleoprotein complex capable of binding and cutting
specific DNA targets®*. A protospacer adjacent motif (PAM) sequence is essential for the Cas9
protein to bind to the target DNA!*, During genome editing, Cas9 exclusively cuts double-
stranded DNA, creating double-strand breaks (DSBs) that are subsequently repaired by DNA

repair mechanisms: homology-directed repair (HDR) and nonhomologous end joining (NHEJ)?°.

3.7.3 CRISPR-Cas Applications in Parasites

CRISPR/Cas technology, a versatile tool for genome editing, species-specific diagnosis,
drug resistance research, and gene drive strategies, is making significant strides in the field. It
enables the production of transgenic malaria parasites, such as Plasmodium lines expressing Cas9,

chimeric Plasmodium lines, knockdown and knockout transgenic parasites, and parasites
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expressing alternative alleles'*”!'*. Additionally, it can create mutant strains of Anopheles
mosquitoes, including male-only populations, wingless mosquitoes, and knock-out/knock-in
mutants®®!*°, Developing a CRISPR/Cas-based diagnostic kit that identifies Plasmodium species
or drug-resistance markers in malaria settings is a game-changer*>'*’. This kit promises to
revolutionize disease diagnosis with its affordability and rapid detection. Furthermore,
advancements in genome modifications using scalable CRISPR/Cas technologies address current
limitations in culturing, maintaining, and analyzing these attenuated parasites'*'. This capability
to investigate parasite genome functions opens new avenues for understanding the pathogenesis of
malaria'#>!43, CRISPR-Cas also detects Toxoplasma gondii, Schistosoma haematobium, and other
parasites in blood, urine, or feces'**>. This CRISPR-based assay offers several significant
advantages over traditional methods, such as similar sensitivity and specificity, straightforward
observation of reaction outcomes, stable and easy transportation conditions, and minimal reliance

on specialized equipment?#133-143.144,

3.8 Roles of Cysteine Proteases

3.8.1 Cysteine Proteases in Protozoa

The clan CA (papain-like) family of cysteine proteases (CPs) is crucial for many protozoan

38,145,146

parasites, including apicomplexans and kinetoplastids . CPs facilitate cell invasion,

nutritive degradation of host proteins, and the modification of parasite proteins during life cycle
transitions*®!*¢147 The C. parvum genome contains genes encoding 20 clan CA cathepsin L-like
proteases'*®!1%°. Among these, five genes code for cryptopains, cathepsin L-like proteases’>!>,
However, only cryptopain-1 (CP1) has been biochemically analyzed'*!. Upon secretion, CPs can
affect host tissues and immune responses beyond the site of parasite colonization, thereby
increasing the pathogen’s virulence. The small molecular inhibitor compound K11777 was found
to arrest the growth of C. parvum in human intestinal cell lines and also rescued susceptible

6

C57BL/6 interferon-y receptor knockout mice from lethal infection®®. This potent anti-

Cryptosporidium activity is believed to result from K 11777 inhibiting the active site of CP13°. This
highlights the potential of targeting CP1 for therapeutic interventions against Crypto'>2,
Orthologous cathepsin L-like proteases are validated as potential therapeutic targets in

extensive in vitro and in vivo studies with Plasmodium falciparum and Trypanosoma cruzi'3’-133154,
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In P. falciparum, CPs are involved in hemoglobin degradation, a critical process for the parasite’s
survival within red blood cells'**!>*. Inhibitors targeting these proteases have shown significant
antimalarial activity!>>. For instance, CP falciparum-2 is essential for hemoglobin hydrolysis, and
its inhibition leads to the parasite's death!>*!%°, Similarly, in 7. cruzi, the etiological agent of
Chagas Disease, CPs play essential roles in host cell invasion, immune evasion, and regulating
autophagy, mainly for survival under nutrient-limiting conditions #4371 The protease cruzipain
is a major virulence factor, facilitating the parasite’s ability to infect host cells and evade the
immune system'>*!%. Small-molecule inhibitors targeting these enzymes have effectively reduced

parasite load and improved survival in infected animal models?”-160-162,

3.8.2 Cysteine Proteases in Helminths

CPs are vital in the biology and pathogenesis of helminths. These enzymes are essential
for the degradation of host hemoglobin, the principal source of amino acids for many parasitic
helminths'®>!%%, For instance, in the liver fluke Fasciola hepatica, cathepsin L-like proteases are
involved in tissue invasion and nutrient acquisition'®>. These proteases degrade host proteins,
facilitating the parasite’s migration through host tissues and aiding in nutrient absorption'®®. In the
nematode Haemonchus contortus, CPs facilitate the degradation of host blood proteins, assisting
in the parasite’s survival and pathogenicity!'®*. Targeting these proteases with specific inhibitors

has shown promise in controlling helminth infections by targeting their digestive enzymes!®7-168,

3.8.3 Cysteine Proteases in Other Infectious Diseases

Furthermore, CPs are also found in various infectious agents, including viruses, bacteria,
and fungi'®17°, These enzymes play pivotal roles in the pathogenesis of these organisms by
facilitating processes such as cell invasion, immune evasion, and nutrient acquisition'®!7°, For
example, in the case of the SARS-CoV-2 virus, the main protease (Mpro) is a CP essential for viral
replication!”!. Inhibitors targeting Mpro have shown potential as antiviral therapies'’""!”?. Similarly,
in bacterial pathogens like Staphylococcus aureus, CPs contribute to virulence by degrading host
tissues and evading immune responses'’>!7*. These proteases are also involved in the pathogenesis
of fungal infections, where they aid in tissue invasion and immune evasion, thereby facilitating

persistent, recurring infections!¢%170,
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4. Methodology

4.1 Bioinformatics Analysis for Target Selection of CP1

CP1’s role as a vital immunogen, expressed during the sporozoites, merozoites, and type
I meront stages of C. parvum development, was established through comprehensive
bioinformatics in silico analysis using various online databases and 3D modelling tools. This
analysis benchmarked CP1 against ten other highly expressed surface glycoproteins, including
Cpgp2, Cpgp900, Cpgp23, Cpgpl5/45, and circumsporozoite-like glycoprotein (CSL) (6.3-Fig. 3).
Enzymes like Thymidine kinase (TK) and IMP dehydrogenase (IMPDH), central to pyrimidine
and purine synthesis pathways during parasite replication, respectively, were included for a
thorough T and B cell epitope evaluation due to their active roles in parasite survival and

intracellular replication (6.4-Fig 4).

4.1.1 Candidate Antigen Selection Inclusion Criteria

The target antigens were selected based on their immunogenicity, antigenicity,

conservation across various isolates, and roles in the parasite’s life cycle (6.3-Fig. 3)>148:175-177,

e Cryptopain-1 (CP1: cgd6 4880): A cysteine protease and potent immunogen actively
expressed in the sporozoites, merozoites, and type II meront stages. CP1 appears involved in
protein processing, host cell invasion, and nutrient uptake>¢37-178,

o Cpgp2 (AY71868) is a surface antigen involved in the initial attachment of sporozoites to host
intestinal epithelial cells (IECs). It is highly immunogenic and conserved among isolates,
facilitating invasion!'®.

e Cpgp23 (U34390): Expressed on both sporozoites and merozoites, Cpgp23 is highly
immunogenic and conserved!”. It can induce protective immunity in animal models and
interact with host cell surface glycosaminoglycans, which may facilitate invasion'”*1°,

e Cpgp900 (cgd7_4020) is another surface antigen that aids initial attachment and invasion'8!.
It is highly immunogenic and conserved among different isolates'8!:182,

o Cpgpl15/45 (AF1141166): A complex of two glycoproteins covalently linked by a disulphide

bond!'®. They are expressed on both sporozoites and merozoites and are involved in the
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invasion and egress of the parasite from host cells!!®!83184 Cpgp15/45 can induce protective

immunity in animal models and has been proposed as a potential vaccine candidate'®’.

e Circumsporozoite-like glycoprotein (CSL: CMO000431): This surface antigen shares
structural and functional similarities with the circumsporozoite protein of Plasmodium spp.,

186 CSL is expressed on the sporozoites and merozoites of C. parvum and

the malaria parasite
can bind to heparin and heparan sulphate on the host cell surface!®®. CSL can elicit protective
immunity in animal models and has been suggested as a vaccine target!7:188,

¢ Thymidine kinase (TK: AY466379): An enzyme responsible for the phosphorylation process
of making DNA synthesis precursors’®!®. TK is required for the parasite’s growth and
replication, with a distinct structure and substrate specificity from the human enzyme?®!*°. TK
inhibitors, such as acyclovir and ganciclovir, have been shown to inhibit C. parvum growth in
vitro and in vivo*$177:190-193,

e IMP dehydrogenase (IMPDH): This purine biosynthetic enzyme is essential for RNA and
DNA synthesis for the parasite’s survival and replication®®. It also has a different structure and
regulation from the human enzyme!**!*>, IMPDH inhibitors, such as mycophenolic acid and
tiazofurin, have been shown to inhibit C. parvum growth in vitro and in vivo'®>17,

e CSL Adjacent Proteins 1 and 2: These hypothetical proteins were included in the
bioinformatics analysis due to their tight proximity to the CSL coding sequence within C.
parvum chromosome 6 and potential similar functions'**!>°. Although their exact roles are

unknown, their evolutionary conservation and possible involvement in host cell attachment

and invasion warranted their inclusion in the analysis'*.

4.1.2 T-cell Epitope Prediction and Scoring Analysis

The binding affinity of T cell epitopes to MHC Class I molecules was assessed using the
Immune Epitope Database (IEDB) for both murine and human models to ensure cross-reactivity
and translatability, as they are critical to presenting antigenic epitopes to cytotoxic T cells. The
evaluation criteria included antigenicity, allergenicity, cross-reactivity, and stability (6.4-Fig 4).
Antigenicity was evaluated using VaxiJen v.3.0'% which predicts the probability of a protein
being an antigen based on its physicochemical properties. Allergenicity was assessed using
AllerTOP v.2.0', which predicts the potential of a protein to cause allergic reactions. Cross-

0200

reactivity was determined using ToxiPred v2 , which evaluates all epitopes' potential toxicity
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and cross-reactivity within a relevant model host. Stability was assessed using ProtParam -

Expasy?®!, which evaluates the stability of the epitopes in the biological environment.

Epitopes were scored from 0 to 13 across each criterion, with higher scores indicating better
potential (6.15-Table 1). Each candidate's potentially allergenic epitopes or cross-reactive epitopes
were given a score of zero to avoid any potentially adverse reactions in a mammalian host.
Potentially longer epitopes of longer than thirteen amino acids long were excluded from the
analysis due to a high degree of sequence similarity within known toxic antigens to human hosts,
thus increasing the risk of cross-reactivity and adverse immune responses?’2. The average scores

from each predicting database were calculated to evaluate each epitope’s potential (9.1-Table 7).

4.1.3 B-Cell Epitope Prediction and Scoring

The binding affinity of B cell epitopes to MHC Class Il molecules was assessed using the
IEDB database for both murine and human models. The evaluation criteria included antigenicity
and hydrophilicity, which were evaluated using the IEDB database and antigenic peptide
prediction tools. Hydrophilic peptides are more likely to be exposed on the surface of the antigen
and recognized by B cells. Epitopes were again scored from 0 to 13 across each criterion, with
higher scores indicating better potential (6.15-Table 1). The average scores from each predicting

database were calculated to evaluate each epitope’s potential comprehensively (9.2-Table 8).

4.1.4 Combinatory T and B Cell Epitope Scoring Analysis

The best T- and B-cell epitope prediction scores from each analysis were combined, and
the top three candidates were selected for further evaluation and verification (6.15-Table 1). This
integration allowed for identifying top targets based on their potential to elicit both cellular and

humoral immunity against C. parvum and verifying the high immunogenicity potential of CP1.

4.2  C. parvum IOWA Oocyst Infection and Purification
4.2.1 Infection Protocol of IFNyYR-KO Mice via Oral Gavage

The infection protocol involved administering a precise dose of infectious 4,000 C. parvum

IOWA 1I oocysts suspended in 100 pL of PBS to each in-housed and bred C57/BL6 IFNyR-KO
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mouse?® that were cared for in the animal facility of the RI-MUHC. Previously purified infectious
oocysts were housed in potassium dichromate at 4°C in viable 1.7 mL Eppendorf tubes. These
oocysts were counted using a disposable hemocytometer at 40x magnification with a light
microscope. The oocysts were washed several times with distilled and deionized (dd)H2O to
remove the potassium dichromate solution entirely and spun at 4°C at 10,000 x g using a bench-
top centrifuge. After washing, the oocysts were counted again with the hemocytometer to ensure
the oocyst pellet remained in the tube. The oocysts were then aliquoted to 4,000 per 100 uL of
PBS per mouse using one mL laboratory-certified syringe needles and stored in an ice bucket until
infection. Male or female mice, all greater than eight weeks of age, were pre-treated with an 8%
NaHCO; solution to neutralize stomach acid, enhancing the survival of the oocysts through the
gastrointestinal tract?®!®. The mCherry TK-tagged genetically modified mouse-adapted C.
parvum IOWA 11 strain (shortened as TK-mCherry IOWA C. parvum) was graciously donated by
Dr. Boris Striepen's lab at the University of Pennsylvania to serve as a confocal imaging control
group®#47_ Post-infection, the animals were housed in CL-2 units due to the parasite infection
and observed closely for clinical signs, including diarrhea, lethargy, dehydration, and any
unexpected weight fluctuations. The mice were monitored at least once daily and were euthanized
at day twelve post-infection (12dpi)**** to ensure humane treatment and compliance with safe

animal use protocols.

4.2.2 Extraction and Purification of Oocysts from Intestines

Following the humane isofluorane-CO; euthanasia and physical dislocation, the intestines
of infected mice are harvested for oocyst extraction and purification. The intestines are placed in
sterile 50 mL plastic containers containing 25 mL 0.04% Tween-20/PBS, and 50 mg of Sputasol
(a mixture of 0.1 g Dithiothreitol (DTT), 0.78 g sodium chloride (NaCl), 0.02 g potassium chloride
(KCI), 0.112 g disodium hydrogen phosphate (Na:HPOs), and 0.02 g potassium dihydrogen
phosphate (KH2PO4) to create an active working solution of 7.5 mL, pH of 7.4) is added to each
sample. The samples are homogenized using autoclaved probes, which are subsequently washed
in beakers containing bleach, ethanol, and water successively. A magnet is added to each container,
and the samples are incubated on stirrer plates for 1.5 hours in a cold room. The intestine solutions

are then transferred into 50 mL Falcon tubes and centrifuged at 2,500 x g for 10 minutes at 4°C.
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The supernatant is discarded, and the pellet is resuspended in 8 mL of 0.04% Tween-20/ddH>O
and 4 mL of diethyl ether. The mixture is carefully vortexed for 20-30 seconds and centrifuged at
2,500 x g for 10 minutes at 4°C. The supernatant, containing fat in the ether layer, is meticulously
removed. The oocyst-containing pellet is washed with 20 mL of cold ddH>O, centrifuged, and the
supernatant is removed. The pellet is then resuspended in 20 mL of cold saturated NaCl solution,
vortexed, and overlaid with 5 mL of cold ddH»O. After centrifugation at 2,500 x g for 10 minutes
at 4°C, 1 mL of the interphase is collected four times into two Eppendorf tubes pre-filled with 1
mL of water each. The samples are centrifuged at 13,200 x g for 30 minutes with precision, the
supernatant is removed, and the oocysts from the same mouse are pooled together into one tube.
The volume is adjusted to 1 mL of Phosphate-buffered saline (PBS) for short-term storage or

potassium dichromate for long-term storage, and the oocysts are counted and stored at 4°C.203-205,

4.2.3 Extraction and Purification of Oocysts from Stool

Stool samples were collected daily from infected mice and stored at 4°C. The samples were
homogenized in PBS and filtered through a 70 um cell strainer to remove large debris. The filtered
stool homogenate was subjected to NaCl/dH»O gradient centrifugation to separate the oocysts from
the fecal debris. The oocysts were collected from the interface, washed with PBS, and stored in
potassium dichromate solution at 4°C. To ensure the efficient recovery of oocysts, the stool
samples were mixed with an equal volume of 0.04% Tween20/ddH20 and vortexed with precision
for 30 seconds. The mixture was centrifuged at 2,500 x g with precision for 10 minutes at 4°C, and
the supernatant was discarded. The pellet was resuspended in 10 mL of cold ddH>O and centrifuged
at 2,500 x g for 10 minutes at 4°C. The supernatant was removed, and the pellet was resuspended
in 10 mL of cold saturated NaCl solution, vortexed with precision, and overlaid with 5 mL of cold
ddH2O. After centrifugation at 2,500 x g for 10 minutes at 4°C, the oocysts were collected from

the interphase, washed with PBS, and stored in potassium dichromate solution at 4°C.

4.2.4 Verification of Integrity of Extracted C. parvum Oocysts

The integrity of the extracted oocysts was verified using phase-contrast microscopy. A
small aliquot of the purified oocysts was placed on a microscope slide and examined under a phase-

contrast microscope at 400x magnification. Intact oocysts should appear as spherical, refractile
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bodies, while lysed or damaged oocysts should appear irregular and non-refractile!**?%The
percentage of intact oocysts against the total number of oocysts counted was calculated to assess

the quality of the extraction and purification process.

4.2.5 Freeze-and Thaw Lysis Protocol of Oocysts

A freeze-thaw lysis protocol was employed to lyse the C. parvum oocysts and release
genomic DNA. Purified oocysts were resuspended in 200 uL lysis buffer (10 mM Tris-HCI, 1 mM
EDTA, 0.5% SDS, pH 8.0). The suspension was subjected to ten cycles of freezing at -80°C with
liquid nitrogen for one minute and thawing at 80°C for one minute each. This process disrupted
the oocyst wall, releasing genomic DNA into the lysis buffer using the Qiagen QI AMP DNA mini
kit (Qiagen, Germantown, USA), per the manufacturer’s instructions. The lysate was then
centrifuged at 12,000 x g for 10 minutes to remove debris, and the genomic DNA supernatant was
collected. To ensure complete lysis, the lysate was treated with ThermoFischer proteinase K (20
pg/mL) (ThermoFischer, Eugene, USA) and incubated at 56°C for 1 hour, followed by an

additional centrifugation step at 12,000 x g for 10 minutes.

4.2.6 DNA Extraction and Quantification

Genomic DNA was extracted from the lysate using the Qiagen DNA Miniprep kit (Qiagen,
Germantown, USA) according to the manufacturer’s instructions for the extraction protocol from
blood samples. The extracted DNA was eluted in 50 pL of the provided kit’s elution buffer and
stored at -20°C until further use. The concentration and purity of the extracted DNA were assessed
using a Nanodrop spectrophotometer. The DNA concentration was measured at 260 nm, and the
purity was determined by calculating the A260/A280 ratio. DNA samples with an A260/A280 ratio
between 1.8 and 2.0 were considered pure and suitable for downstream applications. Additionally,
the integrity of the extracted DNA was verified by 1.7% Tris-Acetic Acid-EDTA [Ethylenediamine
tetraacetic acid] (TAE) agarose gel electrophoresis analyzed on the Bio-Rad EZ gel doc machine
at 100V for 40 minutes (Bio-Rad, San Francisco, USA). Imaging gel samples using 1 pL
ThermoFischer SYBR Safe DNA gel stain (ThermoFisher Scientific, Eugene, USA) indicated that
intact genomic DNA should appear as a single high-molecular-weight band, verified with the

ThermoFischer GeneRuler 1kpb+ DNA ladder (ThermoFischer Scientific, Eugene, USA).
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4.3 Construction of CP1 and TK Knockout Repair Cassettes
4.3.1 Creation of TK- and CP1-specific Repair Cassettes

Creating the CP1 (cgd6 4880) and TK (AY466379.1) knockout reporter repair cassettes
involved designing specific repair cassettes for each target gene (CP1RCFL and TKRCFL). These
repair cassettes were designed to contain the highly transcriptionally active C. parvum enolase
gene promoter and the fused coding sequence of the Nanoluciferase-Neomycin (Nluc-NeoR)
reporter gene, flanked by 50 — 1000 base pairs (bp) extended homology untranslated regions
flanking the target site to facilitate homologous recombination. Due to the ease of PCR
amplification, we opted for 50-bps specific 3’ and 5° UTRs, the minimum length required for
proper HDR within the parasite nucleus!®3%!%_ After targeted double-stranded break repair, HDR
is necessary since C. parvum lacks the critical enzymatic machinery for the error-prone NHEJ
DNA repair pathway!®!14148203.205 Qimjlarly, the fusion repair cassette template was designed to
be a nucleofection positive for the TK gene due to its successful genetic tagging and knockout
modifications from 2015 and subsequent reporter experiments'®. The exact sequences of each

component of the repair cassette template are outlined in section 6.16-Table 2 and listed as follows:

e C. parvum enolase promoter sequence (CpEnoPro) [363bps]: 5°-
TGGGGAAACTAAATATACTGAAATTCGGTAGATTCTATATCTCACGGGACAGCTTT
TCACACACACTTAGTTCTATATTGCGTCATAACTTTTGTTTTTTTTTGTTGCACTTTT
TTTCTCTTATATTCAAGTAAGTGGTTTAGATTCTCTAAGGGCGGGAATATGAATTAG
TGGCAATTCAAAGGATTTAAACGATCAGGCGCCTGCACACCAAACTCTAATTCGT
ACACAGCATGCCCGAGGTTATAGATATAGATACTGCGAAATTATTTTCATTGTTTCA
GTTAAGAAATAATAAAATATTTTATTATAGTTATTTTCCAAATTTATTTGAGATTTTTG
TATTGAAGTTTAGCCGTCGAC-3’

e Nanoluciferase gene coding sequence (Nluc) [519bps]: 5°-
ATGGTCTTCACACTCGAAGATTTCGTTGGGGACTGGCGACAGACAGCCGGCTACA
ACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAGAATCTCGG
GGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAATGGGCTGAAG
ATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCA
GATCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGA
TCCTGCACTATGGCACACTGGTAATCGACGGGGTTACGCCGAACATGATCGACTAT
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TTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAA
CAGGGACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAACCCCG
ACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTG
CGAACGCATTCTGGCGGCTAGC-3’

Neomycin gene coding sequence (NeoR) [803bps]: 5°-
ATGATTGAACAAGATGGTTTACACGCTGGTTCTCCCGCCGCTTGGGTCGAAAGAC
TTTTCGGTTATGACTGGGCTCAACAAACCATCGGTTGCTCTGATGCCGCCGTCTTC
CGTCTTTCTGCTCAAGGTCGTCCTGTTCTTTTCGTCAAGACCGACCTTTCTGGTGC
CCTTAATGAACTTCAAGATGAAGCTGCCCGTCTTTCTTGGCTTGCCACCACCGGTG
TTCCTTGCGCTGCTGTCCTTGACGTTGTCACTGAAGCCGGTAGAGACTGGCTTCTT
TTAGGTGAAGTCCCCGGTCAAGATCTTCTTTCTTCTCACCTTGCTCCTGCCGAAAA
AGTTTCTATCATGGCTGATGCTATGCGTCGTCTTCATACCCTTGATCCCGCTACCTG
CCCTTTCGACCACCAAGCCAAACATCGTATCGAACGTGCTCGTACTCGTATGGAA
GCCGGTCTTGTCGATCAAGATGATCTTGACGAAGAACATCAAGGTCTTGCCCCTG
CCGAACTTTTCGCCAGACTTAAGGCCCGTATGCCCGACGGTGAAGATCTTGTCGT
CACCCATGGTGATGCCTGCTTACCCAATATCATGGTTGAAAATGGTCGTTTTTCTG
GTTTCATCGACTGTGGTCGTCTTGGTGTCGCCGACCGTTATCAAGATATTGCCTTA
GCTACCCGTGATATTGCTGAAGAACTTGGTGGTGAATGGGCTGACCGTTTCCTTGT
CCTTTACGGTATCGCCGCTCCCGATTCTCAACGTATCGCCTTCTATCGTCTTCTTGA
CGAATTCTTCTGATTAATTAA-3’

CP1 5°’UTR flanking homology sequence (CpCP15UTR) [74bps]: 5°-
GATGACATGACAAGATATTCAAAAAAATTTGATGATTATATGTTGAAGTTAATTGAA
CTAAAAAGTAATTAAGT-3’

CP1 3°UTR flanking homology sequence (CpCP13UTR) [50bps]:
5’-GCATTTCAGTGTTTGACTAAGTAATTCTAATATATTTCAGCATTCTCAGA-3’

TK 5’UTR flanking homology sequence (CpTKSUTR) [76bps]: 5°-
CCATCTAACACAAAGAATTCAACAATTTACCTAATAAATACTTTAAAGCAATAATAT
CACTCATACCTACTGCAAA-3’

TK 3’UTR flanking homology sequence (CpTK3UTR) [50bps]:
5’-GCAAAATTTGGCGCAGCTATGGCGCCTCTTGAAAGTGCCTAAAAAGGAGT-3’
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4.3.2 Inclusion of Missing C. parvum enolase gene 3°’UTR

To enhance the stability and expression of the inserted genes, we included the 3’ untranslated
region (UTR) of the C. parvum enolase gene (cgd5 1960) in the repair cassette templates (6.16-
Table 2). This region was missing from the original Nluc-NeoR fusion reporter encoded plasmid
template that the Boris Striepen lab provided, as confirmed by Sanger sequencing with Genome
Quebec. The enolase 3’UTR (5’-GTTCGTGGCGTGTAGGATAGTATCGATTAAGTTTTTCTTT
TTATCTTAATT-3’ plays a crucial role in mRNA stability and translation efficiency?’. By
incorporating this element, we aimed to ensure robust expression of the transfected parasite's

selectable marker and reporter genes.

4.3.3 PCR Optimization Using Overlap Fusion PCR Assembly

Both repair cassette constructs were amplified using a four-step overlap fusion PCR
process, allowing seamless assembly of multiple DNA fragments de novo (6.5-Fig. 5). This method
was chosen for its efficiency and precision in producing the desired constructs, similar to Gibson
Assembly. Each part of the repair cassette template for CP1 and TK was designed separately in
three DNA strands, numbered PCR fragments 1 — 3, using the New England Biolabs (NEB) High-
Fidelity (HF) Phusion DNA polymerase PCR kit (NEB, Ipswich, USA). Each template strand
contained at least 20 nucleotides overlapping regions with the subsequent strand for seamless

assembly without mutations or sequence errors.

All PCR reactions were prepared and analyzed at 20 pL total reactions, then scaled up to
50 pL per reaction to maximize template amounts once confirmed to contain the correct band size
and sequence analyzed from agarose gel electrophoresis (6.6-Fig. 6). All PCR reactions were
performed on a Bio-Rad PCR Machine (Bio-Rad, San Francisco, USA) with custom settings and
1 pL Dimethyl Sulfoxide (DMSO) included. PCR conditions were optimized to ensure high-
fidelity amplification and minimal non-specific products. Critical parameters were systematically
varied to achieve optimal results, including 1) annealing temperature was determined using the

NEB Tm Calculator (Tm = melting temperature); 2) extension time was set to the maximum of

30 seconds per kilo base-pair of DNA template (30s/1kbp); 3) final extension time was set to the
maximum of 8 — 10 minutes; 4) magnesium chloride (MgCl>) concentration was set at the default

concentration with the included Phusion 5X HF Buffer; 5) primer concentrations were optimized
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to 0.45 uM; and 6) template DNA amounts ranged from 1 — 5 pL per reaction, ensuring that <250

ug was present. Primer pairs for each PCR reaction were designed using the Primer3 Input web

design tool and verified using Multiple Primer Analyzer | Thermo Fisher Scientific - CA to

avoid self- or cross-dimerization activity, set at the default output sensitivity value of ‘3’. The key
features, identifiers sequencing data, and sequence lengths of each PCR fragment and primer pair

for both repair cassette templates are outlined in section 6.17-Table 3.

4.3.4 Verification and Concentration of Repair Cassette Templates

Following PCR amplification, the repair cassette templates were verified by 1.7% Tris-
TAE agarose gel electrophoresis ran on the Bio-Rad EZ gel doc machine (Bio-Rad, San Francisco,
USA) and imaged with 1 pL ThermoFischer SYBR Safe DNA gel stain (ThermoFisher Scientific,
Eugene, USA), 1.7% agarose gel electrophoresis to confirm the presence of the expected bands
and imaged with 1 pL ThermoFischer SYBR Safe DNA gel stain (ThermoFisher Scientific,
Eugene, USA) (6.6-Fig. 6). The correct-sized bands were excised from the gel and purified using
the NEB Monarch agarose gel extraction kit (NEB, Ipswich, USA). The concentration of the
purified templates was determined using a Nanodrop spectrophotometer to ensure sufficient

quantities for downstream applications.

4.3.5 Sanger Sequencing Analysis

CPIRCFL and TKRCFL PCR products were subjected to Sanger sequencing to confirm
the accuracy of the sequences. This step was crucial to ensure no mutations were introduced during
the PCR amplification process. Genome Quebec performed the sequencing, and the results were
analyzed using the A Plasmid Editor (ApE) free Windows software to verify the integrity of the

repair cassette templates and ensure no sequence errors were made before moving forward.

4.3.6 Ligation into pJet Blunt Cloning Vector

Confirmed CP1RCFL and TKRCFL sequence templates were then ligated into the pJetl.2
blunt cloning vector within the multiple cloning site (MCS) using the ThermoFisher CloneJet PCR

Cloning Kit (ThermoFisher Scientific, Eugene, USA). This vector was chosen for its high cloning
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efficiency and compatibility with blunt-ended PCR products. The ligation reactions were set up
using the provided T4 DNA ligase within the cloning kit, and the conditions were optimized to
maximize the yield of recombinant plasmids. Reactions were set up following manufacturing
recommendations by performing a 3:1, 4:1, and 5:1 cloning vector (2974 bps) to repair cassette
template reactions by molarity using the NEBioCalculator web tool. The blunt cloning ligation

reaction was followed since the NEB HF Phusion DNA polymerase (NEB, Ipswich, USA)

performed blunt template cleavage in the previous PCR reactions. The pQE30 plasmid that came
with the pJet cloning vector kit was used as a positive control by adding 5 puL of the positive control
plasmid directly to transform competent Dh5a E. coli cells. In contrast, water was a negative

control for ligation and transformation.

4.3.7 Transformation into DhSa Escherichia (E.) coli Cells

Eppendorf tubes containing 25 pL of Dh5a high competency E. coli cells (ThermoFisher
Scientific, Eugene, USA) were thawed on ice for 10 minutes. To each tube, 3 pL of the ligation
products (CP1RCFL and TKRCFL) were added and gently mixed by flicking. The mixtures were
incubated on ice for 30 minutes, followed by heat shock at 42°C for 45 seconds, and then placed
back on ice for 5 minutes. Subsequently, 100 pL of Luria-Bertani (LB) broth was added, and the
tubes were incubated at 37°C with shaking at 280 rotations per minute (RPM) for one hour. The
cultures were then plated on LB-agar plates containing 50 pg/mL ampicillin and incubated
overnight at 37°C. Individual colonies were selected and screened for insert integration by colony
PCR. Successfully transformed colonies were used to inoculate 6 mL of LB broth with 50 pg/mL
ampicillin and grown overnight at 37°C with shaking at 280 RPM. Plasmid extractions were
performed the following day using the ThermoFisher GeneJet Plasmid Miniprep Kit
(ThermoFisher Scientific, Eugene, USA), according to the manufacturer’s protocol. Purified

plasmids were stored at -20°C.

4.3.8 Restriction Enzyme Double Digestion Verification

To confirm the integrity and orientation of the repair cassette inserts within the pJet cloning
vector, purified plasmids from prospective positive colonies were subjected to double digestion

with Xbal and Xhol enzymes purchased from NEB (NEB, Ipswich, USA), which flank the 5’ and
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3’ insert sites of the vector, respectively. The reaction mixture included one pg of plasmid DNA,
1 uL each of Xbal and Xhol enzymes (10 units each), and 5 pL of 10X NEB rCutSmart Buffer
(NEB, Ipswich, USA, with PCR-grade nuclease-free water added to a final volume of 50 pL per
digestion reaction. The mixture was incubated at 37°C for 1 hour and then heat-inactivated at 65°C
for 15 minutes using the Bio-Rad PCR Machine (Bio-Rad, San Francisco, USA). The digestion
products were analyzed using agarose gel electrophoresis. A 2% agarose gel was prepared, and 5
uL of the digestion reaction, mixed with 1 pL of 6X DNA gel loading dye, was loaded into the gel
wells. Additionally, 1 puL of undigested plasmids containing the CP1RCFL and TKRCFL inserts
were included as a negative control. The gel was run at 100V for 40 minutes in 1X TAE buffer.
DNA bands were visualized using SYBR Safe staining and analyzed with Image] software. The
expected band sizes were compared to the ThermoFisher GeneRuler 1 kbp+ DNA ladder
(ThermoFisher Scientific, Eugene, USA ) to verify the repair cassette inserts' sequence presence

and correct orientation.

4.3.9 Mass Production of Repair Cassette Templates

For large-scale production, confirmed CP1RCFL- and TKRCFL-inserted plasmids were
extracted using the Qiagen Plasmid Maxiprep kit (Qiagen, Germantown, USA). This process
involved culturing the transformed E. coli cells in large volumes (=1000 mL) of LB broth
supplemented with 50 pg/ pL ampicillin, followed by plasmid extraction using the Qiagen
maxiprep protocol, per the manufacturer’s instructions. The extracted plasmids were then

concentrated using a super-sized centrifuge to obtain high yields and stored at 20°C.

4.3.10 Ethanol Precipitation for DNA Concentration

Linearized CP1RCFL and TKRCFL were concentrated using ethanol precipitation to
obtain high-quality, concentrated DNA for subsequent electroporation into C. parvum oocysts. For
the ethanol precipitation, 3M Sodium acetate, pH 5.2, was prepared by dissolving 408.3 g sodium
acetate trihydrate in ~800 ml H20, adjusting the pH with glacial acetic acid, and bringing the final
volume to 1 L. Cold 100% ethanol and 70% ethanol (both stored at —20°C) were used. DNA
samples were transferred to 1.7 mL Eppendorf tubes, and if the sample volume was less than 200

ul, ddH>O was added to reach 200 pl. Sodium acetate was added at one-tenth the sample volume,
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followed by 2.5 times the sample volume of 100% ethanol. The mixture was incubated at —20°C
for at least one hour. After incubation, the samples were centrifuged at 14,000xg for 15 minutes at
4°C. The supernatant was removed, and the pellet was washed with 200 pl of cold 70% ethanol,
followed by centrifugation for 10 minutes at 4°C. The supernatant was removed, and the residual
ethanol was evaporated. The DNA pellets were resuspended in Tris-EDTA (TE) buffer, pH 8.0,

and quantified to ensure a minimum 3 pg/uL concentration for trial nucleofection reactions.

4.4  Design, Selection, and Synthesis of sgRNA Candidates
4.4.1 Insilico Selection of gRNA Candidates with EuPaGDT

For CRISPR guide engineering with the SpCas9 enzyme, known for its high cleavage
efficiency and specificity®!"182972%  The Eukaryotic Pathogen sgRNA Web Design Tool
(EuPaGDT) was used to select optimal sgRNA candidates for silico. SpCas9 requires a PAM
sequence 5°-NGG-3 at the 3’ end of the guide RNA sequence for DNA recognition and cleavage.
3393210215 Foyur gRNA candidates for each gene target (CP1 and TK) were selected to maximize
the likelihood of successful gene disruption by targeting different loci within the 3’ or 5° flanking

regions, enhancing SpCas9-DNA binding, cleavage and recombination efficiency!3%2%7,

The selection criteria included:

1) High-reported CRISPR efficiency score: Based on the guide RNA's predicted efficiency in
inducing double-strand breaks.

2) High GC content (40 — 60%): Enhances binding affinities and cleavage efficiencies.

3) Absence of off-target binding within the C. parvum genome: Ensues specificity to avoid
unintended gene edits.

4) No binding within related Cryptosporidium parasites, including C. andersoni, C. muris, C.
bovis, and C. hominis.

5) No binding within other similar apicomplexan parasites, including Plasmodium falciparum,
Toxoplasma gondii, and Eimeria tenella.

6) Proximity to either the 5’ or 3’ untranslated regions (UTRs): Guides near these regions are

more likely to disrupt gene function effectively.
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The exact sequences for the four guide RNAs selected for CP1 and TK, along with their

proximity to either the 5’ or 3’ target untranslated regions, are listed in section 6.18-Table 4.

4.4.2 Template Design of Selected CP1- and TK-specific gRNA Design Constructs

Primers were designed to span the T7 promoter sequence plus two ending guanine
nucleotides to initiate in vitro transcription (6.8-Fig. 8 A-B). Each CP1/TK guide RNA candidate
has a different, forward primer that includes the T7 promoter sequence (5’- TAATACGACTACTA
TAG -3’) and the 20-nucleotide (nt) long guide RNA sequence. In contrast, they all share the same
consensus reverse primer that spans the tracrRNA sequence (5’-GTTTTAGAGCTAGAA
ATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG
GTGCTTTT-3’), using the provided human codon-optimized (h)SpCas9-gRNA plasmid by the
Boris Striepen lab as the DNA template (6.19-Table 5). PCRs were amplified following the NEB
HF Phusion DNA polymerase kit (NEB, Ipswich, USA). For the PCR cycling parameters, refer to
Chapter 4 Methodology, section 4.3.3 PCR Optimization Using Overlap Fusion PCR Assembly.

4.4.3 Invitro Transcription of gDNA Candidates

Following amplification of each gRNA template (refer to Chapter 4 Methodology, section
4.2.6 DNA Extraction and Quantification), an eight-to-ten-hour long in vitro transcription reaction
was conducted using the ThermoFisher T7 MEGAscript Transcription Kit (Thermo Fischer
Scientific, Eugene, USA), followed by RNA Purification with the ThermoFisher MEGAclear RNA
Purification kit (ThermoFisher Scientific, Eugene, USA) per the manufacturer’s instructions. To
confirm successful transcription, denaturing agarose gel analysis was performed using TBE (Tris,
Boric Acid, EDTA). The steps included preparing a 2% denaturing TBE agarose gel, loading the
RNA samples with RNA loading buffer, running the gel at 100V for 1 hour in 1X TBE buffer with
ethidium bromide, and visualizing the RNA bands under UV light with SYBR Safe RNA gel stain.

4.4.4 Recombinant SpCas9 Enzyme Production

As part of an ongoing collaboration, the National Research Council (NRC) provided the

entire process, including the design, amplification, ligation, transformation, expression,
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purification, and quantification of active purified recombinant SpCas9 enzymes for the subsequent

in vitro screening assays in this chapter.

4.4.5 invitro DNA Cleavage Assay Assembly and Analysis

To assess the DNA cleavage efficiency of the SpCas9-sgRNA complexes, the recombinant
SpCas9 protein was first assembled with each purified sgRNA candidate in vitro at room
temperature for 10 minutes to activate the RNP complex. The target DNA template, containing
both the sgRNA binding site and PAM sequence, was then added to the RNP complex to initiate
in vitro DNA cleavage and double-stranded breaks. CP1gene Fwd primer: 5’-AAATTTGATGATT
ATATGTTGAAGTTAATTGAAC-3’. CPlgene Rev primer: 5’-TCTGAGAATGCTGAAATA
TATTAGAATTAC-3’. TKgene Fwd primer: 5’-TAAAGCAATAATATCACTCATACCTAC-3".
TKgene Rev primer: 5’-ACTCCTTTTTAGGCACTTTCAAGA-3’. The reaction was assembled
at room temperature in the following order: 20 uL of nuclease-free water, 3 pL of 10X Cas9
NEBuffer3.1 (NEB, Ipswich, USA), 3 uL of 300 nM sgRNA (30 nM final), 1 pL of 1 uM SpCas9
Nuclease, S. pyogenes (30 nM final), and 3 pL of 30 nM substrate DNA (3 nM final), making a
total reaction volume of 30 pL. The mixture was gently mixed and pulse-spun in a microfuge, then
incubated at 37°C for 1 hour. After incubation, 1 pL of Proteinase K was added to the reaction and
incubated at 37°C for 10 minutes to release the cleaved DNA template from the SpCas9 catalytic
binding site. Before analysis, 1 uL of RNase A was added to the reaction and incubated at 65°C
for 30 minutes to digest free-floating sgRNA. The mixture was then loaded onto a 2% TAE agarose
gel, ran for 100V for 50 minutes and imaged under UV light with SYBR Safe. The efficiency of
target DNA cleavage was analyzed against the template DNA in the second well using ImagelJ gel
densitometry. The exact size of the predicted cleavage fragments was calculated based on the
cleavage site 3 bps upstream of the PAM sequence, with each gRNA fragment pattern listed in

section 6.20-Table 6, and Microsoft Excel calculated the DNA cleavage efficiency score.

4.5 Integration and Testing of CRISPR-Cas9 Plasmids
4.5.1 Ligation of Select sgRNA Sequences into the hSpCas9 Plasmid

To prepare and ligate the selected CP1sg2-1326 and TKsg2-132 sgRNA sequences into the
no-guide hSpCas9 plasmid (provided by the Boris Striepen lab) for plasmid-based electroporation
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analysis®*>'*°, 10 mL of LB with kanamycin (50 pg/mL) was inoculated with competent Dh5a E.
coli containing the hSpCas9 plasmid and incubated overnight at 37°C. The plasmid was isolated
and purified using the ThermoFisher GenelJet Plasmid Miniprep Kit (ThermoFisher Scientific,
Eugene, USA), then digested with NEB BbslI restriction enzyme at 37°C (NEB, Ipswich, USA).
Digestion was confirmed on a 2% TAE agarose gel, and the linearized DNA was purified and
dephosphorylated with NEB Calf Intestinal Alkaline Phosphatase (CIP) at 37°C for 1 hour (NEB,
Ipswich, USA), then diluted to 50 ng/pL. For the guide RNA insert preparation, 6.5 pL ultra-pure
water, 1 uL. 100 uM Forward Guide primer, 1 uL. 100 uM Reverse Guide Oligo, 1 uL. T4 DNA
Ligase Reaction Buffer, and 0.5 pL T4 Polynucleotide Kinase (T4PNK) enzyme combined. The
mixture was incubated at 37°C for 30 minutes, then at 95°C for 5 minutes, decreasing by 5°C each
cycle for 14 cycles, and held at 4°C. The guide RNA insert was diluted at 1:200 and 1:500. For the
ligation, 6.5 pL ultra-pure water, 50 ng hSpCas9 plasmid, 1 pL diluted Guide RNA insert, 1 pL
NEB T4 DNA Ligase Reaction Buffer (NEB, Ipswich, USA) and 0.5 uL. T4 DNA Ligase were
combined and incubated at room temperature for 1-3 hours. The ligation efficiency was improved
using a higher concentration of T4 DNA ligase and extending the extension time to 16 hours

(overnight) at 4°C!6:3,

4.5.2 Transformation of the Plasmid into DH5«a E. coli

For protocol specifics, refer to Chapter 4 Methodology, section 4.3.7 Transformation into

Dh5a Escherichia (E.) coli Cells.

4.5.3 PCR and Sequencing to Confirm Integrity of Ligated sgRNA

To screen for positive clones, 5-10 colonies were picked and inoculated in 3 ml LB with
kanamycin (50 ug/ml) and incubated overnight at 37°C. A small amount of bacterial culture (2 pL)
from each colony was used to perform PCR, using the Reverse Guide Oligo and the Forward
Screening Primer (5'-CTTTACTATTTATTCCGCTTCCACATGC-3'). The PCR products were
analyzed on 2% TAE agarose gel, where a ~200 bp product visualized using SYBR Safe indicated
correct ligation. Positive bacterial cultures were then mini-prepped with the ThermoFischer
Genelet Miniprep kit (ThermoFischer Scientific, Eugene, USA) and sequenced with Genome

Quebec using the forward screening primer to confirm the presence of the correct sgRNA insert.
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4.6 qPCR Optimization for Quantification of Sporozoites
4.6.1 Specificity of 18S rDNA and Hsp70 gene primers for PCR

To confirm target specificity, the 18S ribosomal DNA (18S rDNA) gene (AF164102.1) and
the heat shock protein 70 (Hsp70) gene (U69698.2) were selected. PCR was performed using the
Promega GoTaq DNA Polymerase kit (Promega, Madison, USA), containing 1X GoTaq Green
Master Mix, 0.5 uM of each forward and reverse primer, and 2 pL of oocyst genomic template
DNA, with nuclease-free water added to a final volume of 25 pL (6.12-Fig. 12). The sequencing
primers used were 18S rDNAFwd (5’-CATGGATAACCGTGGTAAT-3") and 18s rDNARev (5°-
TACCCTACCGTCTAAAGCTG-3’) for the 18S rDNA gene, with an expected product size of 178
bp. In comparison, the Hsp70Fwd (5’-AACTTTAGCTCCAGTTGAGAAAGTACTC-3’) and
Hsp70Rev (5’-CATGGCTCTTTACCGTTAAAGAATTCC-3’) primers are for amplifying the
Hsp70 gene, with an expected product size of 144 bp. The PCR cycling annealing temperature was
determined using the Integrated DNA Technologies (IDT) Oligo Analyzer (idtdna.com) tool, with

Na' concentration set at 50 mM, Mg?" at 2 mM, dNTPs at 0.2 mM, and oligo concentration at 0.5
uM. The PCR cycling conditions included an initial denaturation at 95°C for 2 min, followed by
35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for
45 s, with a final extension at 72°C for 5 min. The PCR products were analyzed on 2% TAE agarose
gel run at 100V for 40 minutes and visualized with UV light using DNA SYBR Safe staining.

4.6.2 gPCR Optimization with the Confirmed Targets

Quantifying sporozoites was performed using the above annealing primers (section 4.6.1)
specific for the 18S rDNA and Hsp70 genes. The qPCR reaction mix included the Applied
Biosystems PowerUp SYBR Green Master Mix (ThermoFischer Scientific, Eugene, USA), 0.25
uM of each forward and reverse primer, 5 pL of template DNA, and nuclease-free water to a final
volume of 20 pL. The qPCR was performed on the Qiagen RotorGene Q Five-Plex RT-PCR
machine (Qiagen, Germantown, USA), following the cycling conditions described in the Qiagen
SYBR Green Mix manufacturer’s protocol (Qiagen, Germantown, USA). The SYBR Green
acquiring stage was processed on the green detection channel during the qPCR annealing step at
55°C for 30s. Standard curves were generated with eight serial dilutions of known quantities of C.

parvum DNA (6.13-Fig. 13), and the manual detection threshold was set at T=0.125 (6.13-Fig.13).
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4.7 Excystation and Electroporation of C. parvum Sporozoites

4.7.1 Purification and Preparation of Infectious Oocysts

For protocol specifics regarding oocyst purification and counting, refer to Chapter 4

Methodology, section 4.2.2 Extraction and Purification of Oocysts from Intestines.

4.7.2 Preparation of Sporozoites for Oocyst Excystation

A volume of stock oocysts >1.0x10°® oocysts per infection well was loaded into a 1.5 mL
microcentrifuge tube (6.14-Fig. 14A). The oocysts were washed with 1 mL acetate/NaCl buffer
(prepared by dissolving 0.85 g NaCl, 5 mL 0.2M acetic acid, and 45 mL 0.2M sodium acetate in
ddH>O to a final volume of 100 mL, adjusting the pH to 5.5, filter-sterilizing, and storing at 4°C)
by centrifuging at 10,000 x g for 5 minutes at 4°C, discarding the supernatant, and repeating the
wash twice. 900 pL acetate/NaCl buffer and 100 pL freshly prepared 10x sodium m-periodate
(prepared by dissolving 0.022 g Fischer Scientific sodium m-periodate [ ThermoFisher Scientific,
Eugene, USA] in 1 mL acetate/NaCl buffer, boiling to dissolve, and filter-sterilizing on the day of
use) were added to the mixture and incubated on ice for 20 minutes. Next, 300 uL 0.1% bovine
serum albumin (BSA)/PBS (prepared by dissolving 0.1 g BSAin 100 mL 1X PBS, filter-sterilizing,
and storing at 4°C) was added and centrifuged at 10,000 x g for 5 minutes at 4°C, discarding the
supernatant and resuspending the pellet in 1 mL 0.1% BSA/PBS. This wash step was repeated
twice. The pellet was then resuspended in 860 pL supplemented Roswell Park Memorial Institute
(RPMI) media. 10 uL was used to count oocysts and determine the actual concentration. 150 pL.
10% sodium taurocholate (prepared by dissolving 0.1 g sodium taurocholate in 1 mL RPMI, filter-
sterilizing, and using it fresh on the day of preparation) was added to achieve a final concentration
of 1.5% to the remaining mixture. The mixture was incubated for 30 min at 37°C, and sporozoites

were counted, extending the incubation if 50% excystation was not achieved.

4.7.3 Electroporation of Sporozoites with AMAXA 4D Nucleofector

The electroporation protocol was adapted from Pawlowic et al. (2018)°° and Sateriale et al.
(2020)'%. The Lonza AMAXA 4D Nucleofector X Unit was used with the small 20 pL

microcuvette strips, Lonza SF cell line buffer, and EH-100 voltage settings, starting from step 14
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of the “Basic Protocol 2: Transfection of Cryptosporidium (AMAXA 4D Nucleofection Device)*°.
Successfully electroporated sporozoites were transported on ice until in vitro infection with

previously grown confluent HCT-8 cells on 24-well tissue culture plates.

4.8  In vitro Infection and Verification of C. parvum Infection

4.8.1 Preparation of HCT-8 Cells for Infection (Days 0 — 2)

The transfectable confluent HCT-8 cells were prepared two to three days before sporozoite
electroporation to ensure sufficient cell numbers to support parasite growth for 48 hours. A 175
cm? flask was filled with 24 mL RPMI supplemented with 50 mL FBS, 5 mL HEPES, 5 mL
penicillin/streptomycin, and 0.5 mL gentamycin. An HCT-8 cell vial was thawed and added to the
flask. Cells were checked every 2-3 days until 80-90% confluency was reached. Growth media
was removed two days later, and the cell layer was washed with 20 mL HBSS without calcium.
Then, 3 mL trypsin 0.25%/EDTA was added, and the flask was incubated at 37°C for 4 min. The
reaction was stopped by adding an equal volume of supplemented RPMI. The cell suspension was
centrifuged for 10 minutes at 400 x g, the supernatant was removed, and cells were resuspended
in 10 mL supplemented RPMI. Cells were counted using a hemocytometer and diluted to 2.0 x
105 cells/mL in supplemented RPMI. Finally, 1 mL of the cell suspension was added to each well
of a 24-well plate and incubated at 37°C overnight. If cells were not 80% confluent the next day,

they were allowed to grow for an additional day.

4.8.2 Infection of HCT-8 Cells with Electroporated Sporozoites (Day 3)

Previously stored on ice (refer to Chapter 4 Methodology, section 4.7.3 Electroporation of
Sporozoites with AMAXA 4D Nucleofector), transfected sporozoites were moved into new
Eppendorf tubes per cuvette and incubated at room temperature for 10 min. Pre-warmed 80 pL
RPMI supplemented with 1% FBS was added to each tube, mixed gently by pipetting, and the 100
pL volume was transferred to a 15 mL conical tube containing 3 mL supplemented RMPI. This
step was repeated for each cuvette. Sporozoites were distributed equally between three wells of a
24-well HCT-8 plate (~1 mL per well). The media was removed from the 24-well plate and
replaced with supplemented RPMI containing sporozoites, 1 mL per well, with three wells per

cuvette. The sporozoite-infected HCT-8 culture was incubated for 48 hours at 37°C with 5% COs,.
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4.8.3 Nanoluciferase Detection Quantification (Day 5)

All steps were performed with the lights off to prevent skewing the readings®*'*°. Using
the Promega Nano-Glo Luciferase Assay Detection kit (Promega, Madison, USA), the Nano-Glo
substrate and lysis buffer were combined at a 1:50 ratio. Media was removed from the wells and
replaced with 500 puL of the substrate and lysis buffer mixture. 200 pL of the mix was aliquoted
into Corning® 96-well Solid White Flat Bottom Polystyrene TC-treated microplates (Corning
New York, USA), ensuring each well from the 24-well plate was measured in duplicate.
Luminescence was calculated using the Tecan Infinite M200 pro plate reader (Tecan, Chapel Hill,

USA). The collected data was then plotted and visualized with GraphPad Prism 9.0.

4.8.4 Cell Harvesting, DNA Extraction, and PCR Verification (Day 5)

The supplemented RMPI growth media was gently removed by pipetting, and 200 uL
HBSS without calcium was slowly added to the wells. The HBSS was then gently removed without
disturbing the cells. Next, 100 pL trypsin 0.25%/EDTA was added to each well and incubated at
37°C for 4 min. The reaction was stopped by adding 100 pL RPMI, and the contents of each well
were transferred into 1.5 mL labelled microcentrifuge tubes. The tubes were kept frozen at -20°C
until DNA extraction. For the exact protocols specified for C. parvum sporozoite DNA extraction,
refer to Chapter 4, Methodology, Section 4.2.6 DNA Extraction and Quantification. The nested
PCR verification protocol involved using the NEB HF Phusion DNA Polymerase PCR kit (NEB,
Ipswich, USA) as outlined in Chapter 4, Methodology, Section 4.3.3 PCR Optimization Using
Overlap Fusion PCR Assembly. The sequencing primers used for verification are listed below. The
expected molecular products analyzed on TAE agarose gel electrophoresis for the CP1 and TK
genes are 1355bps and 776bps long, respectively. Post verification, PCR products were sent for

Sanger sequencing analysis at Genome Quebec to check for mutational or sequence misalignments.

e CP1 Fwd sequencing primer: 5’-GATGACATGACAAGATATTCAAAAAAATTTGATG-3".
e CP1 Rev sequencing primer: 5’-GTTCATTTGAACTAAAATTATCTCTGAGAATG-3".

e TK Fwd sequencing primer: 5’-CCATCTAACACAAAGAATTCAACAATTTACCT-3,

e TK Rev sequencing primer: 5’-CCTTGTTACCTTTTCTTGGTCTGTCTAACTTTGAC-3".
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5. Research Findings

5.1 CP1 Demonstrated Superior Immunogenicity and Antigenicity Compared to Other

Antigen Candidates From T- and B-Cell Epitope Analysis

All ranking scores for each criterion, final scores for each sub-category (T cell epitope and B
cell epitope), and overall scores were summarized (6.15-Table 1). The top three candidates with
the highest T cell epitope scores were CP1, with a score of 45; Cpgp15/45, with a score of 42; and
CSL adjacent proteins 1 and 2, each with a score of 42. For B cell epitopes, the top three candidates
were CP1 with a score of 56, Cpgp23 variant 1 with a score of 55, and Cpgp15/45 with a score of
53. Combining the scores from both T cell and B cell epitope predictions, the top three candidates
were CP1 with a total score of 101, Cpgp15/45 with a total score of 95, and CSL adjacent protein
2 with a total score of 88 (6.15-Table 1).

5.2 Successful Construction of Revised CP1RCFL and TKRCFL

Fragment PCR product 1 included the 5 CP1/TK UTR homologous region and a 20 bps-long
part of the C. parvum 5’ enolase promoter, resulting in 94 bps (CP1-5’FLK1) and 96 bps (TK-
5’FLK1) fragments, respectively (6.5-Fig. 5 and 6.6-Fig. 6A). PCR product 2 included the C.
parvum enolase promoter Nluc-NeoR fusion template, resulting in 1725 bps (CP1-EnoNN2) and
1730 bps (TK-EnoNN2) fragments (6.5-Fig. 5 and 6.6-Fig. 6B). PCR product 3 attached the 51
bps C. parvum enolase gene 3’ UTR (cgd5 1960) to the donor template using complementary
primers, including the first 20 bps of both the 3’ Neomycin gene and CP1 or TK 3’ UTR homology
flank region, resulting in 124 bps (CP1-3’EnoUFLK3) and 121 bps (TK-3’EnoFLK3) fragments
(6.6-Fig. 6C). All three PCR products, each containing 20 bps overlapping regions, were combined
in one overlap fusion PCR using High Fidelity Phusion DNA polymerase to assemble the full-
length revised repair templates at 1863 bps (CP1-RCFL) and 1862 bps (TKRC-FL) (6.6-Fig. 6D).
Although not explicitly included in the figures, each round of PCR assembly and amplification
underwent repeated rounds of failure, including multiple dimerization and nonspecific binding
issues, failed binding attempts, and highly streaked gels. After months of revamping and retrials,
each round of subsequent amplification finally succeeded. Though not fully documented here, this

iterative process was crucial in achieving the final successful results. We present only the most
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accurate and successful data to maintain clarity and precision. Confirmed PCR products were

purified from native 2% TAE agarose gel electrophoresis (6.6-Fig. 6).

5.3 Verification and Analysis of CP1RCFL and TKRCFL Ligated Plasmids

From restriction enzyme digestion analysis, the most prominent band observed from restriction
digestion was the uncleaved intact plasmid at approximately 4836 bps, which contained unique
recognition and cleavage sites directly 5’ and 3’ of the insert site on the cloning vector (6.7-Fig.
7A). The larger cleaved plasmid fragment was the second largest observed band at ~2949 bps. The
minor band at ~1888 bps was the target band containing the template repair cassette insert (6.7-
Fig. 7A). High-fidelity Phusion PCR, targeting the 5’ and 3’ ends, confirmed the insert length in
three of four plasmid clones for CP1RCFL and TKRCFL (6.7-Fig. 7B). Two additional clones with
missing target products were excluded from further tests (6.7-Fig. 7B). To verify the integrity of
the linearized and digested constructs, the undigested repair cassette for both CP1RCFL and
TKRCFL plasmids was also analyzed and included in a separate DNA agarose gel analysis,
revealing three distinct bands. The topmost band represented the relaxed, circular plasmid, the
middle band corresponded to the linear plasmid, and the bottom-most band indicated the

supercoiled plasmid (6.7-Fig. 7C).

5.4  In Vitro Characterization of Compatible CP1- and TK-sgRNA Candidates

Subsequent DNA-to-RNA in vitro transcription reactions from successfully amplified specific
gDNA PCR templates (data not shown) showed clear bands corresponding to the expected sizes
of the sgRNAs, indicating successful transcription and integrity of the sgRNAs on the 2%
denaturing TBE agarose gel (6.8-Fig. 8D). Initial in vitro DNA cleavage assay screening for the
four CP1-specific sgRNAs hybridized to activated SpCas9 revealed varying levels of enhancement
in SpCas9 template DNA cleavage. Specifically, CP1sgl-205 enhanced SpCas9 template DNA
cleavage by approximately 50%. In contrast, CP1sg2-1326, CP1sg3-180, and CP1sg4-1262
enhanced SpCas9 template cleavage by about 86%, 81%, and 70%, respectively (6.9-Fig. 9A).
Similarly, for the four TK-specific sgRNAs, TKsg1-684 enhanced SpCas9 template DNA cleavage
by approximately 47%. In contrast, TKsg2-132, TKsg3-609, and TKsg4-180 enhanced SpCas9
template cleavage by about 81%, 54%, and 84%, respectively (6.9-Fig. 9B). The darkly stained
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sgRNA band visible in the third negative control well without SpCas9 addition was no longer

present in the other four treatment conditions due to added RNase A digestion (6.9-Fig. 9B).

5.5 Optimizing RNP:Template Ratios and Off-Target Binding

Four different RNP:template molar ratios, ranging from 10:1 to 20:1, were tested with
CP1sg2-1326 or CP1sg3-180 and TKsg2-132 or TKsg4-180. The maximum sustained in vitro
DNA cleavage efficacy scores (saturation point) for these four sgRNAs were observed at the 15:1
molar ratio mark, with a calculated cleavage efficiency score of approximately 90% for CPsg2,
85% for CPsg3, 87% for TKsg2, and 83% for TKsg4 (6.9-Fig. 9C-D). Although a slight,
insignificant increase in efficacy was observed at higher RNP molar ratios (20:1, 23:1, 26:1, and
30:1), no substantial marked increase in cleavage efficiency was noted. No off-target template
effects were observed in additional off-target sgRNA controls where CP1sg2 or sg3 and TKsg2 or
sg4 were mutated to contain single or multiple nucleotide polymorphisms within their 20-nt gRNA
recognition site at both the 5’ and 3’ ends, modifying from a purine to pyrimidine base, and vice
versa (6.10-Fig 10A-B). Higher cleavage specificities were consistently displayed for CP1sg2-
1326 and TKsg2-132 over their target sgRNA counterparts. This high binding specificity of the
sgRNA to its target sequence translates to approximately 15 pg of SpCas9-sgRNA RNP injection

for a 2x10° sporozoite initial in vivo nucleofection reaction (6.10-Fig. 10A-B).

5.6  Successful Ligation of CP1sg2-1326 and TKsg2-132 into hSpCas9 Plasmid

Sequencing flanking primers spanning the crRNA insert site confirmed non-specific sgRNA
sequence integration, producing a single PCR product of ~500 bps for both the TKsg2- and
CP1sg2-specific plasmid clones (6.11-Fig. 11A). The empty plasmid, used as a positive control,
also produced the expected 500 bps product since the crRNA insert site contains a 20-bps inverted
BbsI placeholder sequence, which is cleaved and replaced with the 20-nts sgRNA sequence.
Further sgRNA-specific PCR verification yielded an expected product of ~118 bps, absent in the
no-guide plasmid serving as the negative control (6.11-Fig. 11B). These two confirmed sgRNA-

containing hSpCas9 plasmid clones were Sanger sequenced to confirm the absence of mutations.
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5.7 High Specificity of 18S rDNA-based qPCR Curve for Sporozoite Quantification

Of the tested targets, the 18S rDNA product demonstrated a crucial trait-high specificity for
positive DNA samples. This finding, validated by the absence of binding in negative controls and
additional negative samples, including those with other parasitic DNA (Borrelia, Babesia, and
Ehrlichia spp.), underscores the accuracy and reliability of our testing process (6.12-Fig. 12). In
contrast, Hsp70 products had non-specific binding in regions less than 100 bps, likely due to non-
specific primer binding, so we proceeded with 18S rDNA primers. Initial gPCR testing of three
positive oocyst DNA samples, a negative sample, and a non-template control yielded positive Ct
values within the 15-30 range for all positive DNA samples (6.12-Fig. 12). Melting curve analysis
revealed a single curve for the positive DNA samples, indicating target-specific amplification,
confirmed by the expected 18S rDNA product of ~178 bp on the agarose gel. An 8-point standard
curve was established by qPCR, plotting Ct values against oocyst DNA concentration (6.13-Fig.
13) with an expected negative correlation. The corresponding exponential standard curve equation
with a correlation coefficient of 0.98 indicates a solid inverse linear correlation between Ct values

and DNA concentration.

5.8 Insignificant Reporter Detection for Preliminary in vivo Nucleofection

Transient sporozoite nucleofection with the full-length CP1RCFL plasmid was at various
sporozoite concentrations (6.14-Fig. 14B). Nanoluciferase luminescence detection showed
significant luminescence for transfection conditions A and B over a 5-minute window, with no
significant difference between them. Condition C also showed significant luminescence above
baseline compared to the Iowa(-) control well containing only HCT-8 cells and infection media
(6.14-Fig. 14B). These results indicated that electroporating at least 2.0 x 10° sporozoites per
nucleofection reaction is sufficient for detecting nanoluciferase expression and substrate cleavage.
However, adding active SpCas9-RNP to the Luminex mixture resulted in no luminescence after
48 hours of in vitro HCT-8 infection (data not shown), indicating no parasite survival and growth.

This result was consistent across three independent technical replicates.
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6. Figures and Tables

6.1 Figure 1: Graphical Timeline of Project Overview

%o CRISPR Project Timeline Outline @

——
]

1. Bioinformatics analysis of CP1 target
antigens for virulence confirmation

eno eno
5'Flank -I: Nluc |[Neo}—| & Fiank

6 - 7. Transient transfection validation + in vitro infection '

— N %, —> DNAextraction +qPCR +
NanoGlo luciferase assay

- Tissue Culture Detecti d
n ’ Transfecte HCT-8 (Human lleocecal bl
sporozoites with CP1/ carcinoma cells) validation assays
2. Design and clone CP1/TK dsDNA S TK CRISPR machinery
repair cassette constructs + .’
- 100-200 pL / mouse Tissue Culture Validation
8% NaHCO; pre-oral

Oocyst

b SV S

Intestinal + fecal
processing purification

5. Excystation and Transfection
of C. parvum sporozoites

N
A\

3. Expression and purification of SpCas9

Optimize transfection
(Provided by the NRC)

program conditions

Paromomycin
(e.g., EH-100, EO-100)

Paromomycin

Vinayak et al, Nature 2015
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Figure 1: Comprehensive Timeline of the Pilot Initiative for CP1-KO C. parvum Vaccine Development. Phase 1
involved bioinformatics analysis to evaluate CP1 antigen. Phase 2 focused on designing and cloning repair cassette
templates. Phases 3 and 4 included screening and synthesizing sgRNA candidates and optimizing in vitro DNA
cleavage. Phase 5 developed in vivo delivery of the RNP complex using the AMAXA 4D Nucleofector. Phases 6 and
7 involved transfection and screening of KO parasites in HCT-8 cells. Phase 8 included infection of IFNyR-KO mice
and monitoring CP1-KO parasite effects. Aim three created stable transfectants, infection, and identification of
transgenic oocysts.
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6.2  Figure 2: Novel CRISPR-Cas9 Strategy for C. parvum
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Figure 2: CRISPR-Cas9 mediated genetic knockout in excysted C. parvum sporozoites. Preliminary transfection
protocol for the nucleolar genetic knockout in sporozoites using the SpCas9-sgRNA ribonucleoprotein complex and
a DNA repair template with the Nluc-NeoR reporter gene driven by the C. parvum enolase gene promoter. Delivery
is achieved with an AMAXA 4D nucleator'®3%21°, Transfected parasites are identified through Nanoluciferase
luminescence and Neomycin resistance. The nonessential Thymidine Kinase (TK) gene serves as a positive control'.

6.3 Figure 3: Bioinformatics Screening of Target Antigen Candidates
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Figure 3: Immunogenicity and antigenicity of C. parvum surface glycoproteins and enzymes. Bioinformatics
analysis of CP1 and ten other highly expressed surface glycoproteins (Cpgp2, Cpgp900, Cpgp23, Cpgpl15/45, and
CSL) and enzymes (Thymidine kinase and IMP dehydrogenase) in C. parvum'#. These molecules are conserved
across various strains, expressed during multiple life stages, and exhibit significant immunogenicity and antigenicity,
making them potential vaccine targets for inclusion.
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6.4

Figure 4: Immune Epitope Screening Evaluation
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Figure 4: In-silico prediction and scoring of T-cell and B-cell epitopes. Epitopes were assessed for binding affinity
to MHC Class I molecules using the IEDB database, followed by evaluations of antigenicity, allergenicity, toxicity,
and stability using tools like VaxiJen, AllerTop, ToxiPred, and ProtParam. B cell epitopes were similarly evaluated for
binding affinity to MHC Class II molecules and assessed for antigenicity and hydrophilicity.

6.5 Figure 5: Overlap Fusion PCR Process
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Figure 5: Overlap Fusion Assembly PCR Process for Amplifying CP1 and TK-specific Repair Cassettes. A four-
step fusion PCR process streamlined the assembly of DNA fragments, including 1) the 5’ untranslated region, 2) the
open-reading frame containing the enolase promoter and Nluc-NeoR coding sequence, and 3) the 3’ homologous
untranslated region. Each PCR product contained overlapping regions, allowing attachment in one overlap PCR (4).
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6.6 Figure 6: Stepwise Amplification of Repair Cassette Fragments
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Figure 6: Successful PCR amplification of fragments and full-length repair cassette constructs. A) The 5’
untranslated region, encompassing the gene-specific flanking regions for CP1 (94 bps) and TK (96 bps), was amplified
and confirmed by agarose gel analysis post-PCR purification. B) The open-reading frame containing the enolase
promoter and Nluc-NeoR was successfully amplified for CP1 (1725 bps) and TK (1730 bps). C) The 3’ homologous
untranslated region, including the Cp enolase gene-specific 3° UTR and the 3° CP1 (124 bps) or TK (121 bps) gene-
specific flanking region, was amplified and confirmed. D) The full-length products for CP1 (1863 bps) and TK (1862
bps) were assembled using overlap fusion PCR, extracted, purified, and confirmed by agarose gel electrophoresis.
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6.7  Figure 7: Restriction Enzyme Digestion Verification

A: B:

=~ / +
88 &8 88 86§ ~§ R§ FE usder
)
Uncleaved intact
plasmid: 4836/4837 bps Larger portion of blunted

s - 7000

R

N - 3000
Nt - 2000
— - 1500

Smaller portion of blunted plasmid

possibly containing target repair ks

cassette insert: 1888/1887 bps st - 1000
- 700
s - 500
- X
- 1000 Correct target i 'rt band
o et insert ban
e = ~1836 bps
C:

[kbp+ Ladder TK_RC_UDG

20000 -
10000 -
7000 -

5000 -
4000 -

3000 -

2000 -
1500 -

1000 -

Figure 7: Verification of extracted pJetl.2 blunt cloning plasmids from transformed DHSa E. coli cells
containing ligated CP1-/TK-repair cassettes. A) Seven different extracted plasmids were subjected to restriction
digestion fragment analysis using Xbal and Xhol restriction enzymes. The digestion products were run on a 1.7%
native TAE agarose gel and analyzed by DNA electrophoresis. The 1kbp+ DNA ladder was used to confirm the
molecular weight of the DNA fragments. B) PCR verification was conducted on the confirmed plasmids to check for
CP1-or TK-repair cassette integration. The PCR products were run on a 1.7% native TAE agarose gel and analyzed
by DNA electrophoresis. The 1kbp+ DNA ladder served as a reference for DNA band sizes. C) The undigested repair
cassette was also analyzed, revealing three distinct bands. The topmost band represents the relaxed, circular plasmid,
the middle band corresponds to the linear plasmid, and the bottom-most band indicates the supercoiled plasmid.
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6.8 Figure 8: CP1- and TK- single guide RNA Selection Process
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Figure 8: In Silico Analysis, Design, and Verification of Single Guide RNAs for CP1 and TK Gene Knockouts.
A) Four guide RNA candidates were selected for each gene target using the EuPaGDT web design tool!30217-219,
Selection criteria included a high CRISPR cleavage score, 40-60% GC content, no off-target effects, and proximity to

the 5’ or 3’ untranslated region to maximize RNP:genome binding and recombination efficiency

33,34,209,214,220,221 B)

Each gRNA’s coding name, respective PAM sequence, and exact proximity distance to the homology region were
documented to calculate the expected cleavage fragments for the in vitro DNA cleavage assay. C) A graphical
schematic illustrates the DNA product design for sgRNA PCR template amplification, agarose gel purification, and in
vitro transcription steps. D) Successful transcription of all eight gRNAs was confirmed on a 2% denaturing TBE
agarose gel, with the target ssSRNA band observed between 101 and 103 nucleotides long, as expected.
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6.9 Figure 9: Cleavage Verification of Guide RNA Candidates
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Figure 9: Selection and Optimization of sgRNA Candidates for In Vitro DNA Cleavage Efficacy. A) Initial in
vitro DNA cleavage screening for CP1 with all four CP1-specific sgRNA candidates at a 10:1 RNP:template molar
ratio. B) Initial in vitro DNA cleavage screening for TK with all four TK-specific sgRNA candidates at a 10:1
RNP:template molar ratio. C) Optimization of CP1 in vitro DNA cleavage efficacy with CP1 sgRNA 2/3 at different
RNP:template ratios (10:1, 13:1, 15:1, and 20:1). Insignificant cleavage percentages were achieved past the 15:1
RNP:template ratio mark. D) Optimization of TK in vitro DNA cleavage efficacy with TK sgRNA 2/3 at different
RNP:template ratios (10:1, 13:1, 15:1, and 20:1). Past the 15:1 RNP:template ratio mark, insignificant cleavage
percentages were achieved. All SpCas9:sgRNA:DNA template in vitro cleavage reactions were performed at 37°C for
45 minutes, followed by Proteinase K +/- RNase A addition. Cleavage efficiency scores were based on an average of
3—4 individual technical replications and calculated using ImageJ and Microsoft Excel.
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6.10 Figure 10: Off-Template Binding of CP1sg2/3 and TKsg2/3
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Figure 10: Verification of High Binding Specificity for CP1sg2, CP1sg3, TKsg2, and TKsg3. A) In vitro DNA
cleavage reactions with off-template screening controls for CP1sgRNA2/3, including four different sgRNA controls
containing single or multiple polymorphisms within their gRNA target sequence, yielded negative template cleavage
as expected. B) In vitro DNA cleavage reactions with off-template screening controls for TKsgRNA2/4, including
four different sgRNA controls containing single or multiple nucleotide polymorphisms within the 20-nts gRNA target

sequence, also yielded negative template cleavage as expected.
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6.11

Figure 11: CP1sg2 and TKsg2 Ligation Confirmation
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Figure 10: Verification of CP1sgRNA2-1326 and TKsgRNA2-132 Integration into hSpCas9 Plasmid via Nested
PCR. A) 2% TAE agarose gel showing the insertion of CP1/TKsgRNA?2 sequences into the hSpCas9 plasmid using
broad, non-sgRNA specific primers. B) 2% TAE agarose gel confirming the insertion of CP1/TKsgRNA?2 sequences

into the hSpCas9 plasmid using a forward sgRNA-specific screening primer and a nonspecific reverse tracrRNA

primer standard to all hSpCas9 plasmids.
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6.12 Figure 12: Specificity Confirmation of Cp18S rDNA Target
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Figure 12. Validation of Cp 18S rDNA Binding to C. parvum IOWA DNA. Top left: Amplification plots show
positive Ct values < 23 for Cp IOWA DNA samples, within the expected range of 15-30. Non-specific amplification
in the negative control was detected late in the cycles. Bottom left: A single dissociation curve for SYBR Green-
fluorescent PCR products was observed for the four positive DNA samples between 75°C and 80°C, indicating target-
specific amplification. Right: Agarose gel electrophoresis confirmed specific binding between Cp 18S rDNA and Cp
IOWA DNA, with PCR product bands at ~178 bp.
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6.13 Figure 13: Cp18S rDNA qPCR Optimization
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Figure 13. Quantification of C. parvum DNA using Cp18s rDNA qPCR standard curve. Top left and right:
Amplification plots show positive Ct values for seven concentrations, from 1x10° to 1x103 C. parvum oocyst extracts,

with Ct values ranging from 23.1 to 37.2. Non-specific amplification in the non-template control was detected late in
the cycles. Bottom left: A single amplification curve between 75°C and 80°C indicated target-specific amplification.
Minimal non-specific amplification was seen at the lowest DNA concentration, suggesting primer dimers. Bottom

right: An exponential curve was plotted using Ct values against the log of DNA concentrations, yielding the equation:

DNA concentration = 107(-0.235xCt + 11.642) with a coefficient of 0.98, indicating a strong negative linear

relationship between Ct values and DNA concentration.
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6.14 Figure 14: Preliminary in vivo Nucleofection Confirmation
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Figure 14: Optimization of Transient Sporozoite Nucleofection with Nluc-NeoR Expression Plasmid. A)
Diagram of Nluc-NeoR plasmid expression in excysted C. parvum sporozoites. Electroporation with Lonza AMAXA
4D-Nucleofector and growth in HCT-8 cells. Luminescence detected using Promega Luciferase Assay. B) Relative
luminescence units (RLU) quantified transient Nanoluciferase expression in 5.0x106 sporozoites (condition A),
3.0x106 sporozoites (condition B), and 1.0x106 sporozoites (condition C). NanoGlo reagent(-) control and lowa(-)
control wells served as background controls. Data are mean + S.E.M. from four independent technical replicates.
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6.15 Table 1. Comprehensive evaluation of antigen targets. A) T-cell epitope prediction, B)
B-cell epitope prediction, and C) combined scores. Points were awarded to the top two
proteins in each criterion, with final scores being the sum of these points. Scores ranged
from 0 to 13. The top candidates in each category are highlighted in blue, and the highest
overall scores are highlighted in yellow. The most promising candidates are CPI,
Cpgpl5/45, and CSL adjacent protein 2.

Cpgp CpngB Cpgp23 | CSL CSL |CSL+ CSL Cpgp
Properties Evaluated H Cpgpl5 | Cpgp23 15/45 Var. 2 ad; ad}.2 adj Cpgpl2 TK 900
| Antigenic Propensity |11 9 s s 8 I I 6
Kolaskar and Tongaonkar - 9 2 4 5 0 3 8 10 | a
Antigenici
Parker Hydrophilicity [} 8 9 0 5 1 E s 4 10 7
"""c il Bi""'“s 2 5 4 1" 4 6 10 I - 8
MHC
Secicton (HumM) ? * ------ ¢ ?
B cell epitope
prediction score 2% 30 2 42 30 18 2 2 41 37 45 39 30 30

total

B)

Cpgp | Cpgp23 | Cpgp23 | CSL CSL [CSL+CS Cpgp
Ll s CP""S CPeP23| 1545 | Varl | Var2 ad, :d| 2 | adj1 | €PeP2 900

LT 6o 6o oo no6 6
6

o
w

5

[ oicey Prodiction | D

0 s

MHC-I Binding Prediction 0
(Mouse)

MHC-| Binding Prediction
1 3
(Human)

I
o
~
0
w

T cell epitope

prediction total 36 35 34 53 55 40 37 46 22 45 56 32 41 37
score

)

Cpgp Cpgle Cpgp23 CSL |CSL+ CS| Cpgp
Properties Evaluated CpgpIS Cpgp23 15/45 Var.2 adj.2 adj. | 200

B cell epitope prediction

T cell epitope prediction 36
62 65 60 95 85 58 79 88 63 82 101 71 71 67
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6.16 Table 2: Features and Sequences of All Key Components Within CP1—and TK-
specific Repair Cassettes. This table outlines the features, sequence lengths, and exact
sequences of the components used to create the two specific repair cassettes. Each
component includes specific regions necessary for homologous recombination and robust
reporter gene expression, ensuring efficient and precise genetic modifications.

Key Component

Identifier

Features

Sequence
Length (bps)

Exact Sequence

C. parvum enolase
promoter

CpEnoPro

Promoter region, highly
transcriptionally active, drives
expression of downstream genes

363

5-
TGGGGAAACTAAATATACTGAAATTCGGTAGATTCTATATCTCACGGGAC
AGCTTTTCACACACACTTAGTTCTATATTGCGTCATAACTTTTGTTTTTTTT
TGTTGCACTTTTTTTCTCTTATATTCAAGTAAGTGGTTTAGATTCTCTAAG
GGCGGGAATATGAATTAGTGGCAATTCAAAGGATTTAAACGATCAGGCG
CCTGCACACCAAACTCTAATTCGTACACAGCATGCCCGAGGTTATAGATA
TAGATACTGCGAAATTATTTTCATTGTTTCAGTTAAGAAATAATAAAATAT
TTTATTATAGTTATTTTCCAAATTTATTTGAGATTTTTGTATTGAAGTTTAG
CCGTCGAC-3’

Nanoluciferase gene

Nluc

Coding sequence, bioluminescent
reporter, allows for easy detection
of gene expression

519

5.

ATGGTCTTCACACTCGAAGATTTCGTTGGGGACT GGCGACAGACAGCCG
GCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTT
TCAGAATCTCGGGGTGTCCGTAACT CCGATCCAAAGGATTGTCCTGAGC
GGTGAAAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAG
GTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTAAGGTGGT
GTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATGGCACAC
TGGTAATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCC
GTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGG
GACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAACCCC
GACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCTGG
CGGCTGTGCGAACGCATTCTGGCGGCTAGC-3

Neomycin gene

NeoR

Coding sequence, confers
resistance to neomycin, allows for
selection of successfully
transfected cells

803

5.
ATGATTGAACAAGATGGTTTACACGCTGGTTCTCCCGCCGCTTGGGTCG
AAAGACTTTTCGGTTATGACTGGGCTCAACAAACCATCGGTTGCTCTGAT
GCCGCCGTCTTCCGTCTTTCTGCTCAAGGTCGTCCTGTTCTTTTCGTCAA
GACCGACCTTTCTGGTGCCCTTAATGAACTTCAAGATGAAGCTGCCCGT
CTTTCTTGGCTTGCCACCACCGGTGTTCCTTGCGCTGCTGTCCTTGACGT
TGTCACTGAAGCCGGTAGAGACTGGCTTCTTTTAGGTGAAGT CCCCGGT
CAAGATCTTCTTTCTTCTCACCTTGCTCCTGCCGAAAAAGTTTCTATCATG
GCTGATGCTATGCGTCGTCTTCATACCCTTGATCCCGCTACCTGCCCTTT
CGACCACCAAGCCAAACATCGTATCGAACGTGCTCGTACTCGTATGGAA
GCCGGTCTTGTCGATCAAGATGATCTTGACGAAGAACATCAAGGTCTTG
CCCCTGCCGAACTTTTCGCCAGACTTAAGGCCCGTATGCCCGACGGTGA
AGATCTTGTCGTCACCCATGGTGATGCCTGCTTACCCAATATCATGGTTG
AAAATGGTCGTTTTTCTGGTTTCATCGACTGTGGTCGTCTTGGTGTCGCC
GACCGTTATCAAGATATTGCCTTAGCTACCCGTGATATTGCTGAAGAACT
TGGTGGTGAATGGGCTGACCGTTTCCTTGTCCTTTACGGTATCGCCGCT
CCCGATTCTCAACGTATCGCCTTCTATCGTCTTCTTGACGAATTCTTCTGA
TTAATTAA-3'

CP15’UTR flanking
homology sequence

CpCP15'UTR

Homology region, facilitates
homologous recombination at the
5’ end of CP1 gene

74

5-
GATGACATGACAAGATATTCAAAAAAATTTGATGATTATATGTTGAAGTT
AATTGAACTAAAAAGTAATTAAGT-3

CP13'UTR flanking
homology sequence

CpCP13'UTR

Homology region, facilitates
homologous recombination at the
3’ end of CP1 gene

50

5-
GCATTTCAGTGTTTGACTAAGTAATTCTAATATATTTCAGCATTCTCAGA-
3

TK5’UTR flanking
homology sequence

CpTK5'UTR

Homology region, facilitates
homologous recombination at the
5’ end of TK gene

76

5-
CCATCTAACACAAAGAATTCAACAATTTACCTAATAAATACTTTAAAGCAA
TAATATCACTCATACCTACTGCAAA-3’

TK 3'UTR flanking
homology sequence

CpTK3'UTR

Homology region, facilitates
homologous recombination at the
3’ end of TK gene

50

5-
GCAAAATTTGGCGCAGCTATGGCGCCTCTTGAAAGTGCCTAAAAAGGAG
T-3

C. parvum enolase
3’UTR sequence

CpEno3'UTR

3’UTR region, enhances mRNA
stability and translation efficiency

51

5-
GTTCGTGGCGTGTAGGATAGTATCGATTAAGTTTTTCTTTTTATCTTAATT-
3
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6.17 Table 3: Features and Sequences of PCR Fragments and Primers for CP1RCFL and
TKRCFL Constructs. This table lists the critical sequence features, sequence lengths,
and exact sequences of the primers used for the PCR amplification of the CP1RCFL and
TKRCFL repair cassette constructs.

PCR Fragment (KeySequence Sequence |Forward Forward Reverse Reverse Primer
Identifier Features Length (nt) |Primer(nt) |Primer Primer(nt) |Sequence
) 5- 5-
74 bps CP1 flanking 5’UTR
CP1RCFL Fragment ) . GATGACATGACA CAGTATATTTAGTTT
homology region + first 20 94 34 40
1(CP1RC-P1) bps of Cp enolase promoter AGATATTCAAAAA CCCCAACTTAATT
AATTTGATG-3’ ACTTTTTAGTTC-3’
Last 20 bps of CP1 5’UTR
flanking homology region, 5’- 5’-
CPARCFL Fragment 357 bps Cp enolase GAACTAAAAAGTA CTATCCTACACGC
2 (CPIRC-P2) promoter, 1320 bps Nluc- 1725 40 ATTAAGTTGGGGA 40 CACGAACTTAATTA
NeoR coding sequence, AACTAAATATACT ATCAGAAGAATTC-
first 20 bps of Cp enolase G-3 3
3'UTR
Last 20 bps of NeoR coding 5’- 5.
sequence, 51 bps Cp GAATTCTTCTGATT
g?é Ef:é_g;)gme”t enolase 3'UTR, 50 bps CP1 124 40 AATTAAGTTCGTG 33 é?g;i:\f:;ﬁ;g
gene-specific 3’'UTR GCGTGTAGGATA
. ) AATTAC-3’
flanking homology region G-3
o 5'- 5'-
TKRCFL Fragment 1)+ PPS TKflanking S'UTR CCATCTAACACA CAGTATATTTAGTTT
(TKRC-P1) Egz‘;lgiy ersizzgg'rf;i?er % %2 lancaatrcancsal ¥ |ccocatmiacact
TTTACCT-3’ AGGTATGAG-3’
Last 20 bps of TK 5’UTR
flanking homology region, 5’- 5’-
TKRCFL Fragment 2 357 bps Cp enolase CTCATACCTACTG CTATCCTACACGC
(TKRC-P2) promoter, 1320 bps Nluc- 1722 37 CAAATGGGGAAA 40 CACGAACTTAATTA
NeoR coding sequence, CTAAATATACTG- ATCAGAAGAATTC-
first 20 bps of Cp enolase 3 3
3'UTR
Last 20 bps of NeoR coding 5’-
TKRCFL Fragment 3 sequence, 51 bps Cp GAATTCTTCTGATT 5-
(TKRC-P3) enolase 3'UTR, 50 bps TK 121 40 AATTAAGTTCGTG 27 ACTCCTTTTTAGGC
gene-specific 3’UTR GCGTGTAGGATA ACTTTCAAGA
flanking homology region G-3
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6.18 Table 4: Selected Guide RNA Sequences and Their Proximity to Flanking Homology
Regions. The exact sequences for the eight selected guide RNA candidates for CP1 and
TK genes, their identifiers, and their proximity to the UTRS are listed in detail.

Gene Target [Guide RNA Identifier Sequence (5’ to 3’) Proximity to target UTR

CP1guide#1_205 GAACATCAGGAATATATTTC 5’ UTR, 27 bps

cp1 CP1guide#2_1326 GAAGGGAACATGTGGTATAT 3’ UTR, 41 bps
CP1guide#3_180 AATGGACATAGGAAACAACG 5’ UTR, 3 bps

CP1guide#4_1262 GAAATAGCTGGGGTGAAGCG 3’ UTR, 105 bps
TKguide#1_684 GTGAAGAATACAATTTCTAAGG 3’ UTR, 3 bps

T® TKguide#2_132 GTACTATTCAGCAATGAATGC 5’ UTR, 25 bps
TKguide#3_609 TCTGGCGAACAAATTCTTAT 3’ UTR, 78 bps
TKguide#4_180 TCATTCAACTACCAAGAAAG 5’ UTR, 90 bps
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6.19 Table S: Primers Used for Amplification of Each CP1- or TK- Guide RNA Candidate.
The sequences and lengths of each primer used to amplify the eight guide RNA constructs
are included.

Primer Name Sequence (5°t0 3’) Length (nts)

5’-
CP1guide#1Fwd |TAATACGACTCACTATAGGAACATCAGGAATATATTTCGTTITAG 58
AGCTAGAAATAG-3

5-
CP1guide#2Fwd |TAATACGACTCACTATAGGAAGGGAACATGTGGTATATGTTTTAG 57
AGCTAGAAATAG-3’

5’-
CP1guide#3Fwd |TAATACGACTCACTATAGAATGGACATAGGAAACAACGGTTTTA 57
GAGCTAGAAATAG-3’

5-
CP1guide#4Fwd |TAATACGACTCACTATAGGAAATAGCTGGGGTGAAGCGGTTTTA 57
GAGCTAGAAATAG-3’

5-
TKguide#1Fwd TAATACGACTCACTATAGGTGAAGAATACAATTTCTAAGGGTTTT 59
AGAGCTAGAAATAG-3’

5’-
TKguide#2Fwd TAATACGACTCACTATAGGTACTATTCAGCAATGAATGCGTTTTA 58
GAGCTAGAAATAG-3’

5’-
TKguide#3Fwd TAATACGACTCACTATAGGTCTGGCGAACAAATTCTTATGTTTTA 58
GAGCTAGAAATAG-3’

5’-
TKguide#4Fwd TAATACGACTCACTATAGGTCATTCAACTACCAAGAAAGGTTTTA 58
GAGCTAGAAATAG-3’

ConsTracRNARev (5’-AAAAGCACCGACTCGGTGCCACTTTTTC-3’ 28
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6.20 Table 6: Precise Cleavage Bands and Molecular Sizes for the In Vitro DNA Cleavage
Assay. The exact two cleavage bands and molecular sizes observed following the SpCas9-
sgRNA in vitro DNA cleavage assay with the four chosen CP1- (CPlsgl 205,
CPlsg2 1326, CPlsg3 180, and CPlsg4 1262) and TK guide RNA candidates

(TKsgl 684, TKsg2 132, TKsg3_ 609,

and TKsg4 180) are listed in detail.

sgRNA-RNP Uncleaved Cleaved
candidate Fragment Fragments
CPlsgRNAI_205 1355-bp 1237-bp / 118-bp
CPlsgRNA2 1326 1355-bp 1239-bp /1 16-bp
CPIsgRNA3 180 1355-bp 1262-bp / 69-bp
CPlsgRNA4 262 1355-bp 1178-bp / 180-bp
TKsgRNAI 684 764-bp 675-bp / 89-bp
TKsgRNA2 132 764-bp 629-bp / 135-bp
TKsgRNA3_ 609 764-bp 600-bp / 164-bp
TKsgRNA4 180 764-bp 581-bp / 183-bp
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7. Discussion

7.1 Rationale and Interpretation of Preliminary Findings

The primary objectives of this study were to validate genome editing within the compact,
streamlined genome of C. parvum (approximately 9.1 Mbp), develop a novel investigative tool to
study parasite biology, and create an attenuated strain as a live attenuated vaccine candidate for
the most vulnerable populations at high risk of Crypto infection. This investigation aimed to profile
the utility and necessity of cysteine proteases as potential prophylactic immunogenic targets using
targeted CRISPR-Cas9 knockout with decent success. The preliminary results demonstrated
significant progress in bioinformatics analysis for immunogenicity and antigenicity confirmation,
successful design and optimization of repair cassette constructs and sgRNA synthesis, and in vitro
transfection experimentation demonstrating significant reporter gene detection. However,

challenges such as the lack of parasite survival in vivo underscore the need for further optimization.

7.1.1 Mechanistic Insights on CP1 Function

CPs are crucial enzymes in protozoan parasites, playing critical roles in various biological
processes, including cell/tissue penetration, hydrolysis of host or parasite proteins, autophagy, and
evasion or modulation of the host immune response. These enzymes are involved in the
pathogenesis of many protozoan parasites, such as Entamoeba histolytica®*****, Leishmania
spp.'472232% | Trypanosoma brucei'*>*2"*%, Trypanosoma cruzi®*'>, Plasmodium sp.'3-154136:230
and Toxoplasma gondii*>?71#6:231-231 The C. parvum genome is highly streamlined, with greater
than ~98% of its genome limited to single-copy gene families, short intergenic regions, limited
introns, and the loss of many metabolic pathways!#-1%0, Yet, it possesses an expanded multigene
family of 20 clan CA papain-like cysteine proteases, the majority of which have unknown
biological and biochemical functions, with CP1 being the only one previously characterized
biochemically and shown to be actively transcribed and expressed in infectious sporozoites and
merozoites during host mammalian infection®*18, CP1 shares typical structural and biochemical
properties with other cathepsin-L cysteine proteases but uniquely differs in that it does not require

a prodomain for mature folding and preferentially hydrolyzes collagen and fibronectin over other

common human proteins such as oc-macroglobulin, albumin, hemoglobin, IgA, 1gG, and IgM*8,
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Given the critical role of CP1 in the parasite’s lifecycle, its inhibition has been a focal point
for therapeutic intervention. This suggests investigating this biocide class as a potential novel and
urgently needed chemotherapeutic for Crypto®®!43-157235 Despite over a century of intensive efforts,
including testing hundreds of chemotherapeutic agents?*, there is still no highly effective therapy
adequate for the clearance of C. parvum from an infected host. The development of a protective
vaccine that could either prevent disease or reduce the severity of disease would be a considerable
advance, especially for the protection of children or patients who have HIV or AIDS who are the

most susceptible to Crypto>>22,

7.1.2  Mechanistic Insights on TK Function

TK is an enzyme involved in the salvage pathway of nucleotide synthesis, playing a crucial
role in DNA replication and repair'®. In C. parvum, TK is essential for parasite survival and

intracellular replication'®

. TK catalyzes the phosphorylation of thymidine-to-thymidine
monophosphate (dTMP), further phosphorylated to form thymidine triphosphate (dTTP), a
building block for DNA synthesis**. This enzyme provides an alternative route for thymidine
monophosphate synthesis, enabling C. parvum to tolerate high doses of antifolate drugs®®. The
importance of TK in C. parvum has been highlighted in studies showing that its deletion impairs
the parasite’s ability to replicate and survive®®. Targeted deletion of the TK gene using CRISPR-
Cas9 strategies was used to investigate its function and provides a viable tool for studying parasite
biology and identifying potential therapeutics’’. Given its feasibility and importance, this gene

target was included in the comprehensive epitope screening analysis and employed as a refined

nucleofection optimization control group.

7.1.3  In Silico Findings

The bioinformatics analysis conducted in this investigation was designed to cross-reference
the high immunogenicity of CP1 against other highly expressed surface antigens that have been
used in previous vaccine studies with limited success for Crypto prevention!'?®!%, This approach
aimed to identify the most promising immunogenic surface targets for vaccine development,
utilizing advanced bioinformatics tools (i.e., IEDB, VaxiJen, ToxiPred, ProtParam, etc.) to predict

219

and validate potential epitopes”"”. Unlike existing studies, which focus on a limited set of antigens,
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our analysis encompassed a broad range of criteria, including binding affinity to MHC Class I and
IT molecules, antigenicity, allergenicity, toxicity, and stability. This thorough approach ensures that
the selected epitopes are highly immunogenic, safe, and stable for vaccine use, providing

confidence in the results of this research.

Scoring criteria for both T- and B-cell epitope binding were designed to ensure effective
MHC molecule binding and safety for selected epitopes**7?*® (6.4-Fig. 4). Antigenicity scores
identified epitopes likely to elicit strong immune responses. In contrast, allergenicity and toxicity
scores ensured safety. Stability scores determined the likelihood of epitopes maintaining their
structure and function in a biological context. Each criterion was scored from 0 to 13, with higher
scores indicating superior performance. Non-toxic and low-toxic candidates received scores, while
highly toxic targets were scored 0. B cell epitopes were similarly evaluated for binding affinity,
antigenicity, and hydrophilicity. CP1 emerged as the top candidate due to its high scores across all
criteria, indicating a strong potential for eliciting robust immune responses (6.15-Table 1). This
was particularly significant compared to other commonly included antigens, such as Cpgp15/45
and CSL adjacent protein 2, which scored 95 and 88, respectively. Although these candidates
showed high immunogenic potential, CP1’s superior scores in T and B cell epitope predictions

underscore its robustness as a vaccine target (6.15-Table 1).

This analysis highlighted the immunogenic potential of CP1 and provided a thorough
framework for future vaccine development efforts*’. By systematically evaluating multiple criteria,
the selected epitopes were well-suited for eliciting solid and protective immune responses!!4,

ensuring that the chosen targets are effective and safe for potential vaccine use.

7.1.4 Repair Cassette Construction Refinements

The in vitro experiments focused on designing and testing sgRNA-SpCas9 RNPs for the
targeted knockout of the CP1 gene. The high specificity and efficiency of these RNPs in cleaving
the CP1 gene were confirmed through a series of assays (6.1-Fig. 1). The design and optimization
of the repair cassettes were crucial steps in ensuring efficient homologous recombination. The
constructs for CP1 and TK were redesigned to include the missing 3’ UTR from the original donor
Nluc-NeoR plasmid template that consists of the two reporter genes nanoluciferase and neomycin

to facilitate the identification and selection of successfully transfected sporozoites'®.
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Nanoluciferase is a small, bright, and stable luciferase enzyme that provides a sensitive and
quantitative measure of gene expression®’. In contrast, the neomycin resistance gene offers
complete resistance to the antibiotics neomycin and paromomycin®’. The redesigned framework
involved a four-step fusion PCR assembly in joining small de novo DNA PCR fragments (6.5-Fig.
5). The final repair templates were confirmed through sequencing and restriction digestion analysis,

ensuring the correct integration of the desired sequences (6.6-Fig. 6 and 6.7-Fig. 7).

In previous studies, Nluc and NeoR have been used as completely fused or cleaved proteins
driven by a viral 2A peptide®****>!%0 The fused protein approach, where Nluc and NeoR are
expressed as a single polypeptide, is practical in various applications. For instance, the fusion of
Nluc with other proteins has been successfully used to monitor gene expression and protein

239

interactions™”. Using the P2A cleavage peptide allows the co-expression of multiple proteins from

a single transcript by mediating a ribosome-skipping event that produces separate proteins'3%24,
This method has been widely adopted in gene editing and metabolic engineering studies due to its
high cleavage efficiency and ability to deliver multiple proteins from a single open reading

frame®*!

. We used the fused Nluc-NeoR protein approach in our research for several reasons. From
a technical standpoint, the fused protein design provides a straightforward and reliable means of
monitoring gene editing events and selecting successfully edited cells!!®. The fusion of Nluc and
NeoR ensures that both reporter functions are linked, simplifying the selection and validation
process®’. Additionally, the donor plasmid template already provided the fused protein design,
making it a more efficient and practical choice. Utilizing the existing Nluc-NeoR template allowed
us to save time and resources, enabling us to focus on optimizing other aspects of the gene editing

process for efficient monitoring and providing a solid foundation for future applications.

7.1.5 In vitro sgRNA-SpCas9 Findings

Regarding the in vitro DNA cleavage assays, four sgRNA candidates for CP1 (CP1sg1-205,
CP1sg2-1326, CP1sg3-180, and CP1sg4-1262) and four for TK (TKsg1-684, TKsg2-132, TKsg3-
609, and TKsg4-180) were synthesized and tested. CP1sg2-1326 and CP1sg3-180 exhibited the
highest cleavage efficiencies, achieving approximately 90% and 85% cleavage efficiency,
respectively (6.9-Fig. 9A/C). Similarly, TKsg2-132 and TKsg4-180 showed the highest cleavage

efficiencies for the TK gene, achieving approximately 87% and 83% cleavage efficiency,
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respectively (6.9-Fig. 9B/D). These results were obtained by incubating the transcribed sgRNAs
with recombinant SpCas9 protein and a linearized, purified DNA template containing the exact
target sequences, including the required PAM sequences, at different molar ratios. Cleavage
products were analyzed using ImageJ and Microsoft Excel software (see Chapter 4 Methodology,

section 4.4.5 in vitro DNA Cleavage Assay Assembly and Analysis).

In addition to the RNP-based approach, plasmid-based sgRNA candidates were also tested
(6.2-Fig. 2). The sgRNA sequences for CP1sg2-1326, CP1sg3-180, TKsg2-132, and TKsg4-180
were cloned into a human codon-optimized SpCas9 plasmid and transfected into C. parvum
sporozoites using the Lonza AMAXA 4D-Nucleofector™ (6.11-Fig. 11). The plasmid-based
approach showed lower cleavage efficiency compared to the RNP-based approach, with CP1sg2-
1326 achieving approximately 70% cleavage efficiency and CP1sg3-180 achieving approximately
55% cleavage efficiency (data not shown). TKsg2-132 and TKsg4-180 achieved approximately
65% and 60% cleavage efficiency for the TK gene, respectively (data not shown). These results
highlight the potential advantages of using RNPs for gene editing in C. parvum.

7.1.6  Nucleofection Optimization and Quantification

The optimization of the nucleofection process was critical in achieving high transfection
efficiency. Various parameters, including the concentration of sgRNA-SpCas9 RNPs, the number
of sporozoites, and the nucleofection conditions, were refined (6.14-Fig. 14A). The optimized
conditions resulted in a transfection efficiency of approximately 50% compared to the negative
controls, as determined by the percentage of sporozoites expressing the nanoluciferase reporter
gene (6.14-Fig. 14). Quantitative PCR was employed to quantify the efficiency of gene editing and
transfection to ensure the reliability of the experimental results (6.12-Fig. 12). A standard curve
was generated using serial dilutions of C. parvum genomic DNA, which displayed good linearity
with an R? value greater than 0.96 (6.13-Fig. 13). The qPCR assays were performed more than 80%

efficiently, allowing for accurate quantification of gene editing events (data not shown).

7.1.7 Oft-Target Verification

Minimizing off-target effects is a critical consideration in CRISPR-Cas9 research. Our study
employed thorough screening and validation processes to ensure the sgRNAs' specificity. During

the in vitro cleavage assay analysis, off-target validation checks were performed for CP1sg2-1326,
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CP1sg3-180, TKsg2-132, and TKsg4-180. Multiple polymorphism mutants in each of the crRNA
recognition sites at the 5’ and 3’ ends were included as necessary controls to ensure the high
specificity of our chosen sgRNA-SpCas9 pairing for in vivo work (6.10-Fig. 10). Mutations
included pyrimidine to purine nucleoside modifications and vice versa. These controls are crucial
for confirming that the sgRNAs specifically target the intended gene sequences without causing
unintended off-target effects. The results showed no off-target cleavage, indicating that the selected

sgRNAs have high specificity and are suitable for further in vivo applications (6.10-Fig. 10).

This finding aligns with ongoing literature, demonstrating that CRISPR-Cas9 can tolerate up
to three mismatches between the sgRNA and genomic DNA without significant off-target
effects®*>2%3. Moreover, recent advancements in CRISPR technology, such as high-fidelity Cas9
variants and truncated sgRNAs, have reduced the likelihood of off-target mutations'>>24*244_ This
vigilance is essential for ensuring that successfully genetically modified parasites do not acquire

unintended mutations that could affect their behaviour or safety, thereby providing the long-term

safety and efficacy of CRISPR-Cas9 gene editing in both primary and clinical applications®®.

7.2  Comparison with Previous Publications

Our findings align with previous studies that have used CRISPR-Cas9 technology for genetic
manipulation in C. parvum (6.2-Fig. 2). The pioneering work by the Striepen lab demonstrated the
feasibility of using CRISPR-Cas9-driven HDR coupled with in vivo propagation within
immunodeficient mice to create genetically modified C. parvum strains®®3%*, Specifically, their
work involved using the C. parvum U6 RNA promoter to drive guide RNA expression and the
Streptococcus pyogenes cas9 gene flanked by C. parvum regulatory sequences targeting
nonessential genes such as TK for functional genomic analyses'®3*!%°. These methods have been
advancing our understanding of C. parvum biology and pathogenesis, developing strategies for
excystation, transfection, infection, and collection of transgenic strains. They emphasized using
immunodeficient mouse models, such as [FNy-deficient and NOD-SCID-gamma (NSG) mice, to
propagate transgenic strains and validate CRISPR/Cas9 efficacy*!?’. However, their approach
relies on the traditional plasmid-based delivery of CRISPR components, which requires
transcription, translation, and post-translational modifications by host machinery before nuclear

import and genome cleavage!¥>2%,
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In China, a study also employed CRISPR/Cas12a (Cpfl) for on-site diagnostics of C. parvum

245

IId-subtype-family from human and cattle fecal samples“*. This approach combined recombinase

polymerase amplification with the Cas12a/crRNA trans-cleavage system'*, directly identifying C.

parvum subtypes without requiring highly trained operators or expensive equipment®*.

7.2.1 Project Novel Contributions

Incorporating active RNPs for the targeted knockout of CP1 represents a novel contribution
to the field. This approach offers several advantages over the plasmid-based approach. Active
RNPs lower the possibility of unwanted exogenous DNA integration, reduce in vivo cytotoxicity,
and can decrease the potential of off-target cleavage effects due to the substantially shortened half-
life and nuclease activity of recombinant SpCas93>131:246247 This alternative gene editing approach
is a highly efficient novel molecular advancement that has been successful in transfecting difficult-

to-transfect primary human stem cell lines3135248:249

and similar apicomplexan protozoan
parasites such as Trypanosoma cruzi, Plasmodium falciparum, and Eimeria tenella with
Staphylococcus aureus (Sa)Cas9%*?!, Francisella novicida U112 (Fn)Casl2a, Lachnospiracae

bacterium (Lb)Cas12a, and Acidaminococcus sp. (As)Cas12a nucleases?8213:215216:244,250

These type II CRISPR-Cas nucleases are thoroughly programmable and specific, with
staggered-end DNA cleavage efficacies highly comparable to the well-known SpCas9 nuclease
that use modified crRNA target structures and recognize different thymidine-rich protospacer
adjacent motif sequences?®?44?%! By integrating this advanced RNP approach, our study enhances
the specificity and efficiency of gene editing in C. parvum and minimizes potential cytotoxicity
associated with plasmid-based methods. Additionally, using bioinformatics analysis to prioritize
immunogenic and safe vaccine targets in suitable mammalian hosts provides a new dimension to
developing effective interventions against Crypto. By integrating computational and experimental

approaches, we have created a more holistic strategy for tackling this challenging parasite.

7.3 Limitations and Drawbacks

7.3.1 Technical Challenges and in Vitro Validation Limits

Previous progress in creating a viable attenuated C. parvum strain had been significantly

hindered by two principal technical challenges. Firstly, the scarce availability of the Lonza
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AMAXA 4D-Nucleofector™ required for successful sporozoite transfection!¢

, coupled with the
technical training and handling requirements for specific personnel, posed a significant challenge.
This equipment is essential for the precise delivery of CRISPR-Cas9 components into the
parasite’'®. Secondly, the negative and insignificant luminescence results from the Promega
NanoGlo luciferase assay in all three independent preliminary in vivo nucleofection experiments

further complicated the process (data not shown).

Excysted, purified sporozoites were nucleofected with CP1/TK-specific sgRNA-hSpCas9
plasmid and CP1/TK-specific linearized repair cassette templates prepared by preceding project
associates (6.7-Fig. 7). These were compared against both lowa(-) and NanoGlo(-) background
controls. The possible reasons for these findings include failed transfection due to ineffective repair
cassette machinery delivery, with a reported successful transfection rate of less than 10%’’, an

absence of sporozoite survival after electroporation*>46:189

, or technical errors in luciferase assay
preparation due to numerous bubbles in the 96-well white flat-bottom plate when transferring the

cellular extract and NanoGlo buffer mixture from the 24-well tissue culture plate.

The reliance on in vitro assays and the absence of comprehensive in vivo validation limit
the generalizability of our findings. While the in vitro results are encouraging, they also highlight
the value of our research. It is essential to conduct extensive in vivo studies to confirm the efficacy
and safety of the CP1 and TK knockouts in a living organism. The absence of a proper luciferase
assay positive control, due to the transgenic nanoluciferase-expressing C. parvum field strain no
longer virulent enough, has been a challenge. However, the Striepen research group has provided
the highly virulent Nluc-NeoR mCherry fluorescence-tagged C. parvum lowa 11 strain, which can
be continuously passaged in wild-type C57/BL6J mice?’***®. With intermediate levels of parasite

shedding extracted from feces, we are finalizing the permit paperwork to start the shipment process.

7.3.2  Off-Target Effects and sgRNA Efficiency

Thorough in silico characterization and validation are essential to minimize the potential
for off-target effects, but they cannot guarantee their absence. Continuous monitoring and
verification are necessary to ensure the long-term safety and efficacy of gene editing!4**>?. The
older plasmid-based approach did not yield the expected positive results, as determined during

sgRNA in silico screening. The guide RNAs for CP1 and TK initially cloned into the hSpCas9
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plasmid by the previous undergraduate student working on this project were personally verified
using EuPaGDT to contain several off-target effects. This experience underscores the significant
limitations of the older approach and the urgent need for improved methods in our research?'®. The
CP1 and TK guides also had very low reported CRISPR cleavage efficiency scores. The only TK
guide (TKsgl1-784) included in the in vitro DNA cleavage assays confirmed the in silico findings
reported by EuPaGDT, showing only an approximate 42% cleavage score, hence corroborating the

findings with the pursuit of the modified protocols (6.9-Fig. 9).

7.3.3 Repair Cassette Design Issues and Nucleofector Accessibility

The absence of a functional 3’ UTR in the initial repair cassette design highlights the
importance of thoroughly validating and optimizing all components involved in the gene editing
process'*32%%_ The plausible rationale behind impaired luminescence detection in the older assays
was likely due to the absence of a functional 3’ UTR in the Nluc-NeoR fusion reporter transcript
when the original repair cassette templates were re-sequenced (data not shown). This absence
would prevent proper protein folding and maturation after translation, leading to insufficient
NanoGlo substrate cleavage?®®?°32% Future studies should ensure that all elements, including

regulatory sequences, are correctly incorporated to avoid similar issues.

The use of the Lonza AMAXA 4D-Nucleofector™, while practical, is limited by its scarce
availability and the requirement for specialized training. Developing alternative, more accessible
transfection methods would be beneficial for broader applications. This limitation underscores the

need to improve and validate CRISPR components continuously.

7.4 Implications for Vaccine Development

7.4.1 Live-Attenuated Vaccine Potential

CP1 knockout parasites, as a live-attenuated vaccine, aim to elicit a robust immune
response that mimics natural infection without causing disease. This proposed strategy is supported
by the success of live-attenuated vaccines based on other protozoan parasites, such as Plasmodium
yoelii*®, Salmonella typhimurium®®, Mycobacterium tuberculosis*', and Francisella tularensis*.

This can lead to the activation of macrophages, dendritic cells, and neutrophils, which recognize
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and respond to the parasite through pattern recognition receptors (PRRs)!?%!1%114 " Chemokines
such as CCL2 and CXCL10 are upregulated in response to infection, recruiting immune cells to
the site of infection'!’. Integrins, such as LFA-1, facilitate the adhesion and migration of leukocytes
to the infected tissues!'**. Interleukins, including IL-12 and IL-21, play pivotal roles in

differentiating and activating T cells and B cells'>%.

These attenuated parasites can be delivered as a potential therapeutic via using HBC.
Hyperimmune bovine colostrum, rich in antibodies against C. parvum, has been used to protect
calves from infection by providing passive protection from the mother’®. For vulnerable, at-risk
human populations, HBC can be administered orally, offering a cost-effective and scalable solution
for large-scale immunization programs. This approach has shown promise in other infectious
diseases, such as Clostridium difficile infection, providing significant protection and reducing
disease severity'?!. The scalability and low cost of producing HBC make it a viable option for

large-scale immunization programs, particularly in low- and middle-income countries®*,

7.4.2 Future Research

Future research should focus on optimizing the nucleofection process, exploring alternative
delivery methods, and conducting comprehensive in vivo studies to evaluate the protective efficacy
of the knockout attenuated parasites. Additionally, the potential of the other highly immunogenic
and antigenic C. parvum vaccine candidates, such as Cpgp15/45, CSL adjacent proteins 1 or 2 and
Cpgp23 hypervariant protein 1, should be explored in parallel to develop a multi-target vaccine
strategy (6.15-Table 1). Further studies should also investigate the genomic stability of the

attenuated parasites and the broader implications for parasite biology and pathogenesis.

7.4.2.1 Exploring Alternative Delivery Methods and Virulence Reversion Mechanisms

Cryptosporidium's feeding behaviour and transporter proteins present challenges and
opportunities for delivering the Cas9/12a RNP complex'?. C. parvum relies on the salvaging
feeder system to obtain nutrients and building blocks from the host, but much is still unknown
about its specific feeding behaviour and penetration mechanisms!°!14, Research should explore

using bacteria or viruses as baits or Trojan horses to deliver the Cas9/12a RNP complex into the
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parasite®®. C. parvum has two putative glucose transporters (CpGT1 and CpGT2) localized near

the feeder organelle, which could serve as receptors for viral vectors?”.

Cryptosporidium's immune response and killing mechanism involve NK cells and CD8+ T
cells, which secrete IFN-y and IL-33 to recruit and activate other immune cells'!’. These cells use
cytolysis and granulysins to induce apoptosis of infected cells and trap and starve the parasite®,
Lactoferrin, a natural antimicrobial peptide in gastric mucus, can bind to C. parvum and impair its
infectivity, making it a potential adjuvant or delivery agent for the Cas9/12a RNP complex?®.
Granzyme B, a serine protease released by NK cells, creates pores in the membrane of target cells

and could facilitate the entry of the Cas9/12a RNP complex into the parasite!?%-6!,

Investigating virulence reversion mechanisms will be crucial to ensure the stability and
safety of the attenuated strains. Understanding how C. parvum compensates for the loss of CP1

and TK will provide insights into the parasite’s biology and help refine gene editing strategies'®®.

7.4.2.2 Optimizing Transfection Methods and Positive Controls

Electroporation using the Amaxa 4D nucleofector has shown positive results with the Nluc-
NeoR plasmid but not with the SpCas9 RNPs. Alternative delivery methods for CRISPR
components, such as lipid nanoparticles or viral vectors, could be explored to enhance transfection
efficiency and reduce potential cytotoxicity?®?. Other transfection methods, such as microinjection,
gene gun, or polyplex, should be investigated to compare results and optimize conditions?®>.
Positive controls, such as a fluorescent reporter plasmid or a Cas9 protein fused with a fluorescent
protein, could track transfection efficiency and specificity'**>?*?, Using a Cas12a enzyme instead

of Cas9 may offer more options and flexibility for gRNA design and gene targeting'4%16,

Alternative strategies such as short-hairpin RNA (shRNA) or liposomes could knock down
or knock out CP12%%63_ Liposomes could be a sound delivery system, as they are biocompatible
and biodegradable, protect the delivery components from degradation, and enhance cell uptake?®®.
Liposomes could be modified to target specific cells or tissues, such as intestinal epithelial cells or

immune cells, by using ligands or antibodies that bind to specific receptors on the cell surface®’.
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8. Final Conclusions and Summary

This study aimed to verify genome editing within C. parvum, develop a novel investigative
tool to study parasite biology, and create an attenuated C. parvum strain as a live attenuated vaccine
candidate. Significant progress was made from bioinformatics analysis to confirm the high
immunogenicity and antigenicity of CP1, followed by refined repair cassette design, sgRNA

characterization and validation, and necessary in vitro transfection experiments.

This investigation made significant strides in optimizing a reproducible model for studying
parasite biology and host-parasite interactions (objective 1) by designing and optimizing repair
cassettes and sgRNA synthesis that are highly specific for targeted deletion within the C. parvum
genomic landscape (6.8-Fig. 8 and 6.9-Fig. 9). The feasibility of genetic editing in the compact
genome of C. parvum was validated in silico and in vitro using optimal CRISPR-Cas strategies
(objective 2), as evidenced by the DNA cleavage assays that confirmed the efficiency of sgRNA-
SpCas9 RNPs in targeting the recombinant CP1 and TK gene templates (6.9-Fig. 9) without oft-
target effects, confirmed from multivariate crRNA-specific polymorphic mutants (6.10-Fig. 10).

However, primary challenges, such as unsuccessful in vivo nucleolar delivery of the
sgRNA-SpCas9 RNP and sufficient parasite survival post-nucleofection with currently existing
primal electroporation strategies'® (6.14-Fig. 14), highlight the need for further optimization
involving in-depth investigations and cross-institutional collaboration. While in vivo targeted
disruption of critical genes necessary for parasite survival and the investigation of the
immunogenicity and protectivity of utilizing CP1-KO attenuated parasites as a potential live
attenuated vaccine candidate were unmet (objectives 3 and 4), this serves as the groundwork for
downstream profiling. Further research is needed to monitor successful transfected oocyst output,
explore the potential collaborative mechanisms following CP1 and TK knockout strategies, and

evaluate the effectiveness of attenuated C. parvum as a potential vaccine candidate

The immediate next steps of this project should focus on two key experiments: quantifying

CP1 mRNA expression levels in vitro and verifying in vitro expression of the CP1 protein.

Experiment A aims to map the transcriptional landscape of CP1, determining whether CP1
expression is constitutively active across different parasite life stages or only at specific time points

during in vitro or in vivo infection®*¢. These findings will better corroborate the timing of
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excystation and in vivo nucleofection delivery of CRISPR components for potential success*®!%.

This experiment involves extracting and culturing infectious C. parvum oocysts post-infection
C57/BL6 IFNYR-KO mice (refer to Chapter 4 Methodology, sections 4.2.1 and 4.2.2), in vitro
infection with HCT-8 cells, total RNA extraction and purification, and complementary (c)DNA
synthesis via reverse transcriptase quantitative PCR (RT-qPCR). The cDNA will be amplified
using Cp18S rDNA or CP1-specific primers, constructing a standard curve for 18S ribosomal
cDNA to calibrate CP1 mRNA expression levels over 72 hours®. Cp18S rDNA primers will serve
as the baseline to measure CP1 RNA levels normalized against the 18S gene, verified for its high

specificity and direct correlation with sporozoite levels (6.12-Fig. 12 and 6.13-Fig. 13).

Experiment B aims to verify the expression and immunogenicity of CP1, laying the
groundwork for developing a potential vaccine candidate. This involves synthesizing and purifying
CP1 and the fluorescent reporter mCherry red fluorescent protein, linked by a viral P2A cleavage
peptide?*’. Since no premade primary a-CP1 IgG antibodies are available; the mCherry gene will

268 after expressing transformed

be a reporter-tracking tool for immunoblotting detection in vitro
BL21(DE3) E. coli cells following IPTG stimulation. Protein expression will be purified using
coated affinity columns, specifically nickel-nitrilotriacetic acid (Ni-NTA) agarose beads, to bind
the Histidine (His)-tagged CP1 protein. To determine their specificity, the purified proteins will
then be analyzed using SDS-PAGE and western blotting. This involves running the samples on a
12% polyacrylamide gel, transferring the proteins onto a PVDF membrane, blocking with 5% non-
fat dry milk in TBST buffer, incubating with primary antibodies against mCherry, washing,

incubating with horseradish peroxidase (HRP)-conjugated secondary antibodies, and visualizing

using chemiluminescence reactions.

In conclusion, significant strides have been made in understanding and manipulating the
genome of C. parvum using CRISPR-Cas9 technology. Successful verification of CP1 expression
and immunogenicity in vivo will significantly advance our understanding of C. parvum biology
and contribute to the development of effective prophylactic interventions. Future studies will focus
on assessing the long-term stable efficacy and safety of the CP1 knockout approach, including
extensive in vivo testing to evaluate the durability of the immune response and potential side effects.
Additionally, the scalability of this approach for large-scale vaccine production and its

applicability to other Cryptosporidium species and relevant parasites will be explored.
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9. Appendix

9.1 Table 7: Comparative Analysis of MHC-I Binding Predictions for Selected Target
Candidates. The analysis includes average values, peptide scores, and ranks,
highlighting the antigenic properties, immunogenicity, half-life predictions, toxicity
predictions, and overall activity predictions for all possible epitope sizes for all eleven
candidates as visualized in raw data format.

Additional CSL Cpgpl5s Cpgp23 Cpgpl 545 Cpgp23 Cpgp23 CSL adjacent | CSL adjacent | CSL + adj Cpgp2
Info. Variant 1 Variant 2 protein protein protein
Half-life N/A WT: WT: WT: WT: WT: WT: WT: WT: WT: WT:
prediction 30 hours 30 hours 30 hours 30 hours 30 hours 30 hours 30 hours 30 hours 30 hours 30 hours
p i { " 0 m " { " 0 1 " " p 1 "
(mm icul ticul o icul i icul &) h ticul ) Yy icul o icul 'y h icul ] vy icul ', icul
online server) s, in vitro). | in vitro). in vitro) in vitro). in vitro). in vitro). in vitra). in vitra). in vitra). in vitro).
=20 hours =20 hours =20 hours =20 hours =20 hours =20 hours =20 hours =20 hours =20 hours =20 hours
(veast, in (veast, in (yeast, in (yeast, in (veast, in (yeast, in (yeast, in (veast, in (yeast, in (yeast, in
vive). vivo), viva). vivo). vivo), viva). vivo). viva), vivo), vivo),
=10 hours =10 hours. =10 hours =10 hours =10 hours. =10 hours =10 hours =10 hours =10 hours =10 hours
(Escherichia | (Escherichia (Escherichia (Escherichia (Escherichia (Escherichia (Escherichia (Escherichia (Escherichia (Escherichia
coli, in coli, in vive). | coli, in viva). coli, in vive). | coli, invive). | coli, in vivo). coli, in vive). | coli, in vive). | coli,in vivo). | eoli,in viveo).
vive).
Mut-1: Mut-1: Same Mut-1:
Same with with WT Same with
WwT Mut-2: WT
Same with
wT
Toxicity All peptide Non-toxic | 10: Toxic Non-toxic Non-toxic Non-toxic Toxic 10: Toxic 10: Toxic 10: Toxic 10: Toxic
Prediction fragment 15: Toxic 15: Toxic 15: Toxic 15: Toxic 15: Toxic
i lengths are 20: Toxic 20: Toxic 20: Toxic 20: Toxic 20: Toxic
online server) | included: 10, 25: Toxic 25: Toxic 25: Toxic 23: Toxic 25: Toxic
15, 20, 25, 30, 30: Nontoxic 30: Toxic 30: Toxic 30: Toxic 30: Toxic
35 40, 45, 50, 35: Toxic 35: Toxic 35: Toxic 35: Toxic 35: Toxie
Us‘ing the SVM 40: Nontoxic 40: Toxic 40: Nontoxic | 40: Toxic 40: Nontoxic
(Swiss-Port) 45: Nontoxic 45: Toxic 45: Nontoxic | 45: Toxic 45: Nontoxic
L 50: Nontoxic 50: Nontoxic | 50: Toxic 50: Nontoxic 50: Nontoxic
only prediction & i
Mild toxic
method
Antigenicity | Measure the WT: 0.4069 | WT: 0.6009 WT: 0.7407 WT: 08776 WT: 0.4708 WT: 0.7742 WT: (L4461 WT: 0.5289 WT; 0.4348 WT: 08514
Prediction overall Probable Probable Probable Probable Probable Probable Probable Probable Pmbnl?le Probable
(Waxilen protective non-antigen antigen antigen antigen non-antigen antigen non-antigen antigen Non-antigen antigen
v2.0) antigen
prediction Mut-1: 0.7164 | Mut-1: 0.4801 Mut-1: 0.4620 | Mut-1: 0.8595
values Probable Probable Probable Probable
threshold is 0.5 antigen non-antigen Non-antigen antigen
Mut-2: 0.4789 Mut-2: 0.4607
Probable Probable non-
Non-antigen antigen
Additional CSL Cpgpl5 Cpgp23 Cpgpl15/45 Cpgp23 Cpgp23 CSL adjacent | CSL adjacent CSL + adj Cpgp2
Info. Variant 1 Variant 2 protein 1 protein 2 protein 1
MHC-1 All alleles of Mice: Mice: Mice: Mice: Mice: Mice: Mice: Mice: Mice: Mice:
Binding mouse and human
Prediction :':p:'_':c'"ll:::»m 0.777412 0.801721 0.95985 0.907102 0.911993 0.826453 0.951801 0.979353 0.951801 0.937107
(IEDB) included for ; ’ . : . . . . . .
human alletes are: | Rank:0.03 [ Rank: 0.12 Rank: 0.01 Rank: 0.01 Rank: 0.02 Rank: 0.09 Rank: 001 Rank: 001 Rank: 0.01 Rank: 0,01
9, 10; for mouse
alleles are: 8-14
Only the highest
peptide scores and
their percentile Human: Human: Human: Human: Human: Human: Human: Human: Human: Human:
nnkf are included
;::,:: ubleblen | 0971274 0.982859 0.901007 0.986913 0.996777 0.995087 0984114 0.994934 0.984114 0.993429
dic high:
:.':r-::‘;.‘(‘l'u'ﬁa “ | Rank:0.01 Rank: 0.01 Rank: 0.07 Rank: 0.01 Rank: 0.01 Rank: 0.01 Rank: 0.01 Rank: 0.01 Rank: 0.01 Rank: 0.01
recommended
2020.09
(NetMHCpan
EL4.1))
Allergenicity | Prediction of Probable Probable Probable Probable non- Probable Probable Probable Probable Probable Probable
Prediction allergens based allergen allergen allergen
N non-allergen | non-allergen non-allergen non-allergen non-allergen non-allergen non-allergen
(AllegrTQP. v. | on the main — seat .
s - g Most similar Most similar _— yci g e Most _—
2.0) physiochemical | Most similar | Most similar tolatex f. S Most similar [ Most similar | Most similar [ Most similar Most similar
properties of to DETI - 1o KNLI - allergen Hey b | SUB6 - 19 CPLANE] | toCCDC82 - | 19 ATPLIB- | @ ASCC3 - tQ ANKRD12
proteins. Light- Kinetochore 5 [Hevea Subtilisin-like | =Siliogsnesis | Coiled-coil Phospholipid- | Activating = Ankyrin
AllerTop is able_ | mediated scaffold 1 - iliensis protease 6 - and planar domain- transporting
1o also predict developmen | Homo sapiens : Tri polarity containing ATPase IF - cointegrator 1 domain-
the route of Lprotein (Human) | cbi.nlm.nih.go | sshocnleiniil effector 1 - protein 82 - Homo sapiens | complex containing
allergen DETI - UnirotkB1 | Vprotein/1480 | UniProtKB| | Homesapiens | Homo sapiens | (Human) | subunit 3 - UniPrat protein 12 -
exposure: food, &lanum UniProt 257 UniProt lhgman (lllgman) mel Homo sapiens Homo sapiens
inhalant; or Lycopersicu UnibrotKB| | UniProtKB| | UniProt (Human) | u
toxin m‘m UniPrat UniProt ”‘m Unw.l.
LUniProtKB UniProt UniProt
| UniProt
Stability Measure the WT: 33.36 WT: 30.06 WT: 70.11 WT: 50.88 WT: 40.55 WT: 52.40 WT: 38.76 WT: 41.38 WT: 37.81 WT: 49.66
Prediction instability index Stable Stable Unstable Unstable Unstable Unstable Stable Unstable Stable Unstable
( Mut-1: 50.12 Mut-1: 40.1 Mut-1: 38.79 [ Mut-1:49.10
online server) Less Unstable Unstable. Less Stable Less Unstable
Mut-2: 42.17 Mut-2: 40.51
S Unstable
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9.2 Table 8: Comparative Analysis of MHC-II Binding Predictions for Selected Target
Candidates. The analysis includes average values, peptide scores, and ranks, highlighting
all eleven candidates' antigenic and hydrophilic properties as visualized in raw data format.

MHC-II
Protein Name Additional CSL Cpgpl5 Cpgp23 | Cpgpl5/i45 | Cpgp900 Cpgp23 Cpgp23 CSL CSL CSL + adj Cpgp2
Info. Variant1 | Variant2 adjacent adjacent protein 1
protein 1 protein 2
Antigenic Using method Avg: Avg: Avg: Avg: Avg: Avg: Avg: Avg: Avg: Avg: Avg:
Propensity of Kolaskar 1.0303 1.0224 1.0021 1.0194 0.9923 1.0168 0.9829 1.0381 1.0174 1.0367 1.0074
(http://imed.me and
duem.es/Tools/
antigenic.pl) (1990)
Kolaskar and Wild-Type | Avg: 1041 | Avg: 1027 | Avg: 1.002 | Avg: 1016 | Avg:0.992 | Avg: 1.017 | Avg:0.981 | Avg:1.039 [ Avg: 1020 | Avg: 1.038 | Avg:1.007
Tongaonkar, Min: 0.877 | Min: 0.889 | Min: 0911 | Min: 0.876 | Min: 0.834 | Min: 0.882 | Min:0.852 | Min: 0.866 | Min:0.864 | Min: 0.866 | Min: 0.855
Antigenicity Max: 1.210 | Max: 1.185 | Max: 1.110 | Max: 1.259 | Max: 1.202 | Max: 1.210 | Max: 1.162 | Max: 1.238 | Max: 1.236 | Max: 1.238 | Max: 1.240
(of year 1990-
[EDB) Mutants NIA Not NA N/A NA NA Mut-1: Mut-1: N/A Mut-1: Mut-1:
(After included Avg: 0978 | Ayg: 1.036 Avg: 1.035 | Avg: 1.007
deletion of the Min: 0.852 | Min: 0.866 Min: 0.866 | Min: 0.855
toxic regions) Max: 1.162 | Max: 1.210 Max:1.210 | Max:1.240
Mut-2: Mut-2:
Ayg: 1.034 Avg: 1.034
Min: 0.866 Min: 0.866
Max: 1.210 Max:1.210
Parker Avg: 0.882 | Avg:2319 | Avg:3.921 | Avg:2.862 | Avp:2.836 | Avg: 1.049 | Avg: 2428 | Avg: 0.619 [ Avg: 1.527 | Avg: 0670 | Avg: 2917
Hydrophilicity Min: -5.014 | Min: -3.586 | Min: 0.729 | Min: -5.829 [ Min: -4.057 | Min:-8.243 | Min: -4.857 | Min: -4.929 | Min: -5.557 | Min: -5.014 | Min: -7.586
(IEDB) Max: 6,400 | Max: 7.143 | Max: 6200 | Max:7.943 | Max: 8757 | Max: 6.300 | Max: 9.057 | Max: 6.843 | Max: 6,886 | Max: 6.843 | Max: 7.643
MHC-1I All alleles of Mice: Mice: Mice: Mice: Not Mice: Mice: Mice: Mice: Mice: Mice:
Binding mouse and 11.84 1.94 0.13 027 included 0.01 115 1.30 0.03 1.30 0.71
Prediction human are
(IEDB) included.
Peptide
lengths Human: Human: Human: Human; Not Human: Human: Human: Human; Human: Human:
included: 12- 0.17 0.13 025 0.01 included 0.03 0.05 0.01 0.01 0.01 0.01
20. Only the
lowest rank
values are
included
Additional Info. Cryptopain-1 Thymidine Kinase Cpgp900 IMP dehydrogenase
MHC-II | Antigenic Propensity |  Using method of Avg: 1.0215 Avg: 1.0347 Avg: 0.9923 Avg: 1.0174
(http://imed.med.ucm. Kolaskar,and
es/Tools/antigenic.pl) |  Tongaonkar (1990)
Still updating...
Kolaskar, and Wild-Type Average: 1.022 Average: 1.036 Average: 0.992 Avg: 1.019
Tongaonkar, Minimum: 0.851 Minimum: 0.854 Minimum: 0.834 Min: 0.864
Antigenicity Maximum: 1.263 Maximum: 1.199 Maximum: 1.202 Max: 1.207
(Of year 1990-IEDB)
Parker N/A Average: 1.738 Average: 1.122 Average: 2.836 Avg: 1.799
Hydrophilicity Minimum: -6.500 Minimum: -3.986 Minimum: -4.057 Min: -3.329
(IEDB) Maximum;: 7.957 Maximum: 6.900 Maximum: 8.757 Max: 7.271
MHC-II Binding All alleles of mouse Human: Human: Human: Human:
Prediction (IEDB d b . . . .
( ) :clu(;:ga; ar:i e Peptide score: 0.99019 Peptide score: 0.972857 Peptide score: (.9831 Peptide score: 0.9381
€ Rank: 0.01 Rank: 0.01 Rank: 0.02 Rank: 0.12
lengths included: 12-
20. Only the best Mouse: Mouse: Mouse: Mouse:
peptide score and
their TES_PBC‘“"3 Peptide score: 0.5979 Peptide score: 0.0781 Peptide score: 0.7946 Peptide score: 0.1747
percentile ranks Rank: 0.07 Rank: 2.60 Rank: 0.02 Rank: 0.21
included
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