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1 ABSTRACT  

Cervical cancer is one of the most common cancers affecting women, and the mortality-to-

incidence ratio (MIR) of cervical cancer varies between developed and developing regions, 

North America had the lowest MIR (0.36), followed by MIR in Europe (0.40), while Africa had 

the highest MIR (0.68) (Shen et al.,2023). Infection with human high-risk papillomaviruses 

(HR-HPV) is the most important driver of cervical cancer, but after persistent HR-HPV infection, 

infected cervix cells still need many years to transform into cancer. Since 90% of failures in 

current treatments are related to drug resistance, the development of more effective therapies 

is urgently required. However, many new therapies have to be terminated because of the 

unsatisfactory drug efficacy at clinical phases, which reflects the current flaws of preclinical 

drug models. In this context, establishing precise in vitro models to screen out the therapeutic 

targets and to assess the new drug efficacy against cervical cancer is vital.   

In this study, based on patient-derived cervical organoids, multi-omic analysis including RNA 

sequencing and HLA-restricted peptidome sequencing was used to investigate dysregulated 

genes, biology processes, and HLA-presented epitopes in HPV-transformed and cancerous 

cervical organoids. Totally 6,515 HLA class I and 719 HLA class II restricted peptides were 

yielded, thereafter the immunogenicity of the epitopes was predicted with public machine-

learning-based tools. Interestingly, a large number of upregulated genes and highly 

immunogenic epitopes in HPV+ and cancer samples were associated with DNA repair. Thus, 

the role DNA repair-related molecules appear to play in cervical cancer therapies and 

prognosis was further explored. I first constructed a DNA repair-related gene score (DRGscore) 

with the public cervical cancer dataset of the Cancer Genome Atlas Program (TCGA-CESE). 

In the following, I observed a negative correlation between DRGscore and the prognosis of 

cervical cancer patients. The tumor microenvironment of patients with lower DRGscore 

contained more immune effectors and less immune suppressors, which suggested the 

negative correlation between DRGscore and sensitivity to immunotherapy. This finding could 

provide clues for patient medication guidance: high DRGscore patients might benefit from 

DNA repair inhibitors to reduce chemoradiotherapy resistance and gain a better prognosis. In 

contrast, low DRGscore patients rather might be sensitive to different immunotherapy 

including immune checkpoint inhibitors, and adoptive T cell therapy. 

Due to HPV infection and viral genome integration, HPV+ and cervical cancer cells are 

generally under stress conditions, which induces the intracellular accumulation of 

phosphoantigens (pAgs) that can be recognized by Vγ9Vδ2 T cells in an HLA-independent 

manner. The DNA repair activities in host cells are exploited by HPV for replication, which may 

provide some potential ligands recognized by Vγ9Vδ2 T cell receptors. To figure out our 
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hypotheses, I investigated the Vγ9Vδ2 T cell cytotoxic effect against HPV-transformed and 

cervical cancer cells based on our cervical organoid model. Importantly, the cytotoxic effect 

was significantly enhanced against HPV+ and cancer organoids compared to healthy 

organoids in the presence or the absence of bromohydrin pyrophosphate (BrHPP), a synthetic 

phosphoantigen which activates Vγ9Vδ2 T. Moreover, the BrHPP dependent cytotoxic effect 

was found strikingly to be reduced to the level in non-activated Vγ9Vδ2 T group with the 

blockade of butyrophilin-subfamily members (BTN3A, BTN2A1). Besides, CD107a over-

expression was also associated with BrHPP stimulation. Both pieces of evidence indicated 

the BTN-subfamily members were mainly responsible for the cytotoxic effect with BrHPP 

activation and the self-active Vγ9Vδ2 T cells induced indiscriminate killing against HPV+, 

cancer cells but also healthy cells via degranulation including granzyme B (GzmB), platelet-

rich fibrin (Prf), interferon gamma (IFNγ) secretion. While the mechanism of the specific 

cytotoxicity against HPV+ and cancer organoids in the BrHPP absence condition still remained 

vague. I concluded based on the bioinformatic analysis of multi-omic data that the differential 

recognition of non-healthy cells by Vγ9Vδ2 T cells depends on multiple-ligand interactions, 

which should be further explored in the future.   

Overall, within my thesis project, stable patient-derived cervical organoid lines were 

established, which acted as a promising in vitro model for screening cervical cancer-

associated epitopes and for exploring T cell-induced cytotoxic effects. Thus, the organoid-T 

cell coculture model that I established could prove useful for testing additional modulators (e.g. 

small molecules, antibodies, tumor sensitizers, etc.). Consequently, my investigations on the 

Vγ9Vδ2 T-mediated killing effect against HPV-transformed cervical cancer cells have shed 

light on the potential future utilization of Vγ9Vδ2 T in clinical settings.  
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ZUSAMMENFASSUNG 

Gebärmutterhalskrebs ist eine der häufigsten Krebsarten bei Frauen, und das Verhältnis von 

Mortalität zu Inzidenz (MIR) von Gebärmutterhalskrebs variiert zwischen entwickelten und 

sich entwickelnden Regionen: Nordamerika hatte das niedrigste MIR (0,36), gefolgt vom MIR 

in Europa (0,40), während Afrika das höchste MIR (0,68) hatte. Die Infektion mit humanen 

Hochrisiko-Papillomviren (HR-HPV) ist der wichtigste Auslöser für Gebärmutterhalskrebs, 

doch trotz Beginn einer chronischen HR-HPV-Infektion benötigen infizierte 

Gebärmutterhalszellen noch viele Jahre, um sich als Krebszellen zu manifestieren. Da 90% 

der ausbleibenden Behandlungserfolge auf Arzneimittelresistenz zurückzuführen sind, ist die 

Entwicklung neuer wirksamer Therapien dringend geboten. Zahlreiche neue Therapieansätze 

müssen jedoch wegen unbefriedigender Wirksamkeit von Medikamenten in der klinischen 

Prüfung eingestellt werden, was die aktuelle Problematik der präklinischen 

Medikamentenentwicklung widerspiegelt. Daher wird nun der Entwicklung präziser In-vitro-

Modelle zum Screening und der Bewertung der therapeutischen Wirksamkeit neuer 

Medikamente gegen Gebärmutterhalskrebs vermehrt größere Bedeutung zugeschrieben.   

In der vorliegenden Studie wurden Organoide des Gebärmutterhalses von Krebspatientinnen 
gewonnen und unterschiedlichen Analysen unterzogen. Dabei wurden mittels RNA-

Sequenzierung und HLA-restringierter Peptidom-Sequenzierung dysregulierte Gene, 

biologische Prozesse und HLA-präsentierte Epitope in HPV-transformierten und kanzerösen 

Organoiden des Gebärmutterhalses untersucht. Insgesamt wurden 6.515 HLA-Klasse-I- und 

719 HLA-Klasse-II-restringierte Peptide ermittelt, deren Immunogenität anschließend mit Hilfe 

öffentlicher, auf maschinellem Lernen basierender Methoden vorhergesagt wurde. 

Interessanterweise standen eine Reihe hochregulierter Gene und immunogener Epitopen in 

HPV+ und Krebsproben in Bezug zu DNA-Reparatur-Prozessen. Im Folgenden wurde daher 

die Rolle der mit der DNA-Reparatur verbundenen Moleküle bei der Therapie und Prognose 

von Gebärmutterhalskrebs genauer untersucht. So konnte ich auf der Basis öffentlicher 

Datensätze des Cancer Genome Atlas Program (TCGA-CESE) von Gebärmutterhalskrebs 

einen DNA-Reparatur-bezogenen Genscore (DRGscore) erstellen und dabei eine negative 

Korrelation zwischen dem DRGscore und der Prognose von Gebärmutterhalskrebs feststellen. 

In der Tumormikroumgebung von Patienten mit einem niedrigeren DRGscore wurden mehr 

Immuneffektoren und weniger Immunsuppressoren festgestellt, was auf eine negative 

Korrelation zwischen DRGscore und Empfindlichkeit gegenüber einer Immuntherapie 

hindeutete. Dieses Ergebnis könnte Anhaltspunkte für die medikamentöse Behandlung der 

Patienten liefern: Patienten mit hohem DRGscore könnten von DNA-Reparaturinhibitoren 

profitieren, um die Resistenz gegen Chemoradiotherapie zu verringern und eine bessere 
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Prognose zu erhalten. Patienten mit niedrigem DRGscore hingegen könnten empfindlich auf 

verschiedene Immuntherapien wie Immun-Checkpoint-Inhibitoren und adoptive T-Zell-

Therapie reagieren. 

Aufgrund der HPV-Infektion und der genomischen Integration des viralen Genoms befinden 

sich HPV+- und Gebärmutterhalskrebszellen grundsätzlich in einem Stresszustand, was zu 

einer Anhäufung intrazellulärer Phosphoantigene (pAgs) führt, die von Vγ9Vδ2-T-Zellen auf 

HLA-unabhängige Weise erkannt werden können. Unter den DNA-Reparaturfaktoren der 

Wirtszellen werden einige von HPV für die Replikation genutzt, was die Bildung potenzieller 

Liganden für die Erkennung durch Vγ9Vδ2-T-Zell-Rezeptoren begünstigen könnte. Um diese 

Hypothesen zu überprüfen, untersuchte ich die zytotoxische Wirkung von Vγ9Vδ2-T-Zellen 

gegen HPV-transformierte Zellen und Gebärmutterhalskrebszellen anhand meines 

Gebärmutterhals-Organoidmodells. In Gegenwart von Bromhydrinpyrophosphat (BrHPP), 

einem synthetischen Phosphoantigen für Vγ9Vδ2 T-Zellen, war die zytotoxische Wirkung 

gegen HPV+ und Krebsorganoide im Vergleich zu gesunden Organoiden erhöht. Jedoch 

wurde die BrHPP-abhängige zytotoxische Wirkung durch eine Inhibition von Mitgliedern der 

Butyrophilin-Unterfamilie (BTN3A, BTN2A1) auf das Niveau der nicht aktivierten Vγ9Vδ2 T-

Gruppe deutlich reduziert. Andererseits korrelierte die Überexpression von CD107a mit der 

BrHPP-Stimulation. Beides deutet darauf hin, dass für die zytotoxische Wirkung der BrHPP-

Aktivierung insbesondere die Mitglieder der BTN-Unterfamilie verantwortlich sind und die 

selbstaktiven Vγ9Vδ2-T-Zellen über Degranulation, einschließlich Granzyme B (GzmB), 

plättchenreiches Fibrin (Prf) und Sekretion von Interferon gamma (IFNγ), eine unspezifische 

Abtötung von HPV+, Krebszellen, wie auch gesunder Zellen bewirken. Demgegenüber war 

der Mechanismus der spezifischen Abtötung von HPV+ und Krebsorganoiden in Abwesenheit 

von BrHPP weniger offensichtlich. Meine bioinformatische Analyse von Multi-Omicdaten lässt 

mich jedoch vermuten, dass die unterschiedliche Erkennung gesunder und nicht-gesunder 

Zellen durch Vγ9Vδ2-T-Zellen auf einer multiplen Interaktion mit Liganden beruht, was jedoch 

in zukünftigen Studien belegt werden müsste.   

Insgesamt konnte ich im Rahmen meines Dissertationsprojekts stabile Organoidlinien von 

Gebärmutterhalskrebs-Patienten etablieren, die als vielversprechendes In-vitro-Modell für das 

Screening von Gebärmutterhalskrebs-assoziierten Epitopen und die Analyse der 

zytotoxischen Aktivität von T-Zellen dienen. Darüber hinaus könnte sich das von mir etablierte 

Organoid-T-Zell-Kokulturmodell als nützlich erweisen, um zusätzliche Modulatoren zu 

definieren, wie etwa kleine inhibitorische Moleküle, Antikörper und Tumorsensibilisatoren. So 

gelang mir der Nachweis einer zytotoxischen Funktion von Vγ9Vδ2 T-Zellen auf HPV-trans-

formierte Gebärmutterhalskrebszellen wie auch eine partielle Aufklärung zugrundeliegender 
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Mechanismen, womit ich einen Weg für zukünftige klinisch-therapeutische Anwendungen 

aufzeige. 
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2 INTRODUCTION  

2.1 The uterine cervix anatomy and physiology 

The cervix is a conical fibromuscular organ located at the lower end of the uterus, an essential 

part of the female reproductive tract. Usually, the diameter of the cervix is about 2.5 cm, and 

the length is about 3 cm. The cervix consists of two parts: the endocervix, also called the 

endocervical canal, is the tube-like connection between the uterus and the vagina; the 

ectocervix is the lower part of the cervix that extends into the vaginal canal. The internal 

opening (internal os) is located internally and opens into the uterus, while the external opening 

(external os) is the opening located at the end of the ectocervix (Figure 1) (Standring et 

al.,2005). There is a transformation zone between the endocervix and the ectocervix, where 

cervical metaplasia usually occurs (Chumduri et al.,2021). The histology of the endocervix and 

ectocervix differs significantly, and various theories have been proposed for the origin of 

different cervical epithelial cells. Besides stroma, cell types of ectocervix are significantly more 

complex than those of the endocervix. The ectocervical epithelium is a stratified squamous 

epithelium consisting of basal, parabasal, intermediate, and superficial squamous epithelium, 

and the endocervical epithelium is a monolayer columnar epithelium (Figure 1) (Standring et 

al.,2005). The development of the transformation zone (TZ) concept is based on the mutual 

transformation of these two types of epithelia, which is essential to understand the high 

incidence of cervical carcinogenesis in the TZ (Fritsch et al.,2021).  

 
Figure 1. Anatomy and histology of the human cervix. The cervix is located in the pelvis and 

connects the uterus to the vagina. It consists of endocervix and ectocervix. The endocervix and uterus 

are separated by the internal os whereas endocervix and ectocervix are separated by the external os. 

The ectocervix is the lower part of the cervix that extends into the vaginal canal. The endocervix is lined 
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with columnar epithelium; the ectocervix is a stratified epithelium containing a basal layer, parabasal 

layers, intermediate and superficial layers. The transformation zone (TZ) is the area where columnar 

epithelium meets stratified squamous epithelium. (Created with BioRender.com. at MPIIB) 

2.2 Cervical cancer onset and treatment landscape 

2.2.1 Epidemiology, histology, and FIGO stage of cervical cancer 

The International Federation of Gynecology and Obstetrics (FIGO) CANCER REPORT 2021 

shows that cervical cancer is the fourth most common cancer in women worldwide (Bhatla et 

al.,2021). In recent decades, with the development and widespread use of the HPV vaccine, 

cases of cervical cancer have declined in many countries. However, Knaul et al. stated that 

“cervical cancer is not a disease of the past, it is a disease of the poor”, which is confirmed by 

the differences in morbidity and mortality rates between developing and developed countries 

(Knaul et al.,2019). Approximately 85% of new cases and 90% of deaths occur in low- and 

middle-income countries that lack effective intervention programs (Bhatla et al.,2021). 

There are ten critical histologic subtypes of cervical cancer, among which squamous cell 

carcinoma and adenocarcinoma are the most common types, both of them are highly 

associated with persistent infection with high-risk oncogenic HPV (HR-HPV) (Campos-Parra 

et al.,2022). About 30 HPV types can be transmitted through sexual contact and HR-HPVs 

including genotypes 16,18, 59, 58, 52, 45, 35, 33, 31 are mainly involved in cervical cancer 

(Okunade,2020;Serrano et al.,2015). HPV16 and HPV18 induce about 70% of cervical 

cancers (Ramakrishnan et al.,2015). Most cervical cancers originate from the TZ between the 

endocervix and ectocervix, where HR-HPV infection most commonly occurs. HR-HPVs 

usually infect the basal cells of the cervix first, and early HPV infection causes low-grade 

cervical intraepithelial neoplasia (CIN 1-2) that resolves spontaneously within 1-2 years, 

however, the risk of developing CIN3 and cervical cancer increases within 10-15 years if left 

untreated (Venkatas and Singh,2020). There are four clinical stages of cervical cancer, 

depending on where the cancer has spread: the carcinoma strictly limited to the cervix is 

defined as the stage I; the stage II is a carcinoma that extends beyond the cervix and does 

not reach the wall of the pelvis; when the lower third of the vagina and/or the pelvic wall is 

involved, the stage III is defined; the stage IV is the most severe stage that the lesion has 

invaded the actual pelvis or clinically involves the bladder and/or rectal mucosa (Sobin et 

al.,2011) (Bhatla et al.,2021). 
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2.2.2 HPV carcinogenesis and DNA damage repair  

Human papillomaviruses (HPVs) are a group of prevalent, sexually transmitted, dsDNA 

viruses that contains six early and two late genes (E1, E2, E4, E5, E6, E7, L1, and L2) (Hong 

and Laimins,2013). The subtypes of HPV are identified by L1 gene diversity. Among the most 

cervical cancer-relevant HPV genotypes, HPV16 is the highest-risk genotype, followed by 

HPV18 based on its oncogenic potential (Bordigoni et al.,2021;Fan et al.,2020;Layman et 

al.,2020). To establish a productive infection, HPV infection normally originates from basal 

cells and integrates its viral DNA into the host genome, which results in genome instability 

through different molecular pathways and induces double- or single-stranded breaks that 

recruit DNA repair activities leading to chromosomal rearrangement and prompting cell 

transformation (Gusho and Laimins,2021). Oncogenic proteins E6 deregulates the cell cycle 

via p53 and E7 mediates Rb degradation thus removing some of the ‘brakes’ on replication 

(Prati et al.,2018). The host cell replication and DNA repair are exploited by HPV for its own 

survival and replication. DNA repair processes were vigorous during cervical malignant 

transformation, thus DNA damage repair genes may act as potential targets for new 

therapeutic agents (Helleday et al.,2008;Prati et al.,2018). 

In HPV-positive cells, the molecular interplay between viral oncoproteins and the host cell's 

DNA repair machinery is intricately orchestrated to facilitate viral replication and persistence. 

(Ciccia and Elledge,2010). The stabilization and increased expression of topoisomerase II 

beta (TOP2β) are pivotal in this process, as they contribute significantly to the generation of 

DNA breaks that subsequently engage repair pathways (Kaminski et al.,2021; Gusho and 

Laimins,2021). These DNA lesions are predominantly repaired through homologous 

recombination, with rapid recruitment of repair factors such as RAD51 and BRCA1 to the viral 

episomes in differentiated cells (Mehta and Laimins,2018). Furthermore, the HPV E7 protein 

is instrumental in the constitutive activation of the ataxia-telangiectasia mutated (ATM) 

pathway, which predominantly utilizes the non-homologous end-joining (NHEJ) pathway for 

DNA repair, alongside homologous recombination (Spriggs and Laimins,2017). In addition to 

ATM, the total and phosphorylated levels of ataxia telangiectasia and RAD3-related protein 

(ATR) and its downstream target, CHK1, are increased as well (Helt et al.,2005). The 

activation of ATM and ATR is further exacerbated by the concerted action of E6, E7, and E1 

viral proteins, leading to the phosphorylation and assembly of a multitude of repair and 

signaling effectors, including γH2AX, TOP2β, TopBP1, and pBRCA1 (Sakakibara et al.,2013). 

This intricate network of interactions ensures the maintenance and amplification of viral 

episomes, with TopBP1 forming complexes with E2 and being upregulated by E7 in 
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conjunction with the immune signaling protein STAT5 (Donaldson et al.,2012; Hong et 

al.,2015).  

Unlike cervical cancer, in many other types of cancer, DNA repair deficiency was definitely 

observed, which contributes to somatic alterations accumulation in DNA and induces the 

cancer transformation (Volkova et al.,2020). Somatic alterations, encompassing point 

mutations, insertions and deletions, chromosomal translocations, and segment losses drive 

oncogenesis by modifying tumor-suppressor genes. Recent insights have revealed that these 

genetic modifications not only contribute to the intrinsic characteristics of the tumor cells but 

also exert profound effects on the surrounding tumor microenvironment, thereby modulating 

the interplay between cancer cells and the immune system (Samstein and Riaz,2018). Notably, 

mutations in BRCA1 and DNA repair inactive signalings have been identified to upregulate the 

expression of immune checkpoint molecules, such as PD-1, CTLA-4, and LAG-3, on the 

surface of tumor cells, which is posited to enhance the susceptibility of cancer cells to immune 

checkpoint blockade therapies (Zhu et al.,2021). DNA repair-deficient tumors also recruited 

more infiltrating T cells and responded better to cytotoxic T cells due to hyperexpression of 

FAS on tumor cells leading to better prognosis (Xu et al.,2023). Besides immunotherapy, DNA 

repair inactive contributes to the sensitivity to chemotherapy and radiotherapy (Zhu et 

al.,2016). Chemotherapy resistance occurs in the short term when the tumor DNA breaks can 

be rapidly repaired, and it will promote tumor recurrence and metastasis (Mansoori et al.,2017). 

PARP inhibitor, a well-known DNA repair inhibitor, has shown a definite therapeutic effect 

against tumor with or without chemotherapy (Helleday et al.,2008). Overall, DNA repair 

disorder play a vital role in malignant transformation and contribute to HPV carcinogenesis. 

The DNA repair activities also interfere the anti-tumor effect of chemoradiotherapy, 

immunotherapy, and small molecule inhibitors. 

2.2.3 Prevention and common treatment of cervical cancer 

The HPV prophylactic vaccines are designed to protect people from infection of the most 

dangerous HPV genotypes, including HPV16, HPV18, and other seven genotypes. There are 

three types of HPV prophylactic vaccines have been launched: 9-valent HPV vaccine 

(Gardasil 9, against HPV 6, 11, 16, 18, 31, 33, 45, 52, and 58), quadrivalent HPV vaccine 

(Gardasil, against HPV 6, 11, 16, 18), and bivalent HPV vaccine (Cervarix, against HPV 16 

and 18) (Chatterjee,2014;Kavanagh et al.,2017). It is discovered that the vaccines can protect 

people from not only cervical cancer, but also head and neck cancer and benign genital warts. 

Clearly, boys also benefit from government HPV vaccine programs (Tsang et al.,2020). 

Clinical trials have shown that 9 valent HPV vaccine and quadrivalent HPV vaccine are nearly 

100% effective in preventing reproductive infections and pre-cancers caused by the HPV types 



INTRODUCTION 

 14 

they target, and the protection can last for at least 6 and 11 years respectively (Huh et 

al.,2017;Kjaer et al.,2018). The development of cervical cancer is a long-term and complex 

process, thus it is essential to participate in regular cytology and HPV testing to detect 

prevalent cervical precancerous lesions (Bhatla et al.,2021). Additionally, smoking cessation 

and avoidance of high-risk sex reduce the risk of cervical cancer (Shepherd,2000). 

FIGO Cancer Report 2021 updated the treatment guideline for cervical lesions (Bhatla et 

al.,2021) : conization and hysterectomy are regularly performed in patients with stage IA1- IA2; 

beyond stage IB1 to IIA2, radical hysterectomy is performed followed by concurrent 

chemoradiotherapy (CCRT) if there are high risk factors such as positive margin, positive 

lymph nodes, or microscopic parametrial involvement; beyond stage IIB, treatment depends 

on the para-aortic lymph node status, if the para-aortic lymph node is not involved by the 

original cancer, patients are treated with a combination of pelvic radiotherapy and concurrent 

chemoradiotherapy (CCRT), and if para-aortic lymph node metastasis is detected, para-aortic 

lymph node radiotherapy must be performed in addition to the combination treatment. 

2.2.4 Immune checkpoint inhibitors 

Tumor microenvironment (TME) consists of variable cell types and cytokines. Immune and 

non-immune cells including endothelial cells, cancer-associated fibroblasts are the main 

composition (Hanahan and Robert,2011). The immune effectors such as CD8+T cells, natural 

killer (NK) cells, and dendritic cells, inhibit tumor development and metastasis, while 

suppressive effectors such as regulatory T cells (Tregs), myeloid-derived suppressor cells 

(MDSCs), and tumor-associated macrophages (TAMs) protect tumor cells from clearance and 

inhibit the immune surveillance of immune effectors through immune checkpoints (Labani-

Motlagh et al.,2020; Veglia et al.,2021). In past decades, a number of immunoreceptors 

suppressing immune response have been identified as “immune checkpoints” (Bernard et 

al.,2007). PD-1, CTLA-4, LAG3, TIM3, TIGIT and BTLA are the ones best known (Shi et 

al.,2021). To release the functions of immune effectors against tumors, the inhibitors of the 

immune checkpoints have been created to prevent the receptor-ligand engagement. The most 

commonly used inhibitors are the ones against PD-1/PD-L1 and CTLA-4 (He and Xu,2020). 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), a CD28 subfamily member, serves as 

a critical inhibitory receptor on T-cells, which is upregulated upon activation (Buchbinder and 

Desai,2016). This receptor, alongside CD28, engages with CD80 and CD86 molecules 

present on antigen-presenting cells (APC), eliciting either costimulatory or co-inhibitory signals 

respectively. Notably, CTLA-4 exerts its inhibitory function by employing trans-endocytosis, a 

mechanism through which it internalizes CD80 and CD86 molecules, inclusive of their 
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cytoplasmic domains, from the APC surface (Phan et al.,2003;Qureshi et al.,2011). This 

process effectively precludes the interaction between CD28 and its ligands, thereby 

attenuating the costimulatory signals necessary for full T-cell activation. Ipilimumab, the anti-

CTLA-4 monoclonal antibody, was the first checkpoint inhibitor to be approved and introduced 

into routine clinical practice (Wojtukiewicz et al.,2021). Ipilimumab was first approved for 

melanoma patients, which significantly extended the overall survival period (Jain and 

Clark,2015). As CTLA-4 is widely distributed on T cells, many severe side effects were caused 

by CTLA-4 inhibitors, including hepatitis, colitis and thyroiditis. And the therapeutic efficacy 

takes months to show (Tan et al.,2020). In addition to the usage of CTLA-4 in advanced 

melanoma patients, there are many ongoing clinical trials testing combination treatment of 

anti-PD-1/PD-L1 and anti-CTLA-4 in cervical cancer (Wolf and Xu,2023). It will be exciting to 

see the outcome.  

Programmed cell death protein 1 (PD-1), also recognized as CD279, is another T cell surface 

checkpoint receptor predominantly involved in modulating cell death and immune homeostasis. 

The upregulation of PD-1 on tumor-specific circulating or tumor-infiltrating lymphocytes is 

associated with an attenuated functionality of these immune cell (Nishimura et al.,1999). This 

diminished functionality is attributed to the interaction between PD-1 and its cognate ligands, 

PD-L1 (CD274) and PD-L2 (CD273). These ligands are aberrantly expressed on the surface 

of antigen-presenting cells and tumor cells, engaging PD-1 and thereby initiating inhibitory 

signals that dampen T cell-mediated immune responses. They can also be upregulated by 

interferon (IFN)-γ and promote immune resistance and tumor evasion (Garcia-Diaz et 

al.,2017). PD-1 signaling interferes with early TCR/CD28 signaling and reduces the production 

of cytokines such as IL-2, IFN-γ, and tumor necrosis factor (TNF)-α. Bcl-xL gene expression 

and the expression of transcription factors involved in effector functions are also affected by 

PD-1/PD-L1 activity (Latchman et al.,2001;Nurieva et al.,2006;Tumeh et al.,2014). Blockade 

of PD-1 or PD-L1 has been identified as an effective way to enhance the anti-tumor response 

in a wide range of cancers (Brown et al.,2003;Jia et al.,2021). 

2.2.5 Adoptive cell therapy 

Adoptive cell therapies, including tumor-infiltrating lymphocyte therapy, engineered T-cell 

receptor (TCR) therapy, chimeric antigen receptor (CAR) T-cell therapy and natural killer (NK) 

cell therapy, are providing new options for cervical cancer patients (Kousar et al.,2022). 

Cellular therapies are designed to recognize heterogenetic epitopes on the surface of cancer 

cells. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/colitis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/thyroiditis
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The therapeutic potential of tumor-infiltrating lymphocytes (TIL) is underscored by their ex vivo 

expansion and subsequent reinfusion into patients as a form of adoptive immunotherapy, a 

technique that has shown promise in enhancing anti-tumor immune responses (Lee et 

al.,2017). TILs represent a heterogeneous ensemble of immune cells, including CD4+ and 

CD8+ T cells, γδ T cells, B cells, natural killer cells, and regulatory T cells (Tregs), which are 

naturally derived from the tumor microenvironment (TME) (Zemanek et al.,2023). These T cell 

subsets exert their positive and negative roles depending on their characteristics and ratios 

(phenotypic changes), which provide useful information for tumor progression and treatment 

prognosis (Kumar et al.,2021). The presence of CD8+ and CD4+ T cells within TILs is 

positively correlated with improved patient outcomes, with CD8+ cytotoxic T cells playing a 

pivotal role in the direct elimination of cancer cells through an HLA class I-dependent 

mechanism, while CD4+ T cells primarily function as helper cells to support CD8+ T cell 

activity (Riazi Rad et al.,2015). Conversely, Treg cells suppress the immune system from 

attacking tumor cells. Within cervical cancer studies, it was shown that the number of 

infiltrating CD8+ cytotoxic T cells is enhanced after treatments involving chemotherapy and 

immunotherapy (van Luijk et al.,2022). However, compared with healthy tissue, infiltrating 

CD8+ cytotoxic T cells become dysfunctional due to immune tolerance mechanisms employed 

by cervical cancer cells (Farhood et al.,2019). In addition, T helper 9 (Th9) cells are newly 

found subset with the capacity to enhance apoptosis and suppress proliferation of cervical 

cancer through its signatory cytokines IL-9 and IL-21 (Chauhan et al.,2019;Farhood et 

al.,2019). 

Compared to TILs, TCR-T and CAR-T are the other two types of T cell therapies with 

genetically engineered receptors on the surface that can bind to specific tumor-associated 

antigens (TAAs). With TCRs (T cell receptors) and CARs (chimeric antigen receptors), the 

modified T cells can eliminate cancer cells by recognizing TAAs. The current mainstream of 

TCR-T and CAR-T preparation involves several steps: collection of the patient’s peripheral 

blood mononuclear cells (PBMC), selection of the T cell population, followed by activation, 

and the transduction of target CAR or TCR chain gene; finally, the in vitro modified T cells are 

infused back into the patient. In the past three decades, CARs have been continuously 

optimized. The structure of CARs has evolved from the simple designation of the single CD3 

intracellular domain to the addition of co-stimulators for enhanced proliferation and activation 

(Dotti et al.,2014). The risk of graft-versus-host disease (GVHD) against transplanted CAR-T 

cells has been reduced by knocking out the HLA and TCR genes of T cells (Tokarew et 

al.,2019). Compared to TCR-T, CAR-T cells are HLA-independent and directly bind surface-

expressing antigens, which are taken as promising off-the-shelf adoptive T cell products (Kast 

et al.,2022). To date, CAR-CD19 and CAR-BCMA remain the dominant targets for liquid 
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tumors, while HER2, MSLN, GD2 and EGFR are the leading targets for solid tumors, including 

cervical cancer (Upadhaya et al.,2021). 

T cell receptors (TCRs) are specific receptors that recognize the TAA peptides restricted to 

different human leukocyte antigen (HLA) allotypes. Therefore, the cytotoxicity of TCR-T mainly 

depends on the precise matching of TCR chains and peptide-HLA complex, leading to 

personalized autologous cell therapy (Baulu et al.,2023). Moreover, TCR-T cells recognize 

epitopes derived from not only membrane-bound TAA but also cytoplasmic TAA. 

Consequently, the potential of TCR-Ts dramatically outweighs that of CAR-Ts in the treatment 

of solid tumors (Jiang et al.,2019). Clinical and preclinical studies have shown that TCR-T 

recognizing HR-HPV E6 and E7 derived epitopes specifically kill cervical cancer cells without 

cross-reactivity to human self-peptides. This suggests that identification of HPV epitopes is 

essential for TCR-T manufacturing (Draper et al.,2015;Jin et al.,2018). 

2.3 Tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) in cervical 
cancer  

Tumor antigens could be generally summarized as two classes: tumor-associated antigens 

(TAAs) and tumor-specific antigens (TSAs). TSAs have no expression in normal tissues, while 

TAAs can be found in both tumors and normal tissues but are significantly over-expressed in 

malignant cells compared to non-malignant cells.  

TAAs constitute a diverse array of molecules, including differentiation antigens (such as 

melanocyte differentiation antigens), overexpressed cellular antigens (such as HER2), viral 

antigens (such as human papillomavirus proteins), and cancer testis (CT) antigens (such as 

MAGE and NY-ESO-1) (Criscitiello,2012). Mutation-derived TSAs, also referred to as 

neoantigens, emerge from nonsynonymous genetic alterations such as single nucleotide 

variants (SNVs), insertions and deletions (indels), gene fusions, frameshift mutations, and 

structural variants (SVs) (Xie et al.,2023). The quality of the neoantigen depends on the 

position of the mutated peptide. If the mutation occurs in the anchor, the affinity to HLA will be 

influential, while the mutation outside the anchor affects the interaction with TCR (Baulu et 

al.,2023). In cervical cancer, the top 10 mutated genes were TTN (31%), PIK3CA (29%), 

KMT2C (19%), MUC16 (17%), MUC4 (16%), KMT2D (15%), SYNE1 (13%), FLG (13%), 

EP300 (13%), and DMD (13%), however, the use of genetic mutation information to identify 

the neoantigen landscape in cervical cancer remains limited (Akinyemi I Ojesina 

1,2017;Ojesina et al.,2014;Qin et al.,2017). In addition to single nucleotide polymorphism 

(SNP), missense and other genomic mutations, there are some regulators that correlate with 

mutations and neoepitopes load (Wirth and Kühnel,2017). OVOL1 is one of regulators and 
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has validated the association with a higher expression of TGFB1 (Fan et al.,2022). The 

overexpression of TGFB1 affects immunosuppression and HLA expression (Rodriguez et 

al.,2023). In the network, OVOL1 also represses c-Myc transcription, leading to poor prognosis 

in cervical cancer (Liu et al.,2016). Neoepitopes are a rich source for the design of therapeutic 

cancer vaccines and TCR sequences for adoptive TCR-T cell therapy  (Mahdavi and 

Moreau,2016;Wei et al.,2019). The number of neoepitopes is highly related to the tumor 

mutational burden (TMB), broadly defined as the number of somatic mutations per megabase 

of interrogated genomic sequence (Sha et al.,2020). It was interesting to find a positive 

correlation between neoepitopes load and immune checkpoint expression, and the patients 

with high TMB are always more sensitive to immune checkpoint inhibitors (Marabelle et 

al.,2020).  

In addition to neoepitopes, HPV-derived peptides are specific immunogenic peptides of HPV-

associated cancer such as cervical cancer. The overexpression of E6 and E7 in HPV-infected 

host cells opens the possibility of finding E6/E7 derived epitopes that can be recognized by 

cytotoxic CD8+ T cells leading to the infected cell clearance (Vonsky et al.,2019;Xie et 

al.,2023). Due to the deletion of the open reading frames (ORFs) encoding E1, E2, E4, E5,  

L1, and L2 proteins, it is unlikely to find relevant immunogenic targets (Chabeda et al.,2018). 

In addition to HPV oncoprotein epitopes, DNA repair-relevant proteins overexpressed in HPV-

transformed and cervical cancer were another group of potential tumor-associated antigens 

in cervical cancer. After synthesis of the TSAs and TAAs, a fraction of the resulting protein is 

processed by the proteasome and lysosomes into peptides. These peptides are transported 

to the endoplasmic reticulum via the TAP transporter, where they are loaded onto HLA-I 

molecules for presentation on the cell surface. The peptides with high affinity and tight TCR 

interaction can lead to the recognition of T cells with anti-tumor activity (Cordeiro et 

al.,2018;Trimble et al.,2015;Wong et al.,2016) (Figure 2). Epitope presenting process is 

complex, and any mistakes can result in the failure of foreign epitopes presenting, which is 

exploited by tumor cells to escape from immune surveillance. It was observed in clinical trials 

that central T cell tolerance may contribute to the suboptimal T cell responses against TAAs 

(Xie et al.,2023), thus it is vital to develop strategies that augment the immune response 

against TAAs, including not limited to combination usage cytokine support, toll-like receptor 

(TLR) agonists, costimulatory signals, chemoradiotherapy, immunoregulatory modulation, 

adjuvants and vector-driven immunity (Leko and Rosenberg,2020;Sahin et al.,2020). 

To identify the TAA or TSA derived peptides/epitopes, multi-omic analysis is one of the main 

tools to evaluate the dysregulated genes and their expression. However, the genome and 

transcriptome data cannot provide enough information to identify the sequence of the HLA-



INTRODUCTION 

 19 

restricted peptides. To meet this unmet need, the peptidome sequencing acquisition via mass 

spectrometry offers complementary information and improves accuracy of immuno-

peptidomics prediction with IEDB (the Immune Epitope Database) database and com-

putational prediction tools such as NetMHC, NetMHCpan, MHCflurry, SYFPEITHI (Jiang et 

al.,2019;Okada et al.,2022;Wirth and Kühnel,2017). Nevertheless, predicting the precise 

immunogenic epitopes still faces challenges, such as the parameters for determining an HLA-

peptide complex and the T-cell response cannot be confidently predicted through 

computational algorithms of the binding affinity and immunogenicity. Thus, robust in vitro and 

in vivo experiments are vital for preclinical validation.  

 
Figure 2. HLA-restricted peptides processing and presenting. In cervical cancer or HPV-

transformed cells, the mutant and HPV integration sequences are first transcribed and translated. 
Thereafter, the resulting proteins are degraded via proteasome into neopeptides and HPV-peptides 

(HPV relevant peptides). The peptides are translocated into the endoplasmic reticulum (ER) through 

ATP-dependent activation of TAP transporters. In ER lumen, the mutant and HPV peptides are loaded 

on the HLA-I binding groove and followed by transport of the p-HLA complex via the Golgi apparatus to 

the cell surface. (Created with BioRender.com. at MPIIB) 
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2.4 Vγ9Vδ2 T cell and its anti-tumor/infection efficacy 

2.4.1 Vγ9Vδ2 T cells  

γδT cells represent a distinct subset of T lymphocytes that deviate from the traditional αβ T 

cells by expressing T-cell receptors (TCRs) comprising γ and δ chains (Cordova et al.,2012). 

Like other cytotoxic effectors, γδT cells not only directly participate in the elimination of tumor 

cells, but also indirectly shape the tumor immune response by influencing the behavior of other 

immune cells (Macleod and Havran,2011;Toulon et al.,2009). In the human immune system, 

γδT cells are categorized into three predominant subsets: Vδ1 T cells are mainly found in 

mucosal tissues including skin, small intestine and uterus, Vδ2 T cells account for 1%-10% of 

CD3+ T cells in peripheral blood, and a small subset of Vδ3 T cells are located in the liver 

(Hudecek et al.,2021;Li et al.,2020;Raverdeau et al.,2019;Vallvé-Juanico et al.,2019). The 

proportion of circulating Vγ9Vδ2 T cells in healthy adults ranges from 0.5% to 10%, a figure 

that can escalate dramatically to 60% in response to infection (Chan et al.,2022).  

Vγ9Vδ2 T cells can be activated and function by TCR-dependent recognition of non-peptidic 

phosphorylated antigens, called phosphoantigens. Bacteria can produce natural phospho-

antigens such as I-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) through the non-

mevalonate isoprenoid pathway (Hintz et al.,2001). Phosphoantigens can also be generated 

by eukaryotic cells through the mevalonate-isoprenoid pathway, such as isopentenyl 

pyrophosphate (IPP) (Gober et al.,2003). Although endogenous phosphoantigens are weaker 

activators compared to HMBPP, they are secreted through the mevalonate pathway and 

stimulate the anti-tumor activities of Vγ9Vδ2 T cells (Gao et al.,2023). These properties make 

Vγ9Vδ2 T cells play a key role in tumor immune, underlining their potential as a therapeutic 

modality in anti-cancer treatments (Bonneville and Scotet,2006). Many clinical trials involving 

adoptive Vγ9Vδ2 T cells have corroborated the safety and feasibility of such therapeutic 

approaches. Vγ9Vδ2 T cells can be effectively expanded with in vitro stimulation using clinical 

approved agonists, and 10-33% of patients respond to Vγ9Vδ2 T cells with in vivo agonist 

stimulation (Buccheri et al.,2014;Gomes et al.,2010).  

HLA-independent activation of Vγ9Vδ2 T cells minimizes the risk of alloreactivity in allogeneic 

Vγ9Vδ2 T cell therapies (Xu et al.,2021). A patient with stage IV cholangiocarcinoma with 

recurrent mediastinal lymph node metastases achieved a significant clinical response after 

receiving consecutive infusions of allogeneic Vγ9Vδ2 T cells from a healthy donor (Alnaggar 

et al.,2019). Another clinical trial of allogeneic γδ T cells against advanced pancreatic cancer 

shows that irreversible electroporation (IRE) can enhance the efficacy of allogeneic γδ T cells 

and reduce immunosuppression (Lin et al.,2020). In addition to their anti-tumor function, 
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Vγ9Vδ2 T cells can also have immunosuppressive effects on the efficacy of the cytotoxic 

response. Upon activation, Vγ9Vδ2 T cells can display a Th1-, Th2-, Th17-, or Th1/reg-like 

profile and synthetize IFN-γ, IL-4, IL-17 or IL-10, and TGF-β, resulting in inhibition of T cell 

proliferation (Kühl et al.,2009;Lafont et al.,2014). 

2.4.2 Molecules interacting with Vγ9Vδ2 T cell receptors 

The generation of T-cell receptors (TCRs) in γδ T cells is a sophisticated process that occurs 

in the thymus, involving somatic rearrangements of the genes encoding the TCR δ chain 

variable (V), diversity (D), joining (J) segments, in addition to the V, J, and constant (C) gene 

segments of the TCR γ chain (Sherwood et al.,2011). This intricate genetic recombination 

potentially gives rise to an immense repertoire of γδ TCRs, with estimates suggesting up to 

1017 distinct specificities (Sebestyen et al.,2020). Despite this theoretical diversity, human γδ 

T cell population can be categorized into two major subsets based on their TCR Vδ chain 

utilization: Vδ2+ subsets, commonly paired with the Vγ9 chain, while Vδ2- subsets exhibiting 

a broader range of Vγ chain usage (Janeway Jr et al.,2001). Tumor cells with accumulation of 

IPP phosphoantigen can be directly recognized by Vγ9Vδ2 T via Vγ9Vδ2 TCR (Adams et 

al.,2015). Butyrophilins (BTN) belong to the B7 family and their genes are situated at the 

telomeric region of the MHC complex on chromosome 6 and are integral to the modulation of 

immune responses. Four key molecules of the BTN family are BTN2A1, BTN3A1 (CD277), 

BTN3A2, and BTN3A3 (Herrmann et al.,2020). They perform a wide range of functions 

including immunomodulation and contribute to the Vγ9Vδ2 T cell activation (Karunakaran et 

al.,2020). One intensively studied molecule is BTN3A1; the binding of phosphoantigens (pAgs) 

to its cytoplasmic B30.2 domain initiates a cooperative mechanism between BTN2A1 and 

BTN3A1, leading to the formation of a plasma membrane-exporting complex. BTN3A2 can 

assist and increase the export of BTN3A1 to the plasma membrane (Uldrich et al.,2020). 

BTN2A1-associated Vγ9Vδ2 T cell cytotoxicity was found to be dependent on plasma 

membrane exposure. The exposure of BTN2A1 on the cell surface, quantified by the 

extracellular to intracellular ratio, is significantly modulated by the co-expression of BTN3A1 

(Herrmann et al.,2020). Phosphoantigens derived from the mevalonate or non-mevalonate 

pathway bind to the intracellular B30.2 domains of BTN3A1 in tumor or pathogen-infected cells, 

followed by the conformational change of BTN3A1 and promote the interaction of BTN2A1 

and BTN3A1 intracellular domains, which activate Vγ9Vδ2 T cell by Vγ9 chain binding to 

BTN2A1 (Karunakaran et al.,2020;Sandstrom et al.,2014). The expression of BTN3A1 and 

BTN2A1 on Vγ9Vδ2 T cells facilitates a form of self-activation in the presence of extracellular 

phosphoantigens (pAgs) without the intervention of APCs or target cells (Giannotta et al.,2023). 

This autonomous activation pathway bypasses the conventional need for APC intervention, 

highlighting a unique aspect of Vγ9Vδ2 T cell biology. Furthermore, the engagement of the T 
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cell receptor (TCR) on Vγ9Vδ2 T cells with molecules such as human MutS homolog 2 

(hMSH2) initiates a cascade of events leading to the secretion of Th1 cytokines, including 

tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), as well as the release of pro-

apoptotic granzyme B and perforin-containing cytolytic granules, which are essential for their 

cytotoxic function (Fichtner et al.,2020;Karunakaran et al.,2020;Willcox et al.,2019;Yang et 

al.,2019). In addition to BTN molecules, F1-ATPase on tumor cells can bind to the adenylated 

form of IPP, contributing to the activation of Vγ9Vδ2 T cells and their anti-tumor activity 

(Mookerjee-Basu et al.,2010). Besides the ligands that interact with the TCR, there are other 

ligands on Vγ9Vδ2 T that are responsible for tumor recognition and cytotoxicity (Figure3). 

The NKG2D receptor belongs to nature killer receptor (NKR), which is expressed by γδ T cells. 

It can bind to stress-induced MHC class I chain-related antigens A and B (MICA/MICB)  and 

ULBP families on tumor cells, which efficiently trigger the release of IFN-γ and TNF-α and 

promote the direct anti-tumor functions of γδ T cells (Kong et al.,2009). In particular, the ULBP 

families have been implicated in the recognition by Vγ9Vδ2 T cells of not only blood cancers, 

but also solid tumors such as ovarian and colon cancers. For example, ULBP1 and ULBP4 

expression levels determine the susceptibility of lymphomas and solid tumors to γδ T cell-

mediated cytolysis upon NKG2D binding (Lança et al.,2010). DNAM-1 (also called CD226) 

has been detected on the surface of several tumors, which is another NKR involved in 

regulating the cytotoxic activity of γδ T cells (Toutirais et al.,2009). Recognition between 

different receptors and ligands leads to activation, a robust immune surveillance process, and 

elicits a swift γδ T cell immune response. This γδ T cells activation exhibits cytotoxic properties, 

enabling them to directly target and destroy infected or malignant cells. Concurrently, they 

secrete a plethora of cytokines and chemokines to exert immunomodulatory properties and to 

interact with the network of immune cells, including αβ T cells, B cells, dendritic cells, 

macrophages, monocytes, natural killer cells, and neutrophils, to strongly influence the 

outcome of immune responses (Chan et al.,2022). (Figure3) 
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Figure 3. Ligands interaction and activation of Vγ9Vδ2 T cell. Cancer or infected cells under 

stressful conditions can lead to MICA/B and ULBP overexpression and phosphoantigens (such as IPP) 

accumulation. BrHPP, a synthesized phosphoantigen can be transported into epithelial cells via a 

transporter. Both IPP and BrHPP can bind to the BTN3A1 intracellular domain and induce the 

conformation changes of BTN3A1 and BTN2A1 complex that interact with TCR of Vγ9Vδ2 T, which 

activate Vγ9Vδ2 T. Because of the BTN3A1 and BTN2A1 expression on Vγ9Vδ2 T cells, BrHPP can 

induce the self-activation of Vγ9Vδ2 T cells. Besides BTN-family, NKG2D on Vγ9Vδ2 T cells can 
mediate activation via MICA/B and ULBP on APC or target cells. hMSH2 is another ligand activating 

Vγ9Vδ2 T via binding to TCR. (Created with BioRender.com. at MPIIB) 

2.5 Cervical organoids: a potent in vitro model for research and medicine discovery 

2.5.1 From traditional cell culture to organoids 

In the preclinical phase of drug discovery, cell lines and animal models have been the most 

commonly used and important models. However, even when a new drug has shown robust 

efficacy in the preclinical phase, an extremely high failure rate is frequently encountered at the 

clinical phase (Atkins et al.,2020). This problem has prompted researchers to rigorously 

examine new preclinical models. To compensate for the cell line models, Meritxell Huch tried 

the long-term culture of primary and liver stem cells, which retain the genetic features of the 

particular individual, but still lack the original morphological information of the parent tissue 

(Huch et al.,2015). With regards to it, several 3D in vitro models were consequently developed 
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and their adequate translatability to the clinic was exploited (Antill-O’Brien et al.,2019; 

Ozcelikkale et al.,2017;Horvath et al.,2016) 

Over the last two decades, organoids established by Hans Clevers, have been developed into 

a potent tool for drug discovery (Clevers et al.,2014;Nakamura and Sato,2018). Organoids 

can be cultured from either induced pluripotent stem cells (iPSCs) or organ-specific adult stem 

cells with a growth factor cocktail that can maintain undifferentiated stem cells in the basal 

layer, while inducing differentiation into various specific cell types to reaggregate and replicate 

the architecture of the original tissue. The first generation of organoid models consisted only 

of epithelial cells, and reproduced the epithelial structure of the tissue without stromal, vascular 

and immune cells (Zhao et al.,2022). This shortcoming has been overcome by developing 

various co-culture models and recapitulating the interplay between different cells and even 

unraveling host tissue-pathogen interactions (Pollen et al.,2023). The next generation of 

advanced organoid-based model is the organoid chip, which integrates multiple organoids on 

a single chip (Zhao et al.,2022). This chip, which can reproduce the functions of organs of the 

whole body, opens up a wide range of basic translational and clinical research prospects, such 

as deciphering the heterogeneous composition of tissues and measuring not only the drug 

effect but also the side effects for other important organs (Liu et al.,2021;Vunjak-Novakovic et 

al.,2021). Organoids are also amenable to cutting-edge experimental technologies such as 

CRISPR-Cas9 gene editing and can be efficiently subjected to live imaging (Mboko et 

al.,2022;Saorin et al.,2022).  

2.5.2 Cervical organoids and their applications 

Cervical organoid cultures, especially cervical cancer organoid, can be generated from adult 

stem cells of cervical tissue biopsies and resections. To maintain long-term stemness, a 

fibroblast feeder layer providing stromal signals, is used to support the cervical adult stem 

cells isolated from cervical tumors (Llames et al.,2015). After harvesting, adult stem cells are 

capable of further differentiation and organoid formation with proper growth factors (Liu et 

al.,2020;Zhao et al.,2022). The histological structure of cervical organoids derived from the 

same piece of tissue can vary significantly and represent the parental histology features: ecto-

cervical organoids contain mainly stratified squamous layers, while endo-cervical organoids 

show the characteristics of columnar monolayer (Chumduri et al.,2021). Chumduri et al. 

generated long-term expandable organoids from ecto- and endo-cervical tissues in the 

presence or absence of Wnt agonists, primarily demonstrating the Wnt independence of the 

ecto-cervical organoid culture (Chumduri et al.,2021). They showed differentiation potential 

toward an ectocervical phenotype, including cell movement from the basal to superficial layers, 

accompanied by cell differentiation and flattening (squamification) by activating the CAMP 
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pathway (Chumduri and Turco,2021). The squamous stratified epithelium is characterized by 

the expression of cytokeratins including KRT5, KRT14 and KRT17, which are distinct from 

those that characterize the endocervix epithelium such as KRT8, KRT7, and KRT18 

(Chumduri et al.,2021;Herfs et al.,2012). The endo- or ecto-cervical organoids can not only 

recapitulate the histological structure but also faithfully replicate the original tissue gene 

expression pattern as determined by their gene expression profiles (Chumduri et 

al.,2021;Lõhmussaar et al.,2020). This indicates that cervical organoids can be employed for 

some types of analyses that require large numbers of cells with faithful replication of original 

heterogeneous tissue. It furthermore indicates that organoids can be confidently used as an 

in vitro model for the investigation of immunotherapeutic co-culture and infection. 

Organoids are increasingly being utilized in medicine discovery. It has been reported that 

colorectal cancer patients derived organoids have been used for the cytotoxic effect evaluation 

of CAR-NK92 (Yuki et al.,2020). This organoid-immune cell co-culture system could be used 

to evaluate the discriminate response of T cell with different CARs against normal or cancer 

organoids. Co-culture of patient-derived tumor organoids with autologous TILs mimics the in 

vivo process of TIL migration to the tumor, meanwhile TIL tumor cytotoxic function can be 

tested as well (Kong et al.,2018). Furthermore, organoids also represent a potential in vitro 

model to validate the function of checkpoint inhibitors (e.g., PD-1, CTLA-4, LAG-3, TIM-3, and 

VISTA) and the efficacy of combinatorial treatments conducted in clinical immunotherapy trials 

(Noordhoek et al.,2016;Xinaris et al.,2015). The effects of hormones on cervical biology were 

studied by treating cervical organoids with hormones and a functional response to estrogen 

and progesterone was observed, which replicates in vivo changes of cervix during pregnancy 

and the menstrual cycle (Alzamil et al.,2021). In addition to acting as an immune responder, 

organoids can reflect the host’s response to a microbial invasion. Stefanie Koster et al. 

modeled the co-infection of HPV and Chlamydia with cervical organoids and revealed the 

transcriptome changes induced by HPV and/or Chlamydia invasion (Koster et al.,2022). Their 

global transcriptomic analysis demonstrated that HPV E6E7 and C. trachomatis elicit distinct 

host cell transcriptional programs promoting stemness and preneoplastic molecular 

phenotypes (Koster et al.,2022). Overall, the organoid system thus exerts an important tool 

for revealing carcinogenic or disease mechanisms and new medicine discoveries (Figure 4). 
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Figure 4. Ectocervical organoid and application. The ectocervical organoid resembles the in vivo 

structure of the ectocervix. The adult stem cell is located in outside layers, thereafter the stem cells 

initiate differentiation towards inside layers. Faithful recapitulation of the cervical tissue molecular 

heterogenicity suggests the possibility of tumor-associated antigens (TAA) screening based on cervical 

organoids. The TAA peptides can be identified by analyzing eluted HLA-restricted peptidome in 

organoids. The in vivo process of chlamydia invasion and infection of the cervix can be also mimicked 

in the cervical organoid model. The organoid-T cell coculture model can be effectively utilized for the 
killing effect and immune checkpoint modulation evaluation. (Created with BioRender.com. at MPIIB)
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2.6 Goals of the thesis  

The cervix is essential for protecting the upper reproductive system from infection and other 

extrinsic risks. Its function is also important for fertilization and embryo development. Cervical 

lesions are mainly caused by HPV and other sexually transmitted bacteria such as Chlamydia 

trachomatis. Cervical cancer is a persistent, high-risk, HPV-associated disease. To deeply 

explore the mechanism of infection and carcinogenesis of the cervix, Thomas F. Meyer, 

Cindrilla Chumduri, and the colleagues successfully established cervical organoid models, 

which constituted the basis of this project. 

The first aim of this project was to establish healthy, HPV+, and cancerous cervical organoids. 

Thereafter the recapitulation of in vivo architecture and molecular characteristics was 

described. The second aim was to detect tumor-associated antigens and epitopes in cervical 

cancer organoids through multi-omic analysis. The final objective was to establish a Vγ9Vδ2 

T cell and organoids co-culture model for visualizing and evaluating cytotoxic effects against 

the healthy, HPV+, and cancerous cervical organoids and to provide a potent personalized 

tool for testing additional modulators in the future.
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3 MATERIALS AND METHODS    

3.1 Materials 

3.1.1 Buffers and chemicals  

Table 1. Buffers 

buffer component concentration 
Phosphate buffered saline (PBS) NaCl  137 mM  
 KCl  2.7 mM  
 KH2PO4  1.8 mM  
 Na2HPO4 x 2 H2O  10 mM  
 ad H2O, pH 7.4   

PBST  PBS    
 Tween 20  0.05% (v/v) 

Paraformaldehyde 3.7% H2O at 60°C  900 mL  
 Paraformaldehyde  3.7g  
 10xPBS  100 mL  
 pH 7.4   

Tris-acetate EDTA buffer  Tris base  242 g (40 mM)  

(TAE) (10x)  Acetic acid  57.1 mL (40 mM)  
 0.5 M EDTA (pH 8.0)  100 mL (1 mM)  
 ad H2O  1 L  

Tris buffered saline  NaCl  137 mM  

(TBS)  KCl  2.7 mM  
 Tris base  25 mM  
 ad H2O   

TBST TBS    
 Tween 20  0.1% (v/v) 

Immunofluorescence buffer  BSA  1% (w/v)  

(IFB)  FCS  2% (v/v)  
 Tween 20  0.1% (v/v)  
 in 1xPBS, sterile filtered 

IF blocking buffer BSA 3% 
 Goat serum 1% 
 Triton-X-100  0.2% 
 Tween-20 0.1% 
 in 1xTBS  
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IF permeabilization buffer glycine 0.1 M  
 Triton X-100 0.2% 
 Tween-20 0.1% 
 in 1x TBS  

IF washing buffer Triton-X100 0.1% 
 Tween-20 0.2% 
 in 1x TBS  

Collagenase Type II solution collagenase II 100 mg  

  HBSS 200 mL 

Poly-HEMA solution Poly (2-hydroxyethyl 

methacrylate) 

100% Ethanol 

1.4g 

 

40 mL  

 

Table 2. Chemicals 

Chemical Cat. # Manufacturer 

GeneRuler 1 kb DNA Ladder SM0312  Thermo Scientific 

Taq reaction buffer B9014SVIAL NEW ENGLAND BioLabs 

Taq DNA Polymerase 5,000 Units/mL M0273AVIAL NEW ENGLAND BioLabs 

GeneRuler 50bp DNA Ladder SM0371 Thermo Scientific 

MgCl2 A351H Promega 

DNA gel loading dye (6X) R0611 Thermo Scientific 

dNTPs R0182 Thermo Scientific 

LE agarose 840004 Biozym 

Axygen® Sealing Film for Quantitative 

Real-Time PCR (qPCR) 
800038 Stem Cell 

SYBR® Green I S9430-1ML Sigma-Aldrich 

Paraformaldehyde P087 Carl Roth 

2-Propanol 1.096.342.511 Merck 
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Ethanol 1.009.832.511 Merck 

Target retrieval solution (10x) S1699 Dako 

Tris base A1086.5000 AppliChem 

Glycine 3908 Carl Roth 

Triton-X100 3051 Carl Roth 

Tris-Cl 9090 Carl Roth 

NaCl 3957 Carl Roth 

Tween-20 P9416 Sigma 

EDTA X986 Carl Roth 

Goat serum GOA-1A Capricorn 

SYBR™ Safe Nucleic Acid Gel Stain S33102 Invitrogen 

Fluoromount-G SBA-0100-01 Southern Biotech 

Hoechst 33342 H1399 Thermo Fisher 

Bovine serum albumin (BSA) 3854 Carl Roth 

Propidium iodide (PI) 25535-16-4 Sigma-Aldrich 

Cell recovery solution 47743-696 Corning 

Poly (2-hydroxyethyl methacrylate) P3932-10G Sigma-Aldrich 

 

3.1.2 Cell culture reagents and media 

Table 3. Cell culture reagents and supplements 

Reagent Cat.# Manufacturer 

Fetal Calf Serum F7524-500ML Sigma 
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DPBS 14190250 Gibco 

Collagenase II (0.5 mg/mL) C2-28 Biochrom 

DMEM 10938-025 Gibco 

Sodium pyruvate S8636 Sigma 

L-Glutamine 25030-024 Gibco 

0.05% (wt/v) Trypsin-EDTA 25300-096 Gibco 

Penicillin/Streptomycin 15070063 Gibco 

RPMI 1640 11875093 Gibco 

Collagen type I C3867 Sigma 

Matrigel  11543550 Corning 

Cryo SFM C-29910 Promo cell 

Advanced DMEM/F12 (ADF)  12634 Gibco 

Glutamax (100X) 35050-038 Gibco 

HEPES 15630-056 Gibco 

TrypLE Express  12604013 Gibco 

Hydrocortisone H0888-1G Sigma 

Forskolin F6886 Sigma 

N-Acetyl-L-cysteine A9165 Sigma 

Nicotinamide N0636 Sigma 

N2 Supplement 100x 17502048 Gibco 

B27 supplement (50X)  17504044 Gibco 

TGF-β inhibitor (A83-01) Cay9001799 Cayman Chemicals 
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ROCK inhibitor  

(Y-27632 dihydrochloride monohydrate) Cay10005583 Cayman Chemicals 

Human Noggin 120-10C Peprotech 

Human EGF AF-100-15 Peprotech 

Human FGF10 100-26-25 Peprotech 

Ficoll-Hypaque Biocoll L 6113/5 Biochrom 

Human IL-2 - Novartis 

Zoledronic acid   - Novartis 

Bromohydrin pyrophoshate (BrHPP)  IPH1101 Innate Pharma 
 

Table 4. Cell culture media 

Medium Components Volume/Concentration 
ADF++ Advanced DMEM/F12  500 mL 
 GlutaMax  5 mL 
 HEPES 6 mL 

D+++ DMEM 500 mL 
 Na-pyruvate 5 mL 
 L-Glutamine 5 mL 
 hiFBS 50 mL 

R+ RPMI1640 500 mL 
 hiFBS 50 mL 

R+++ RPMI1640 500 mL 
 hiFBS 50 mL 
 human IL-2 100 IU/mL  
 zoledronic acid  50 uM 

M5+FSK ADF++ 9.275 mL 
 P/Strep 10000 U/mL 100 µl 
 Hydrocortison (50 µg/mL) 100 µl 

 
hEGF(100 µg/mL) 1:10-

10µg/mL 
10 µl 

 FGF10 (100 µg/mL) 10 µl 
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 hNoggin (100 µg/mL) 10 µl 

 
TGFbeta inhibitor-1000x 

(0.5 mM) 
40 µl 

 NAC (500 mM) 25 µl 
 B27-50X 200 µl 
 N2 supplement- 100x 100 µl 
 Nicotinamid (NIC) 1 M 100 µl 
 Rock Inhibitor (3 mM) 30 µl 

  FSK stock (10 mM) 10 µl 

 

3.1.3 Antibodies 

Table 5. Antibodies 

Primary 
antibody 

Cat.# Manufacturer Host Reactivity Application Dilution 

Cytokeratin 5-

Alexa488 
ab193894 Abcam rabbit human IF 1:300 

EpCAM  2929S  Cell Signaling mouse human IF 1:800 

Ki67 ab16667 abcam rabbit human IF 1:200 

BTN3A1 ab236289 Abcam rabbit human IF 1:100 

HLA-ABC-PE 555553 
BD 

Biosciences 
mouse human FACS 1:150 

PD-L1-APC 374513 Biolegend mouse human FACS 1:20 

Vγ9-AF488 

(clone 7A5) 
- in-house mouse human FACS 1:100 

TCR Vδ2-FITC 

(IMMU 389) 
IM1464 

Beckman 

Coulter 
mouse human FACS 1:100 

CD107a-PE 555801 
BD 

Biosciences 
mouse human FACS 1:100 

CD3-APC 340440 
BD 

Biosciences 
mouse human FACS 1:100 

anti-BTN3A 

(clone 103.2) 

antagonistic 

mAbs 

- Imcheck mouse human inhibitory 5 ug/mL 
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anti-BTN2A1 

(clone 7.48) 

antagonistic 

mAbs 

- Imcheck mouse human inhibitory 5 ug/mL 

Secondary 
antibody 

      

IgG (H+L) 

AlexaFluor® 647 
711-606-152 Dianova  Donkey Rabbit IF 1:150 

IgG(H+L) Cy3 115-165-146 Dianova  Goat Mouse IF 1:150 

Antibodies for 
immunoaffinity 
chromatography 

      

pan-HLA-I-specific 

antibody W6/32 
In-house 

University of 

Tübingen, 

Department of 

Immunology 

- - 
immunoaffinity 

chromatography 
- 

HLA-DR-specific 

antibody L243 
In-house 

University of 

Tübingen, 

Department of 

Immunology 

- - 
immunoaffinity 

chromatography 
- 

pan-HLA-II-specific 

antibody Tü39 
In-house 

University of 

Tübingen, 

Department of 

Immunology 

- - 
immunoaffinity 

chromatography 
- 

 

3.1.4 Primers 

Table 6. Primers for reverse transcription and quantitative PCR. 

Gene name  Primer Sequence (5’ – 3’)  
GAPDH (Koster et al.,2022) F: 5’-GGT ATC GTG GAA GGA CTC ATG AC-3’ 

 
R: 5’-ATG CCA GTG AGC TTC CCG TTC AG-3’ 

HPV16 (Herfs et al.,2012) F: 5’-AGC TGT CAT TTA ATT GCT CAT AAC AGT A-3’  

 
R: 5’-TGT GTC CTG AAG AAA AGC AAA GAC-3’  

HPV18 (Herfs et al.,2012) F: 5’-CGA ACC ACA ACG TCA CAC AAT-3’ 

  R: 5’-GCT TAC TGC TGG GAT GCA CA-3’ 
All primers were obtained from Metabion or Sigma and diluted to 10 µM. Abbreviations:  

F = forward, R = reverse. 
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3.1.5 Organoid lines and cell lines 

Table 7. Organoid lines 

Sample No. HPV status Disease/ clinical condition  
Normal or 
diseased 

hc40 
 

Negative 
 

Normal cervical tissue from an ovarian cancer 

patient undergoing radical hysterectomy 
healthy 

hc48 negative Healthy Ecto and Endo healthy 

hc63 negative Healthy hysterectomy strips healthy 

hc40e6e7 
HPV16 

positive 
hc40 with HPV16 E6E7 oncogene integration HPV positive 

hc48e6e7 
HPV16 

positive 
hc48 with HPV16 E6E7 oncogene integration HPV positive 

hc63e6e7 
HPV16 

positive 
hc63 with HPV16 E6E7 oncogene integration HPV positive 

hc88 
HPV16 

positive 
squamous cell carcinomas (SCC) cancer 

hc89 
HPV16 

positive 
squamous cell carcinomas (SCC) cancer 

hc90 
HPV16 

positive 
squamous cell carcinomas (SCC) cancer 

hc91 
HPV18 

positive 
squamous cell carcinomas (SCC) cancer 

 

Table 8. Cell lines 

Cell line Source Description 

3T3-J2 cells 

A kind gift from Craig 
Meyers; Howard Green 
laboratory, Harvard, 
University, RRID: 
CVCL_W667 

Irradiated 3T3-J2 cells were used as 
fibroblast feeder cells for maintaining the 
stemness of cervical 2D stem cells  

Daudi ATCC 

The Daudi cell line is composed of B 
lymphoblasts from a Burkitt’s Lymphoma 
patient. It can be recognized and attacked 
by Vγ9Vδ2 T  

End1/E6E7 ATCC 
The endocervical cell line (End1/E6E7) 
consists of normal endocervical cells but 
with HPV16 E6E7 expression  
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HeLa ATCC HeLa is a cervical adenocarcinoma cell line 
which contains HPV18 sequence 

 

3.1.6 Commercial kits 

Table 9. Commercial kits and their application 

Kit Cat.# Manufacturer Application 
QIAmp DNA Mini Kit 51306 QIAGEN  DNA extraction 

AllPrep DNA/RNA Mini Kit 80204 QIAGEN  RNA and DNA extraction 

CellTrace™ CFSE Cell 

Proliferation Kit 
C34554 Invitrogen 

Organoid tracing and 

labelling 

NucRed™ Dead 647 

ReadyProbes™ Reagent 

(TO-PRO-3 iodide) 

R37113 Invitrogen Viability assays 

AB Power SYBR® Green 

RNA-to-CT™ 1-Step Kit 
4389986 Thermo fisher qRT-PCR 

PKH67 Green Fluorescent 

Cell Linker Kit for General 

Cell Membrane Labelling 

PKH67GL-1KT Sigma-Aldrich Cell membrane labelling 

 

3.1.7 Software, instruments, consumables 

Table 10. Software and applications 

Software Company Application 
Prism 9 GraphPad Data processing 

Excel 2019 Microsoft Data processing 

word 2019 Microsoft Documentation 

PowerPoint 2019 Microsoft Presentation and image processing 

ImageJ Fiji/Open source Image processing 

StepOne Software v2.3 Thermo Fisher Scientific RT-qPCR analysis 

ZEN blue software v3.5 Zeiss Image acquisition 

EndNote 20 Clarivate Analytics Literature management 

Rstudio Rstudio, Inc Bioinformatic analysis 

FlowJo 10.5.0 TreeStar, USA FACS analysis 
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Table 11. Instruments 

Equipments Manufacturer 
Inverted system microscopes IX50 Olympus 

Inverted system microscope DM HC  Leica 

TCS SP-E and SP-8 confocal microscopes (Leica) Leica 

CLSM 780confocal microscope  Zeiss 

Powerful, Advanced Research Level ECHO 

Microscope 
 ECHO 

SYBOT-1000 & CYTOMAT 2 & CELLAVISTA 4 SYNENTEC 

FACSCantoTM II  BD 

Real-Time PCR System  Applied Biosystems 

StepOnePlus™ Master Cycler Gene Amp® PCR 

System 9700  
Thermo Fisher 

Agarose gel electrophoresis chamber easy cast  BioRad 

Power Pack 300   BioRad 

Power Pack P25  Biometra 

NanoDrop 1000 UV/Vis spectrophotometer  Kisker 

G2565CA high-resolution laser microarray scanner Agilent Technologies 

pH meter Mettler-Toledo 

Balances  Sartorius 

Biological safety cabinet Herasafe (Thermo 

Scientific) 
Thermo Fisher 

Heracell 240i CO2 incubators (Thermo Scientific) Thermo Fisher 

Freezer Forma  Thermo Fisher 

Refrigerator Comfort NoFrost  Liebherr 

Paraffin Rotation Microtome HM315  Microm 

Tissue processor TP1020  Leica 

Waterbath 1083  GFL 

Shaking platform 3006  GFL 

Megacentrifuge 2.0 R  Heraeus Instruments 

Centrifuges 5810R, 5417C and 5415R  Eppendorf 

Mini centrifuge C1301  Labnet 

Mini vortexer  VWR 

Thermomixer comfort  Eppendorf 

Single channel pipettes  Pipetman 
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Table 12. Consumables 

Consumables  Manufacturer Cat.# 
T25/75/150-cm2 tissue culture flasks  TPP 90 026/076/151 

12/24/96-well tissue culture plates  TPP 920 12/24/96 

Low Volume 384-well Black/Clear 

Flat Bottom Polystyrene TC-treated 

Microplate  

Corning 3542 

96-Well, Cell Culture-Treated, V-

Shaped-Bottom Microplate  
Corning 3894 

15/50-ml conical centrifuge tubes  TPP 910  3/10 

0.5/1.5/2.0-ml eppendorf tubes  NeoLab E-23 13/06/07 

10/200/1000-μl ART barrier pipette 

tips  
Thermo Scientific 

10098960/ 

10029040/10313272 

20/100-μl PP filter tips Nerbe Plus 07-662-8300/07-642-8300 

5/10/25-ml serological pipettes  TPP 940 /05/10/24 

0.22 μm Vacuum filtration system 

“rapid”-Filtermax  
TPP 99505 

0.22 μm Sartorius MinisartR sterile 

filters  
Thermo Scientific 10730792 

C-Chip disposable hemocytometer  Kisker Biotech M-NZ 

Bemis Parafilm “M”  Thermo Scientific 11762644 

5/10/20-ml B Braun solo cone Luer 

syringes 
Braun 12752637 

25 mm, 0.4 mm Sterican single-use 

21 G syringe needles  
Carl Roth X134.1 

Glass slides  Thermo Scientific J3800AMNZ 

Coverslips Marienfeld Superior 101172 

3.2 Cell and organoid culture 

3.2.1 3T3-J2 culture and irradiation 

The 3T3-J2 cell line was provided by Craig Meyers; Howard Green Laboratory, Harvard 

University, (RRID: CVCL_W667) and 3T3-J2 are required for monolayer ectocervical epithelial 

cell culture.  



MATERIALS AND METHODS 

 39 

3T3-J2 cells were defrosted and seeded in T75 cell culture flasks in D+++ medium then 

incubated at 37 °C and 5% CO2 in a humidified incubator. When the cells were approximately 

80% confluent, they were split with pre-warmed Trypsin-EDTA and digested for 5 min until the 

cells detached from the surface. The cells were re-suspended with 10 mL D+++ medium and 

counted, followed by irradiation with 30 Gy on ice in a Gammacell 40 Exactor. After irradiation, 

1 million irradiated 3T3-J2 were seeded per T25 flask and incubated for a minimum of two 

hours, until all cells were attached to the surface. 

3.2.2 Stem cells isolation from ectocervical cancer tissue 

Human cervical specimens were obtained from volunteers undergoing standard surgical 

procedures by Mandy Mangler (Department of Gynecology, Charité University Hospital, 

Campus Virchow Clinic, and August Viktoria Klinikum Berlin), approval for experimental usage 

of the tissue samples was provided by the Charité ethics committee (EA1/059/15) and 

informed consent was obtained from all donors. Within 2-3 hours after removal, samples were 

transferred to the lab. Before the sample arrival, T25 flasks were coated with collagen I, which 

was diluted with PBS 1:100, for 1 h at 37 °C and washed three times with PBS before use. 

The samples were washed with PBS in a sterile 10 cm petri dish and further chopped into 

small pieces using sterile scissors and forceps. 5 mL pre-warmed 0.5 mg/mL Collagenase 

type II was well-mixed with the tissue pieces in a 15mL tube on an orbital shaker at 180 rpm 

for 2.5 h at 37 °C. The mixture was pelleted at 1000 rpm for 7 min (4 °C), and the supernatant 

was discarded. The pellet was again digested into single cells with 5 mL TrypLE for 15 min at 

37 °C on the orbital shaker. The cell suspension was pipetted up and down 5 times, 5 mL 

ADF++ added, then pipetted up and down 5 times again. If there was any tissue left, it was 

allowed to be settle. The supernatant was passed through a 40 μm cell strainer and collected 

in a 50 mL falcon tube. The settled tissue was digested again until almost all the tissue 

dissociated into single cells. The pellet was collected and expanded on a coated T25 flask in 

M5+FSK medium. 

3.2.3 2D cervical stem cell lines culture 

Passage 0 epithelial cells were cultured without irradiated 3T3-J2 monolayer and seeded in a 

Collagen I coated T25 flask. After most epithelial cells attached to the surface, the medium 

was refreshed every 3-4 days intervals until the cells achieve 80-90% confluence. The cells 

were then split at a ratio of 1:2. For passage 0, after removing the medium, the cells were 

rinsed thrice with PBS. Subsequently, they were dissociated with 1 mL of TrypLE per T25 flask 

for 10 minutes at 37°C. The cells detached from the flask surface were then suspended in 10 

mL of ADF++ in a 15 mL Falcon tube. Following centrifugation at 400xg for 4 minutes at 4°C, 

the cell pellet was resuspended in M5+FSK and seeded onto an irradiated 3T3-J2 layer. From 
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passage 1, the epithelial cells were cultured on irradiated 3T3-J2 layer and the medium was 

refreshed every other day. At 80%-90% confluence, the cells were enzymatically detached 

twice. First, 0.5mL TrypLE was added to detach the irradiated 3T3-J2 feeder cells (1min, 37 

°C). Thereafter the cervical epithelial cells were detached with another 1 mL of TrypLE for 10 

min (37 °C). 

3.2.4 3D cervical organoid lines cultured from 2D stem cell lines 

Ectocervical epithelial cells were prepared for organoid culture, as described above, the 

number of epithelial cells was counted. A certain number of cells was centrifuged (400xg for 

4 min at 4 °C) and the supernatant was discarded. Matrigel was added to the cell pellet to 

achieve a final concentration of ~20,000 cells/ 50 μL Matrigel. Matrigel domes were then 

seeded in the center of each well of a pre-warmed 24-well plate. The plate was then placed in 

the incubator for 20 min until the Matrigel was polymerized. 500 µL of pre-warmed M5+FSK 

was added to each well and the medium was refreshed every 3-4 days. 

To propagate organoids, the organoid cultures were split every 1-2 weeks at a 1:3-1:5 ratio, 

according to the size and density of the organoids. The medium around the Matrigel was first 

discarded and the Matrigel domes were dissolved with 1 mL cold PBS. The mixture was then 

collected in a 15 mL Falcon tube and centrifuged (400 g for 5 min at 4 °C). The organoid pellet 

was collected and digested with 1 mL pre-warmed TrypLE at 37 °C for 15-20 min, in a shaking 

water bath followed by vortexing, to break it down further. The suspension was disrupted 

further by drawing up and returning it through a needle 5 times, ending up with single cells. 

The suspension was centrifuged again with 4 mL cold ADF++ at 1000xg for 5 min (4 °C) and 

the cell pellet was resuspended in Matrigel and repeated the incubation.  

3.2.5 Freezing and thawing of cervical 2D stem cell and 3D organoid lines  

To prepare cryostocks of 2D epithelial cells, the cells were first dissociated and counted as 

previously described. After centrifuging, the pellet was resuspended with Cryo-SFM at a final 

concentration of 1 million cells/mL. The cell suspension was then distributed into cryotubes 

(0.5 mL/tube) and transferred into a Mr. Frosty®.  

For 3D organoids cryostock preparation, the organoids should not be older than five days 

(preferably two to three days old). The organoids from 2 to 3 wells (for each cryostock) were 

released from the Matrigel with cold PBS. After the organoid pellet was collected, it was 

resuspended with 500 μL Cryo-SFM, transferred into a cryotube, and put into a Mr. Frosty® 

containing isopropanol. The cryostocks from 2D and 3D were kept at -80°C for 24 hrs before 

being transferred to a liquid nitrogen tank. 
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In order to thaw the cryostocks, whilst keeping most of the cells and organoids alive, the 

cryotubes were quickly defrosted in a 37 °C water bath until there was only a small piece of 

ice remaining. The cells were then transferred to 15 mL Falcon tubes, to which 10 mL of pre-

warmed ADF++ medium was gradually added and mixed thoroughly. The cells were then 

centrifuged (400xg for 4 min at 4 °C). 2D epithelial cells were seeded on an irradiated feeder 

layer with M5+FSK. 3D organoids were directly resuspended in Matrigel and cultured in a 24-

well plate. 

 

Figure 5. Ectocervical stem cell and organoid cultivation. The ectocervical biopsies are diced finely 

and digested with collagenase II. The resulting cell mixture is seeded in a coated-T25 tissue culture 
flask with M5+FSK medium. After 1-2 weeks, the surviving stem cells usually become more than 70% 

confluent and are split onto an irradiated feeder layer. Apart from direct utilization, the stem cells can 

be seeded in Matrigel droplets forming organoids. Normally 2 weeks later, the cervix organoids are 

ready to be harvested. (Created with BioRender.com. at MPIIB) 

3.3 Immunofluorescence assays 

A 15 mL falcon tube was pre-rinsed with 10% BSA in PBS. Organoids from 2-3 wells were 

collected in the prepared tube and washed once with cold PBS. They were then incubated on 

ice for 30 min with cell-recovery solution, followed by another wash with PBS. The organoids 

were allowed to settle by gravity and the supernatant was discarded. Organoids were fixed 

with pre-warmed 4% PFA for 30 min at room temperature and washed twice with PBS. Prior 

to staining, the organoids can be stored in PBS at 4 °C. 
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The fixed organoids were firstly permeabilized with permeabilization buffer for 30 min followed 

by 2h blocking. A primary antibody cocktail was prepared with blocking buffer, and organoids 

were stained with primary antibodies at 4°C overnight. The next day, the organoids were 

washed four times with washing buffer, thereafter, stained with secondary antibodies for 2h at 

room temperature and washed again. Following on, they were stained with fluorochrome-

conjugated antibodies against Krt5 and Hoechst for 2h at room temperature. The organoids 

were then washed three times. After the final wash with deionized water, organoids were 

mounted with Fluoromount-G. The mounting suspension drop was dispensed at the center of 

a glass slide and a coverslip was placed over it. Finally, the coverslip was sealed with nail 

polish. The resulting slides can be stored long-term for subsequent image examination with a 

confocal microscope. 

3.4 RNA techniques  

3.4.1 RNA isolation 

To prepare enough samples for RNA isolation, 3-well organoids of each line were harvested 

and thereafter the exaction was processed according to the AllPrep DNA/RNA Mini Kit 

(QIAGEN) manufacturer’s protocol. All steps after sample collection were done under Rnase 

free condition. The purity and concentration of RNA samples were measured and the A260/ 

A280 absorbance ratio should be around 2. The RNA samples were stored at -80 °C for qRT-

PCR and RNA sequencing.  

3.4.2 Quantitative real-time polymerase chain reaction (qRT-PCR)  

After the organoid RNA extraction, the AB Power SYBR® Green RNA-to-CT™ 1-Step Kit 

(Thermo Fisher) was used for qRT-PCR reaction. In addition to the RT enzyme with the 

reverse transcriptase and Rnase inhibitors, the kit contains the nucleic acid stain SYBR® 

Green Taq DNA-Polymerase and dNTPs. During the elongation phase of the PCR, the 

SYBR® Green bound to the DNA groove, at which point the relative mRNA expression was 

measured via calculating the SYBR® Green fluorescence signal. The intensity of the 

fluorescence signal is proportional to the amount of double-stranded DNA. Each reaction 

requires SYBR® Green 12.5 μL, RT mix 0.2 μL, primer pair 0.5 μL (final concentration 200 

nM) and RNAse free water 1.8 µL. When the reaction was completed (with the PCR program 

set as below), melting curve analysis was performed to verify amplicon specificity. The gene 

expression was calculated using the ΔCT method, by calculating exceeded the value of the 

fluorescence signal compared to GAPDH (housekeeping gene), using the formula below: 

ΔCt= Ct (HPV)-Ct (GAPDH) 
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qRT-PCR Program  

30 min 48 °C (reverse transcriptase) 

10 min 95 °C (inactivation of Rtase and activation of Taq) 

15 s at 95°C  

                                40 cycles 

       60 s at 60°C             

Melting curve: 

15 sec 95°C 

15 sec 60°C 

15 sec 95°C 

3.4.3 Analysis of RNA sequencing 

RNA sequencing was performed at the Max Planck Genome Centre, Cologne, using Illumina 

HiSeq3000. PolyA enrichment was applied to all samples. For each sample, 50 M single-end 

reads (150 bp) were generated. The assessment of raw sequence read quality was conducted 

using FastQC. Subsequently, reads were aligned to the human reference genome (assembly 

GRCh37) utilizing the splice-aware aligner STAR (v2.7) in two-pass mode. To map reads to 

genes, quality GTF files obtained from Gencode (version 28) were employed through 

FeatureCounts, thereby obtaining a raw count matrix. Within this matrix, genes exhibiting no 

expression across samples were filtered out. Thereafter, differential gene expression analysis 

was performed using DESeq2 (v1.32.0) in R. The data quality control and pre-analysis were 

done by Hilmar Berger from the MPIIB Department of Molecular Biology. Genes were ranked 

according to their log2 fold change relative to healthy controls, followed by gene set 

enrichment analysis (GSEA) performed through the fgsea method within the clusterProfiler R 

package (v4.0.5). The biological function enrichment was analyzed via the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID, 2021), focusing on GO Biological 

Process (C5-BP). Heatmaps depicting gene expression levels measured in transcripts per 

million (TPMs) were generated using the “pheatmap” package (v1.0.12). Volcano plots were 

generated using “ggplot2” package (v3.4.0), while circos plots were generated using “Goplot” 

and “dplyr” packages. 
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3.5 Peptidome analysis  

3.5.1 HLA immunoaffinity purification 

Peptidome data was generated and pre-analyzed by Marcel Wacker. HLA-I and HLA-II 

peptides were isolated using column-based immunopurification as previously described 

(Wacker et al.,2023). The frozen cervical organoid samples containing 1x108 cells were 

incubated in the lysis buffer containing a 3-[(3-cholamidopropyl) dimethylammonio]-1-

propanesulfonate (CHAPS) (Panreac AppliChem, Darmstadt, Germany) shaking for 1 hour. 

Thereafter, the lysate was sonicated (with at least 150 W of ultrasonic power, 50% pulse length, 

2 minutes) and subsequently incubated for 1 hour. Lysates were cleared by centrifugation at 

maximum speed (3100 x g), followed by sterile filtration through a 5 µm filter (Merck Millipore, 

Darmstadt, Germany). To prepare the sepharose beads coupled with either the pan-HLA class 

I–specific mAb W6/32 or the pan-HLA class II–specific mAbs Tü-39 coupled, 1 mg W6/32 or 

Tü-39 mAb was attached to 40 mg beads (cyanobromide-activated sepharose 4B, Cytiva 

Sweden AB, Uppsala, Sweden) suspended in 1 ml PBS. The chromatography setup 

comprised two connected columns (Econo Column® Chromatography Columns 0.5 cm × 5 

cm BioRad, München, Germany), with the upper and lower column designated for the mAb 

W6/32 and mAbs Tü-39 coupled cyanobromide-activated sepharose beads, respectively. The 

sample was circulated overnight through this column system at 4 °C. Affinity columns were 

then rinse for 30 min with PBS followed by a 1-hour wash with double distilled water. Four 

times acid elution was performed afterwards with intermittent drying of the matrix. In initial 

elution, 150 μL of 0.2% (v/v) trifluoro acetic acid (TFA) and 50 μL of 10% (v/v) TFA were used, 

with subsequent elution using 150 μL of 0.2% (v/v) TFA in the last 3 repeats. The incubation 

time of acidic elution was 15 minutes for each time. All eluates were mixed and then filtered 

with 3 kDa and 10 kDa ultracentrifuge filters (Amicon Ultra 0.5 centrifugal filter unit 3 or 10 

kDa, Merck Millipore, Billerica, USA) for HLA class I and HLA class II peptides, respectively, 

and stored at -80°C. Prior to Mass spectrometry (LC-MS/MS) analysis, the filtrates were 

concentrated via lyophilization, followed by purification and desalting steps using a ZipTip C18 

pipette tip (15 µm particle size, 200 Å pore size, 0.6 µl volume, Merck-Milipore, Darmstadt, 

Germany). After binding peptides to the C18 ZipTip, the tip was rinsed with 0.1% (v/v) TFA. 

Peptides were subsequently eluted with 32% (v/v) ACN in 0.2% (v/v) TFA. The effectiveness 

of the 0.1% (v/v) TFA washing solution (termed desalting) was also assessed for peptide loss.   

The desalting and final sample volumes were concentrated with vacuum centrifugation and 

adjusted to 25 µl with 1% (v/v) ACN in 0.05% (v/v) TFA for subsequent LC-MS/MS analysis.  
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3.5.2 Mass spectrometric data acquisition and processing 

Mass spectrometric data was acquisited as previously described (Wacker et al.,2023). Peptide 

separation was conducted using reversed-phase liquid chromatography (nanoUHPLC, 

UltiMate 3000 RSLCnano, Thermo Fisher, Waltham, Massachusetts, USA), followed by an 

on-line coupled Q Exactive HF mass spectrometer (Thermo Fisher). The peptide samples 

were loaded with a solvent mixture of 1% CAN and 0.05% TFA on a 75 µm x 2 cm Acclaim 

PepMap 100 C18 Nanotrap column (Thermo Fisher Scientific) at a flow rate of 4 µL/min for 

10 min. The separation process was performed on a 50 µm × 25 cm PepMap RSLC C18 

(Thermo Fisher Scientific) column, with a particle size of 2 µm (PepMap C18, Thermo Fisher). 

Samples were analyzed in three technical replicates. The samples underwent elution with a 

linear gradient from 3% to 40% solvent B (80 %/0.15% FA in water) at a flow rate of 0.3 µL/min 

over 90 min. Ionization of eluting peptides was achieved through a nanospray source and the 

analysis was performed in the online coupled mass spectrometer equipped with a top 35 HCD 

(Higher-energy C-trap dissociation) method. This setup generated fragment spectra at a 

resolution of 30,000. The mass range was limited to 400-650 m/z for HLA class I peptides and 

400-1000 m/z for HLA class II peptides, and positive charge states 2–3 for HLA class I and 2–

5 for HLA class II were selected for fragmentation. 

Data processing was performed following the methodology previously outlined (Nelde et 

al.,2019). Integration of the database search results from the SequestHT search engine 

[University of Washington] against the human proteome (Swiss-Prot database, 20,279 

reviewed protein sequences, September 27th, 2013) was facilitated by the Proteome 

Discoverer (v1.4, Thermo Fisher), employing a precursor mass tolerance of 5 ppm, fragment 

mass tolerance of 0.02 Da, and allowing oxidized methionine as a dynamic modification. 

Binding strength against nine representative HLA-I alleles (HLA-A*03:01, HLA-B*27:07, HLA-

C*15:02, HLA-A*01:01, HLA-A*68:01, HLA-B*15:23, HLA-B*52:01, HLA-C*07:04, HLA-

C*12:02) were predicted with NetMHCpan 4.1BA. Thresholds of IC50 and rank for strong 

binders were set at IC50< 500 nM and rank<1. The MHC-I peptide immunogenicity was 

analyzed with the Immune Epitope Database (IEDB) prediction tool, a positive score indicates 

a likelihood of T cell recognition and a negative score indicates that recognition is less likely.  

3.6 TCGA and GEO data analysis 

3.6.1 TCGA and GEO data collection 

Clinical information, mRNA expression data of 292 cervical cancer patient samples (cases 

without complete information were excluded) were retrieved from The Cancer Genome Atlas 

(TCGA) via the cBioPortal (https://www.cbioportal.org/). The GSE228568 dataset consists of 

https://www.cbioportal.org/
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three HPV16 positive cervical cancer samples and three normal samples microarray data were 

downloaded from the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) 

was included. TCGA data was utilized for exploring the relationship between DNA repair genes 

expression, patient’s prognosis and the tumor microenvironment (TME). GEO data was 

downloaded to validate whether the biology function enrichment pattern observed in organoids 

consist with the one in corresponding tissues. 

3.6.2 DRGscore calculation and prognosis analysis 

DNA repair-related genes (DRG) expression of TCGA data was constructed by LASSO-COX 

dimension reduction analysis using R packages “glmnet” and “survival” (Li et al.,2021;Xu et 

al.,2022;Xu et al.,2023). The λ value corresponding to the minimum partial likelihood deviance 

was selected as the optimal λ. Finally, 5 candidate genes and corresponding lambda values 

(RAD50: 0.12368922, OGG1: 0.0211609, SUCLA2: 0.04715829, XPA: 0.0045094, MGMT : 

0.0153683 ) were obtained based on TCGA data. The DRGscore of each patient was 

calculated as follows:  

DRGscore = expr RAD50 × λ RAD50 + expr OGG1 × λ OGG1 + expr SUCLA2 × λ SUCLA2 

+ expr XPA × λ XPA+ expr MGMT × λ MGMT.  

where expr (gene) was the expression level of the gene and λ (gene) was the corresponding 

lambda value. Combined with the survival data, the R packages “survival” and “survminer” 

were employed to determine the cutoff of DRGscore and whether there is a survival difference 

between high/low DRGscore groups. The Kaplan–Meier curve analysis was conducted to 

compare the overall survival (OS) between these two groups.  

3.6.3 Tumor microenvironment evaluation and prognosis 

CIBERSORT method (https://cibersort.stanford.edu/) was used to quantify the infiltrating 

immune cell ratio of TCGA data (Luca et al.,2021). The proportion of 22 immune cells was 

calculated. With R package “ESTIMATE”, the stromal score, immune score and ESTIMATE 

score were calculated (Fan et al.,2022;Feng et al.,2023). Tumor Immune Dysfunction and 

Exclusion (TIDE) score and tumor inflammation signature (TIS) score were used to infer the 

clinical response of patients to immunotherapy (Jiang et al.,2018). High TIDE scores and low 

TIS scores were associated with poorer immunotherapy outcomes (Huang et al.,2021). 

TIDEscore was calculated with an online tool (http://tide.dfci.harvard.edu/login/) and TISscore 

was calculated as the mean of normalized expression on a log2-scale of 18 characteristic 

genes (Ayers et al.,2017). The receiver operating characteristic curve analysis (Rock et 

al.,2016) was utilized to compare the performance of the DRGscore, TIDEscore, and TISscore 

https://www.ncbi.nlm.nih.gov/geo/
https://cibersort.stanford.edu/
http://tide.dfci.harvard.edu/login/
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in prognosis prediction by using the package “pROC”. “ggplot2”, “ggpubr”, and “ggsignif” R 

packages were used to generate boxplots to display the immune cell makeup and scores, etc.  

3.7 Vγ9Vδ2 T cells expansion and functional assays 

3.7.1 Vγ9Vδ2 T cell expansion  

Vγ9Vδ2 T cells were expanded from peripheral blood mononuclear cells (PBMCs) obtained 

from leukocyte concentrates of healthy blood donors using a Ficoll-Hypaque (Biochrom, 

Biocoll L 6113/5) density gradient according to the manufacturer’s protocol. The leukocyte 

concentrates, sourced from the Institute of Transfusion Medicine UKSH Campus Kiel with 

Ethics Approval D 434/22. The blood was diluted at a 1:2 ratio in PBS. Each 30 mL of diluted 

blood was gently layered onto 15 mL of Ficoll in a 50 mL falcon tube, and spun down at 

2000rpm for 20 min, with the brake turned off. The resultant white layer containing the 

leukocytes was carefully collected into a fresh 50 mL falcon tube and washed twice with PBS 

to remove the residual Ficoll. Following this, the cell pellet was resuspended in complete RPMI 

medium for later Vγ9Vδ2 T cell expansion. 

Prior to expansion, the initial Vγ9Vδ2 T cell population was checked by staining PBMC with 

anti-Vδ2-FITC and anti-CD3-APC. Samples with the Vγ9Vδ2 T cell percentage over 2% were 

accepted to be further expanded. On day one, the Vγ9Vδ2 T cells were selectively activated 

by stimulating PBMCs with 5 μM zoledronic acid and 100 IU/mL IL-2. In the following 14-day 

expansion period, 50 IU/mL IL-2 supplement was added every other day (Peters et al.,2020). 

After two weeks of expansion, the purity of Vγ9Vδ2 T cells was checked, and the lines were 

used for experiments when Vγ9Vδ2 T cells represented more than 90% of the total cell 

population. 

3.7.2 Vγ9Vδ2 T cell co-culture with 2D cervical stem cells  

Prior to the co-culture, I collected and counted different 2D cervical stem cell lines. Daudi cells 

were used as a positive control group. All cell lines were first counted and pelleted in 15 mL 

Falcon tubes by centrifuging at 1,400 rpm for 5 min. PKH67 green dye was prepared according 

to the manufacturer’s protocol (for 7.5x105 cells 75 μL Diluent C and 0.2 μL mixture was 

required). Cell pellets were resuspended in this dye and mixed well. After incubation in the 

dark at room temperature for 4 min, 7 mL R+ medium was added and incubated for a further 

1 min to stop the staining. The cells were then pelleted by centrifuge once more. In order to 

remove the leftover PKH67, it was necessary to transfer the resuspended cells to new Falcon 

tubes before the final two washes. After counting the cells, they were resuspended with the 

proper volume of R+++ medium for a cell concentration of 2x105 cells/ mL. Vγ9Vδ2 T cells 
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were also counted, and cell suspensions were prepared at the final concentration of 2x106 

cells/mL (E: T 10:1). 

Three different conditions were set up to compare the cytotoxicity effect: organoid lines 

(negative control), organoid lines co-cultured with Vγ9Vδ2 T cells, and organoid lines co-

cultured with BrHPP activated Vγ9Vδ2 T cells. 50 µL organoid cells were added in each well, 

thereafter mixed with 50 µL Vγ9Vδ2 T cells in the presence or absence of BrHPP. R+++ 

medium was added to maintain an equal volume of liquid in all the wells. The co-culture lasted 

for 4 hrs. Following this, the cells were stained with PI for 10min (4°C) and analyzed using 

flow cytometry.  

Cervical cancer cell cytotoxicity effect was calculated using the formula:   

Cytotoxicity= 100− [(% of living epithelial cells in co-culture with γδ T cells/% of living epithelial 

cells without γδ T cells) × 100] (Sacchi et al.,2018) 

3.7.3. Flow cytometry analysis 

To investigate the cytotoxic effect against organoids and the expression of CD107a of Vγ9Vδ2 

T, cells were harvested after co-culture, transferred into 96-V bottom plates, and then washed 

with wash buffer. The cells were then stained with PI, or other fluorochrome-conjugated 

monoclonal antibodies directed against the interested surface molecules, and incubated for 

30 min at 4 °C. The cells were washed twice, using wash buffer, then resuspended in wash 

buffer. Cells were immediately loaded on the FACS Canto II flow cytometer. At least 10,000 

events were collected for the analysis of the different surface molecules. Data were then 

analyzed with FlowJo v.10. 

3.7.4 Vγ9Vδ2 T cell co-culture with cervical organoid lines  

Prior to co-culture, a flat-bottom 384 well-plate (black with clear bottom, Corning) was coated 

with Poly-2-hydroxyethyl methacrylate (poly-HEMA; Sigma, P3932) dissolved in 100% ethanol, 

following the method previously described (Kuroda et al., 2013). 30 µl poly-HEMA solution 

was added in each well, followed by swirling for 10 min using a plate rotator and left to dry 

overnight under the culture hood. Prior to use, the plate was washed with PBS. 

Organoid lines were cultured for approximately seven days, while the Vγ9Vδ2 T cell population 

was expanded for 14 days, according to the established protocols. Matrigel was dissociated 

using 11 mL of cold PBS and the resulting organoid suspension was collected in a 15 mL 

Falcon tube. Thereafter, 1 mL of the organoid suspension was extracted and digested into 

single cells using TrypLE, with the count of single cells used to estimate single-cell equivalents 
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for the rest of organoids. The organoids underwent three washes with cold PBS before being 

collected and stained with Celltrace CFSE according to the supplier’s protocol. Following this, 

Vγ9Vδ2 T cells were added at E:T = 10:1 (effectors were Vγ9Vδ2 T cells, targets were 

organoid lines). In the respective conditions, “Dead cells” were boiled for 10 min at 95°C prior 

to the start of the experiment, and cisplatin-treated cells served as positive control for cell 

death. Vγ9Vδ2 T cells were non-activated or activated without/with 300 nM BrHPP, 10 μL of 

Nucred Dead 647 was incorporated to distinguish between dead and live cells, and the plate 

was promptly measured under the CELLAVISTA 4 automated cell imager in combination with 

the SYBOT X-1000 equipped with the CYTOMAT 2 C-LiN system (all SYNENTEC). 

 

Figure 6. Assessment framework for Vγ9Vδ2 T cell cytotoxic impact on cervical organoids.  
Cervical organoids derived from adult stem cells—representing healthy, HPV-positive, and cancerous 

tissues—were cultured using established protocols. Concurrently, Vγ9Vδ2 T cells were selectively 

proliferated using zoledronic acid and interleukin-2 to achieve over 90% purity. Post-coculture, cytotoxic 
effects were quantitatively assessed through flow cytometry and qualitatively via live cell imaging. 
(Created with BioRender.com. at MPIIB) 

3.8 Microscopy and image analysis  

3.8.1 Live-cell imaging of co-culture 

Measurements and imaging acquisition of Vγ9Vδ2 T cell and cervical organoid co-culture were 

conducted using the CELLAVISTA 4 automated cell imager in combination with the SYBOT 

X-1000 equipped with the CYTOMAT 2 C-LiN system (all SYNENTEC) as previously 

described (Dong et al.,2023). Wells were monitored every hour over a 24-hour period. 

Afterwards, fluorescence data and images were extracted using YT-Software (SYNENTEC 

GmbH) employing the Real Cytoplasm (2F) application. The settings were adjusted to detect 
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all organoids in the green channel and followed by analysis of the average intensity of yellow 

and red signals within each spheroid area. Different channel settings were used. Exciter: Blue 

(475/28) – Emission filter: Green Filter 530nm (530/43), Exciter: Green (529/24) – Emission 

filter: Amber Filter 580nm (607/70), Exciter: Red (632/22) – Emission filter: Far Red Filter 

670nm (685/40).  

3.8.2 Light and fluorescence microscopy  

Phase contrast and brightfield images were taken with a 4x or 10x objective using the 

OLYMPUS IX50. Images were contrast adjusted and scale bars were added using FIJI. 

Fluorescence images were taken with a fluorescence microscope (ECHO® Microscope). 

3.8.3 Confocal microscopy  

With assist of David Holthaus, confocal images were obtained after IF staining with a 10x, 40x 

or 63x oil objective using a Zeiss cLSM 880 microscope, equipped with Plan-Apochromat 

20x/0.8 M27 and C-Apochromat 40x/1.20 water M27 objectives and analyzed with ZEN blue 

software and ImageJ version 1.52a. 

3.9 Statistical analysis  

All violin plots depicted the median with Tukey whiskers. Statistical significance was 

determined using a Two-Way ANOVA with Tukey’s correction for multiple testing. For 

comparisons other than the violin plots, two-tailed Student´s t-test with mean ±SD (standard 

deviation) was employed. Descriptive statistics were also included. Basic calculations were 

performed using MS EXCEL 2023 (Microsoft). Figures were plotted using Prism 9 (GraphPad) 

or R (v4.2.2). A p-value <0.05 was considered statistically significant, with asterisks indicating 

the following p values: ns for not significant, * for p<0.05, ** for p<0.01, *** for p<0.001, **** 

for p < 0.0001.
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4 RESULTS   

4.1 Cervical organoids replicate the morphological and transcriptomic characters of 
cervical tissue  

4.1.1 Establishment and characterization of cervical cancer organoid lines 

In addressing the challenge of acquiring adequate cervical tissue samples for diverse in vitro 

assays, our laboratory has successfully pioneered the establishment of a robust culture 

protocol for patient-derived cervical organoids. This advancement is documented in our peer-

reviewed publications (Gurumurthy et al.,2022;Koster et al.,2022). Our methodology is distinct 

from traditional organoid cultivation techniques, primarily through the incorporation of 3T3-J2 

feeder cells. These feeder cells are a rich source of extracellular matrix components—such 

as type IV collagen, laminin, various glycoproteins, interstitial procollagens, fibronectin, and 

hepatocyte growth factor—which collectively create an optimal milieu for the proliferation of 

primary cervical cells (Alitalo et al.,1982;Ligaba et al.,2015).  

Utilizing the developed methodology, I successfully generated four new cervical cancer 

organoid lines. Following the isolation of primary cervical cancer cells from four unique 

parental tissues, these cells were initially cultured on collagen-I-coated flasks (Figure 7A left). 

After the 0 passage, they were transferred onto a layer of irradiated 3T3-J2 feeder cells (Figure 

7A right), facilitating further growth before encapsulation in Matrigel domes to form cervical 

organoids. I noted that within a week, cervical epithelial cells formed proliferative colonies, 

eventually replacing the apoptotic feeders (indicated by light spots in Figure 7A, right). 

Remarkably, no discernible differences in the rates of proliferation and colony formation were 

observed under optical microscopy between the healthy, HPV+, and cancer primary cells 

(Figure 7B, upper). 

For subsequent growth into organoids, the epithelial cells were cultivated in M5+FSK medium, 

which contains critical growth factors. Unlike the Clevers’ group medium for ectocervical 

organoids (Lõhmussaar et al.,2021), our protocol intentionally omits R-spondin-1 due to its 

observed inhibitory effect on ectocervical organoid proliferation (Chumduri et 

al.,2021;Lõhmussaar et al.,2021). Among the organoid lines previously established by 

Stephanie Koster, six cervical organoid lines—including three healthy and three HPV16 E6E7-

transformed (HPV+) lines—along with four newly cultivated cervical cancer lines, are poised 

for further investigative assays. In the various cervix organoid lines, we observed subtle 

variations in three-dimensional spheroid architecture under optical microscopy (Figure 7B, 

lower).  
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4.1.2 Verification of HPV16/18 expression in cervical organoid lines 

As demonstrated in the studies, HPV16 and HPV18 play a significant role of in cervical 

carcinogenesis (Bordigoni et al.,2021;Fan et al.,2020;Layman et al.,2020). I assessed the 

HPV status across ten organoid lines using quantitative real-time PCR (qRT-PCR). Controls 

expressing various levels of HPV16 and HPV18, including End1, and HeLa cells, were used 

to measure HPV16 and HPV18 level in organoids. The ΔCT method quantified HPV 

expression relative to GAPDH, with lower ΔCT values indicating higher expression levels. This 

analysis confirmed the presence of HPV16 E6 E7 oncogenes in three organoid lines derived 

from cervical cancer (Cancer1-3) and in all three HPV+ lines. Uniquely, the Cancer4 organoid 

line was identified as harboring HPV18, reflecting the distinct incidences of HPV16 and HPV18 

in cervical cancer pathology (Figure 7C) (Ahmed et al.,2017). 

Figure 7. Ectocervical organoid cultivation and HPV16 E6E7 assessment.  
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A) Primary cervical cell colonies at passage 0 (P0) were formed on collagen I-coated flasks (left). 

Subsequent passages (P3) involved expansion on a layer of irradiated feeder cells (right). Visible bright 

spots within the 2D primary cell cultures indicate feeder cells undergoing detachment.  

B) Representative brightfield images illustrating both two-dimensional (2D) primary cell cultures and 
three-dimensional (3D) organoids derived from healthy, HPV+, and cancerous tissues. In the 2D culture 

system, following primary cell attachment, emerging colonies progressively outgrew and supplanted the 

feeder cells, expanding into the surrounding spaces. In 3D cultures, single cells proliferated and self-

organized into spheroidal organoids within one to two weeks, with diameters ranging from 60 to 100 

micrometers. Under optical microscopy, no marked morphological differences were observed among 

healthy, HPV+, and cancer organoids. 

C) Quantitative real-time PCR (qRT-PCR) analyses were conducted, with ΔCt (HPV16/18-GAPDH) 

values normalized against GAPDH as the reference gene. End1 cells served as a positive control for 
HPV16, and HeLa cells as a positive control for HPV18 detection. All three healthy organoids were 

HPV-negative. Integration of HPV16 oncogenes E6E7 was confirmed in all three HPV+ organoid 

samples and in Cancer organoids 1, 2, and 3. The Cancer 4 organoid line exhibited integration of HPV18. 

4.1.3 The cervical organoids exhibit a faithful reproduction of the structural polarity in tissue 

Within one to two weeks of culture, the primary cells gave rise to organoid structures in 

Matrigel dome. These organoids progressed from simple epithelial formations to complex 

structures with distinct basal and apical polarities that reflect the architecture of the tissue of 

origin.  Significantly, in HPV+ and cancerous organoids, the proliferation marker Ki67 exhibited 

a diffuse expression throughout all cellular layers (Figure 8B, HPV+, cancer), deviating from 

the confined expression to basal and parabasal layers observed in healthy organoids (Figure 

8B, healthy). This pattern effectively mirrors the proliferative gradients found in clinical biopsies 

(Figure 8A), indicating a loss of cellular growth control characteristic of neoplastic 

transformation. In the organoids derived from cervical tissue, KRT5, a cytoskeletal protein 

indicative of ectocervical origin (Eckert and Rorke,1989), exhibited a stratification that closely 

emulates the epithelial layers found in native cervical tissue, as demonstrated in Figure 8. 

Comprehensive details on the ectocervical organoid cultures are elaborated in prior studies 

(Gurumurthy et al.,2022;Koster et al.,2022). This atypical proliferation pattern, a hallmark of 

altered structural polarity, is emblematic of oncogenic transformation. It highlights the utility of 

our cervical organoid models for probing the molecular mechanisms underpinning cervical 

carcinogenesis. 
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Figure 8. Immunofluorescence analysis of cervical epithelium and organoids.  
A) Representative immunofluorescence images contrasting healthy ectocervical tissue with ectocervical 

squamous carcinoma (SCC). The epithelium was labeled with cytokeratin 5 (KRT5, green fluorescence) 

to demarcate structural cells, alongside Ki67 (red fluorescence), marking proliferative cell populations. 

Tissue IF images were acquired by Volker Brinkmann from MPIIB. 
B) Representative immunofluorescence images of cervical organoids from healthy, HPV-transformed 

(HPV+), and cancerous origins. Nuclear staining was achieved with Hoechst (blue fluorescence), with 

additional labeling for KRT5 (green fluorescence) and Ki67 (red fluorescence) to illustrate cellular 
composition and proliferative activity. IF images were acquired with assistance of David Holthaus from 

IKMB. 
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4.2 Transcriptomic characters of cervical organoid and tissue  

4.2.1 Transcriptomic shifts in HPV-associated cervical carcinogenesis 

Cervical carcinogenesis is closely associated with persistent high-risk HPV infection. By 

comparing transcriptomic profiles of healthy, HPV+, and cancer-derived organoids, I dissected 

the genetic alterations facilitating cervical transformation. Moreover, upregulated genes in 

these HPV-positive (HPV+) and cervical cancer organoids may encode tumor-associated 

antigens (TAAs) recognizable by T cells, potentially activating anti-tumor immune responses 

(Otter et al.,2019). I initially extracted RNA from healthy, HPV+, and cancerous cervical 

organoid lines for RNA sequencing. Hilmar Berger from MPIIB's Molecular Biology 

Department conducted data preprocessing and screening for differentially expressed genes 

(DEGs) using the STAR (v2.7) aligner, aligning sequences to the human reference genome 

(GRCh37). Gene mapping was performed with FeatureCounts, utilizing GTF files from 

Gencode (v28) to obtain raw counts. Non-expressed genes were removed from this raw count 

matrix, and DESeq2 (v1.32.0) in R (v4.0.5) was applied to identify differentially expressed 

genes. 

In total, HPV+ and cancer-derived organoid lines exhibited 927 and 1735 genes with increased 

expression, respectively (Figure 9A upper, red, blue), while 173 and 1402 genes were notably 

decreased in expression (Figure 9A lower, red, blue). In my comparative analysis with the 

GEO dataset (GSE228568) (Figure 9A, T1(green)), I discovered extensive differential gene 

expression in cervical cancer: 5,066 genes were upregulated and 3,102 were downregulated. 

Notably, there were 517 upregulated and 211 downregulated genes shared between the 

organoids and actual cervical cancer tissues, highlighting the backdrop of tissue-specific 

genetic variation and cellular complexity (Figure 9A).  

4.2.2 Expression gradient of DNA repair genes in HPV progression to cervical cancer 

Integration of high-risk human papillomavirus (HR-HPV) into the host genome disrupts the 

function of DNA damage and repair genes, contributing to the development of persistent HPV 

infections and cervical cancer (Gusho and Laimins,2021). Gene Set Enrichment Analysis 

(GSEA) corroborates that genes involved in DNA repair pathways are predominantly active in 

HPV+ (Figure 9C lower) and cervical cancer (Figure 9C, upper). For a more nuanced 

interpretation of gene expression trends, I generated heatmaps using 'pheatmap' R package. 

These visual representations delineate the differential expression profiles associated with 

DNA damage-repair pathways across healthy, HPV-infected, and malignant cervical organoid 

models. The heatmap shown in Figure 9B revealed pronounced overexpression of DNA 
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damage-repair genes in cancerous compared to healthy organoids, with HPV+ organoids 

exhibiting intermediate expression patterns.  

To further elucidate the crucial DNA repair-related genes, I crafted an additional heatmap 

profiling 41 essential DNA repair genes. This heatmap underscores their varying expression 

across healthy, HPV-positive, and cancerous organoid lines, with genes like MSH2, MCM-

family proteins, BRCA1, BRCA2, and EXO1 standing out (Figure 9D). These genes are 

acknowledged for their pivotal roles in DNA repair and cellular stress signaling pathways 

(Ciccia and Elledge,2010) and cancer transformation. The mutation of DNA mismatch repair 

(MMR) genes MLH1, MSH2, MSH6 and PMS2/1 play an important role for Lynch syndrome, 

formerly known as Hereditary Non-Polyposis Colorectal Cancer (HNPCC), identification (Antill 

et al.,2015). Furthermore, the MCM protein family, markedly upregulated, is known for 

prognostic relevance and as potential therapeutic targets in various cancers (Yu et al.,2020). 

Overall, the gradation in DNA repair-related gene expression indicated their unique and 

significant role in the transition from HPV infection to cancerous transformation. 
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Figure 9. Transcriptomic analysis of cervical organoid and tissue.  
A) Venn diagrams depict shared and unique up/down-regulated gene expression among HPV+, 
cancerous organoid lines, and cervical cancer tissues (compare to healthy tissues). Upregulated genes 

are indicated in the upper diagram, while downregulated genes appear in the lower diagram. 

B) A heatmap illustrated the expression profiles of DNA damage-repair genes across healthy, HPV+, 

and cancerous organoid lines, with expression levels normalized to transcripts per million (TPM) and 

indicated by a z-score gradient from high (red) to low (blue). 

C) Enrichment analysis of DNA repair genes. The bars illustrated gene set enrichment within DNA repair 

pathways, contrasting HPV+ (lower) and cancer (upper) organoids with healthy ones. Red bars denote 

upregulated genes involved in DNA repair, while blue bars indicate downregulated genes relative to 
healthy organoid benchmarks. 

D) Comparative heatmap of DNA repair gene expression. This heatmap visualized the expression levels 

of 41 DNA repair-related genes across healthy, HPV+, and cancer organoid lines. Expression data, 

normalized to transcripts per million (TPM) and presented as z-scores, range from high (red) to low 

(blue), delineating the differential gene expression profiles among the organoid types. 
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4.2.3 Augmentation of DNA repair pathways in HPV-associated cervical carcinogenesis  

For a comprehensive analysis of Gene Ontology (GO) Biological Process (BP) enrichment in 

dysregulated genes from HPV+ and cancerous organoid lines, as well as cervical cancer 

tissues, I utilized the DAVID database for annotation. Volcano plots were generated via the 

'ggplot2' R package to visualize significant GO BP changes. I applied a stringent False 

Discovery Rate (FDR<0.05) and a log2 fold change threshold (|log2FC| ≥ 1.5), identifying 

notably enriched processes. Among these, cell division, cell cycle, and DNA repair processes 

were consistently upregulated across all samples, as depicted in Figure 10A with red arrow.  

The aforementioned results prominently feature DNA repair genes and processes. Further 

elucidation of DNA repair mechanisms was achieved through enrichment analysis of ten 

specific repair pathways (Double-strand break repair via homologous recombination, DNA 

synthesis involved in DNA repair, DNA-dependent DNA replication, DNA repair, Regulation of 

DNA repair, Nucleotide-excision repair, Mismatch repair, Double-strand break repair, Double-

strand break repair via nonhomologous end joining, Regulation of double-strand break repair 

via homologous recombination), with results presented in circos plots produced using 'Goplot' 

and 'dplyr' packages (Figure 10B). A similar enrichment pattern was observed in HPV+, cancer 

organoids and cervical cancer tissue datasets. And the differential expressed genes (DEGs) 

were significantly enriched in three DNA damage repair processes including DNA repair 

(GO:0006281), double-strand break repair (GO:0006302), and double-strand break repair via 

homologous recombination (GO:0000724) processes (Figure 10B). Moreover, in HPV+ 

organoids, more down-regulated genes (blue dots) were enriched in double-strand break 

repair (GO:0006302), and double-strand break repair via nonhomologous end joining 

(GO:0006303) compared to the ones in cancer organoids and tissues (Figure 10B). This 

observed uniform pattern of enrichment across groups underscored the significant role of 

these pathways in cervical oncogenesis.  

In summary, this comprehensive transcriptomic analysis has confirmed increased DNA repair 

activity in both HPV-positive and cancerous organoid samples and the enrichment of DNA 

repair genes highlights their potential importance in the evolution of cervical cancer. By 

incorporating further peptidome analysis, the role of DNA repair genes in cervical cancer—

particularly their involvement in generating tumor-associated antigens—can be clarified. 

Integrating additional peptidome analysis could allow the role of DNA repair genes to be 

elucidated, such as the source of tumor-associated antigens (TAAs) in cervical cancer.  
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Figure 10. Enhanced functional enrichment of DNA repair genes in HPV+ and cancerous cervical 
organoids.  
A) Volcano plots revealed enriched GO biological processes in the studied groups (HPV+vs healthy 

organoid, cancer vs healthy organoid, cancer vs healthy tissue), using a threshold of FDR<0.05 and 

|log2 fold change| ≥ 1.5. Significant upregulations (FDR<0.05, log2FC ≥ 1.5) are marked in red, and 

downregulations (FDR<0.05, log2FC ≤ -1.5) in blue. 

B) Enrichment analysis of 10 specific DNA repair processes was visualized, where red and blue dots 
within each DNA repair process denote up- and down-regulated genes, respectively. The z-score 

corresponded to the enrichment within DNA repair processes. The table includes the corresponding 

Gene Ontology (GO) identifiers. 

4.3 DNA repair gene-derived epitopes as potential tumor-associated antigens in 
cervical cancer 

4.3.1 Characteristics of HLA-I/II-restricted peptide repertoires across four cervical cancer 

organoid lines  

DNA repair deficits and HPV-related gene impairments can drive critical genomic changes, 

resulting in the expression of neoantigens and TAAs in cervical cancer (De Mattos-Arruda et 

al.,2020;Ma et al.,2018). These antigens are processed and presented on the cell surface 

bound to HLA molecules, forming a repertoire of non-self-peptides recognizable by the 
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immune system, thus initiating an immune response against HPV-infected or cervical cancer 

cells (Wang et al.,2020). RNA sequencing is commonly employed to identify neoantigen and 

TAA-derived peptides, but advancements in multi-omics have made mass spectrometry an 

invaluable tool for peptidome characterization. By using HLA immunoaffinity purification, 

peptides bound to HLA molecules can be isolated into a candidate antigen pool for validation. 

For each cervical cancer organoid sample comprising 1.0 x 108 cells, a comprehensive harvest 

was performed. Marcel Wacker from Tübingen University executed the peptide elution and 

subsequent data acquisition. The analysis yielded a diverse spectrum of HLA-I/II-restricted 

peptides across four distinct cervical cancer organoid lines. A total of 6,515 HLA-I-restricted 

peptides were cataloged, distributed among the lines as follows: 2,824 in Cancer1, 1,679 in 

Cancer2, 1,628 in Cancer3, and 384 in Cancer4 (Figure 11A, red). In addition, we identified 

719 HLA-II-restricted peptides, with Cancer1 contributing 153, Cancer2 contributing 199, 

Cancer3 contributing 140, and Cancer4 contributing 227 (Figure 11A, blue). Predominantly, 

HLA-I-restricted peptides ranged from 8-12 amino acids (Figure 11B, red), whereas the HLA-

II-restricted peptides demonstrated a broader length variance of 8-25 amino acids (Figure 11B, 

blue). 

Venn diagrams were then constructed to demonstrate the peptide diversity among the 

organoid lines. Notably, a mere 6 HLA-I peptides (Figure 11C, upper) and 34 HLA-II peptides 

(Figure 11C, lower) were common to the four lines, whereas Cancer 2 and Cancer 3 shared 

1,367 HLA-I-restricted and 84 HLA-II-restricted peptides. Due to an anomalously low peptide 

count, Cancer 4 was omitted from further analysis. 

HLA genes are highly polymorphic within the human genome, with over 35,000 allotypes 

spanning HLA-A, -B, and -C subfamilies (Amini et al.,2019). To delve deeper into peptide 

binding affinities and immunogenic potential, Hilmar Berger identified the HLA-allotypes 

present in the four cervical cancer organoid lines, detailed in Table 13. The HLA alleles HLA-

A01:01, HLA-A03:01, HLA-A68:01, HLA-B27:07, HLA-B52:01, HLA-C12:02, and HLA-

C*15:02 were prevalently observed across all four cervical cancer organoid lines studied. 

Table 13. HLA allotypes of the four cervical cancer organoid lines 

Sample HLA-A1 HLA-A2 HLA-B1 HLA-B2 HLA-C1 HLA-C2 
Cancer 1 A*03:01 A*03:01 B*27:07 B*27:07 C*15:02 C*15:02 
Cancer 2 A*01:01 A*68:01 B*52:01 B*15:23 C*07:04 C*12:02 
Cancer 3 A*01:01 A*68:01 B*52:01 B*15:23 C*12:02 C*07:04 
Cancer 4 A*02:01 A*03:01 B*07:02 B*07:02 C*07:02 C*07:02 
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Figure 11. Peptidome profile of HLA ligands in cervical cancer organoids. 

A) Mass spectrometry was employed to identify HLA-I/II-restricted peptide sequences from the four 
cancer organoid lines. Within the bar plot, the quantity of peptides bound to HLA-I and HLA-II depicted 

by red and blue bars, respectively. 

B) This bar plot illustrated the distribution of peptide lengths for the whole HLA-I and HLA-II-restricted 

peptide repertoires from the four organoid lines. Peptide lengths were indicated on the x-axis, with HLA-

II peptide lengths reflected on the negative scale, and the y-axis showed the proportion of peptides at 

each length. 

C) The Venn diagram visualized the commonality among peptides presented by HLA-I (upper) and 

HLA-II (lower) across the four cancer organoid lines. 
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4.3.2 Identification of highly immunogenic peptides within HPV-positive cervical cancer 

organoids. 

TCR recognition of foreign peptides presented by HLA molecules is crucial for the subsequent 

T cell activation and immune response. Assessing TCR recognition involves evaluating factors 

such as binding angles, cofactor necessity, kinetic rates of association and dissociation, 

stability, and the detailed nature of the interaction (Edwards et al.,2012;Gagnon et al.,2006). 

These factors collectively contribute to the binding affinity. While certain studies suggest that 

a high-affinity TCR-pHLA (peptide-HLA complex) interaction may not always activate T cells, 

a consensus exists that a higher binding affinity generally promotes T cell activation (Holler 

and Kranz,2003;Stone et al.,2009;Tian et al.,2007). Binding affinity can be quantified using 

various techniques, including surface plasmon resonance (SPR) for 3D affinity, computational 

docking simulations like TCRFlexDock, and tetramer assays (Pierce and Weng,2013). 

Moreover, computational tools are increasingly used to pre-screen potential peptide targets 

from vast libraries, enhancing efficiency while reducing costs and time. Popular tools such as 

NetMHC, NetMHCpan, MHCflurry, and resources from the Immune Epitope Database (IEDB) 

can be utilized to predict peptide-HLA binding affinities and immunogenicity based on peptide 

sequences and HLA allotype variations. In this study, the predictive metrics of binding affinity 

(IC50 in nanomolar) and the percentile rank scores serve as indicators to gauge the likelihood 

of binding (Paul et al., 2013). 

In this study, I focused on peptides originating from genes overexpressed in HPV-associated 

and cancerous organoid lines. The initial analysis involved mapping the overlap between 

overexpressed genes in HPV-associated and cancerous organoids and the HLA-I/II-restricted 

peptide repertoire across cancer1-3 organoid lines, which was illustrated via the Venn 

diagrams in Figure 12A-C. Overlapping of overexpressed genes and HLA-I-restricted peptides 

was observed (315 in cancer1, 92 in cancer2, and 40 in cancer3), with a noted scarcity of 

overlaps within HLA-II peptides (Figure 11A-C). Subsequent to this finding, I focused 

exclusively on HLA-I-restricted peptides for further analysis regarding binding affinity and 

immunogenic potential. Utilizing the IEDB's immunogenicity prediction tool, I identified highly 

immunogenic peptides exceeding a MHC-I Immunogenicity score > 0 (IEDB.imm). Further, 

binding affinities were calculated using NetMHCpanBA4.0, selecting strong binders with IC50 

values below 500 nM and rank scores under 1. The distribution of these strong versus weak 

binders was visually represented in Figure 12D with red and blue bars, respectively, revealing 

those strong binders to HLA-A01:01, HLA-A03:01, HLA-A68:01, HLA-B27:07, and HLA-

C*15:02 comprised less than 10% of the total identified peptide repertoire (Figure 12D). 
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4.3.3 Detection of conserved residues among high affinity HLA-I peptides  

HLA Class I molecules are composed of a constant β2-microglobulin chain and a variable 

heavy chain, the latter containing α1, α2, and α3 domains. These domains form a peptide-

binding groove with specificity dictated by a series of pockets unique to each HLA allotype 

(Papadaki et al.,2023). T cell receptor (TCR) recognition hinges on the interaction between its 

complementarity-determining regions (CDRs) and the polymorphic residues of the α1 and α2 

helices of the HLA-I molecule, as well as the presented peptide's residues (Papadaki et 

al.,2023). Notably, TCR specificity primarily arises from the CDR3's interaction with the 

peptide (Szeto et al.,2020). Variations in the chemical properties of the pockets in the HLA-I 

heavy chain lead to distinct peptide repertoires being presented; often, the peptides' second 

and terminal residues are conserved among those that bind to a common HLA molecule 

(Szeto et al.,2020). 

To elucidate the amino acid patterns of peptides with strong binding affinities, sequence motifs 

were analyzed. These motifs represent conserved and information-rich patterns that are 

essential for the interaction between peptides and their corresponding receptors. In the motif 

logos, the prevalence of specific amino acids at each position is depicted by the relative size 

of letters, with the height indicating the frequency of occurrence (Andreatta et al.,2017; 

Sricharoensuk et al.,2022). Motif patterns of the identified potent binding peptides were 

delineated utilizing GibbsCluster 2.0. The resulting motifs for the peptides presented by five 

HLA-I allotypes (HLA-A*0301, HLA-C*1502, HLA-B*2707, HLA-A*0101, HLA-A*6801) 

highlighted conserved residues, particularly at the second and C-terminal positions (Table 14), 

aligning with findings of the previous study (Szeto et al.,2020). Predominantly, amino acids 

consist of the high immunogenic peptides, such as Arginine (R), Lysine (K), Tyrosine (Y), 

Phenylalanine (F), Leucine (L), Valine (V), Asparticacid (D), Isoleucine (I), and Threonine (T) 

were favored at the anchor positions for these five HLA allotypes (Figure 12E, Table 14). 

Specifically, HLA-A0301 and HLA-A6801 shared anchor residues at C-terminal, while HLA-

C1502 and HLA-B2707 showed commonality at the C-terminus (Table 14). The detailed 

anchor residue patterns for these allotypes were cataloged, reflecting the allotype-specific 

anchor residue characteristics and suggesting a potential for cross-presentation, which is 

crucial for immune surveillance (Di Marco et al.,2017). 
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Table 14. Anchor residues of the HLA-I allotypes 

Position HLA-A*0301 HLA-C*1502 HLA-B*2707 HLA-A*0101 HLA-A*6801 
1 - R,K - - - 

2 L,I,V T,S R,K T,S V,T 
3 - - - D,E - 
C-terminus K,R L,I,V L,I,V Y,F K,R 
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Figure 12. Characterization of binding motifs in high-affinity epitopes.  
A-C) Venn diagrams depict the intersection of HLA-I/II-restricted peptides derived from cervical 

cancer1-3 organoid lines (designated as Cancer1/2/3 HLA-I/II) with the overexpressed genes in HPV 

and cancer organoids (notated as HPVup/Cancerup). The repertoire of HLA-Class I-restricted peptides 

coinciding with the genes that demonstrated elevated expression levels was advanced to further 

analysis to assess their immunogenicity and HLA-binding affinity. 

D) The peptides with high immunogenicity (an immunogenicity score > 0) were subsequently selected 

for assessment of their binding affinity. The plot illustrated the proportion of peptides that exhibit either 
strong (red) or weak (blue) binding affinities to HLA-I allotypes, with strong binders defined by IC50 < 

500 nM and a rank score < 1 using NetMHCpanBA4.0.  

E) Motif analysis of the strong binders: GibbsCluster 2.0 algorithm facilitated the delineation of 

sequence motifs for strongly binding peptides (8-12 amino acids in length) associated with HLA-A03:01, 

HLA-B27:07, HLA-C15:02 in cancer1, and HLA-A01:01, HLA-A*68:01 in cancer2 and cancer3. 

Specifically, the C-terminal anchor residues K, and R were shared by HLA-A*0301 and HLA-A*6801. 

L,V, and I were identified at position 2 of peptides binding to HLA-A*0301. HLA-C*1052 and HLA-
B*2707 shared L,V,I at C-terminus and R, K were beared at position 2 of the HLA-B*2707 restricted 

peptides, but at position 1 of the HLA-C*1502 peptides. T and S were shared by position 2 of the 

peptides on both HLA-C*1502 and HLA-A*0101. In the HLA-A*0101 peptides, position 3 and C-terminus 

were dominated by D, E and Y, F respectively. 
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4.3.4 Prominent DNA repair enrichment within high immunogenic HLA-I peptide repertoire  

To annotate the biological processes and functions of the peptides with high immunogenic, 

these peptides were aligned with the Gene Ontology (GO) Biological Process (BP) database. 

The resulting dot plots illustrate the top 20 enriched GO BPs within the peptide repertoire, 

factoring in p-value significance and the frequency of gene occurrence in each process (Figure 

13). The size of each dot corresponds to the number of genes enriched in a biological process, 

and the brightness of blue signifies the p-value, with darker blue indicating lower p-values. 

Notably, processes like cell division, cell cycle, and DNA repair were prominently represented 

in the high immunogenic HLA-I peptide repertoire (Figure 13), corresponding to the 

transcriptomic discoveries. This alignment underscores the critical role of the relevant genes 

involved in these processes. The observed enrichment of DNA repair-related genes at both 

the transcriptome and peptidome levels supported a hypothesis: the overexpression of DNA 

repair-related genes might result in an increased translation of DNA repair-related antigens. 

These antigens, when persistently exposed to immune cells, may impact the immune 

response and induce the sustained expression of immune-checkpoint molecules in the tumor 

microenvironment (TME) (Angelosanto et al.,2012). Beyond cell division and DNA repair, the 

HLA-I-restricted peptides are also implicated in protein phosphorylation, inhibition of apoptosis, 

innate immune response, and antiviral defense (Figure 13), which are processes known to 

regulate the dynamics of cervical cancer development and immune-mediated eradication 

(Riera Romo, 2021). 
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Figure 13. Functional enrichment analysis of high immunogenic HLA-I peptide repertoire.  
A dot plot visualization of the top 20 significantly enriched biological processes within the high 

immunogenic HLA-I-binding peptide repertoire derived from the three cervical cancer organoid lines 

(cancer1-3). Among the top 20 GO biological processes, peptides enriched in cell division, cell cycles 
and DNA repair processes were displayed by HLA-I molecules across all cancer organoids. The 

magnitude of each dot is proportional to the quantity of genes, with a larger size indicating a greater 

number of genes involved. The intensity of the blue brightness indicates the level of statistical 

significance, with darker blue representing lower p-values. 

4.4 High correlation of DNA repair gene signature with patient prognosis and tumor 

microenvironment regulation in cervical cancer 

4.4.1 Implications of DNA Repair Gene signature (DRGscore) for prognostication in cervical 

cancer 

The transcriptomic profiling of organoid cultures and the analysis of GEO cervical tissue 

datasets have yielded insights into the role of DNA repair genes in cervical carcinogenesis. 

Notably, robust DNA repair mechanisms are operational during the malignant transformation 

of cervical cells (Helleday et al.,2008;Prati et al.,2018). A deficiency in DNA repair processes 

leads to the accumulation of somatic mutations and increases the efficacy of treatments such 

as immune checkpoint inhibitors, chemotherapy, and radiation therapy (Volkova et al.,2020; 

Zhu et al.,2021; Zhu et al.,2016). Thus, I posited that a DNA repair gene signature could 
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predict patient prognosis in cervical cancer, leading to the construction of a DRGscore for 

further analysis. 

4.4.1.1 Formulation of DRGscore employing LASSO-Cox regression modelling 

The concept of a gene signature refers to a distinct expression pattern across a set of genes 

that enables to define a natural ranking of samples and classify the samples in unsupervised 

way (Cantini et al.,2017). In my research, I utilized the TCGA-CESC dataset, which includes 

transcriptomic and clinical information from 304 cervical cancer patients, to construct a DNA 

repair gene (DRG) signature. This signature was developed by incorporating the top 100 well-

characterized DNA repair genes identified through GeneCards. I employed the least absolute 

shrinkage and selection operator (LASSO-COX) regression analysis for dimensionality 

reduction to formulate the DRG signature (DRGscore). In 1997, Robert Tibshirani introduced 

this novel method for variable selection and shrinkage in Cox's proportional hazards model 

(Tibshirani,1997;Yang et al.,2022). This approach, now widely adopted, facilitates the 

selection of predictive variables associated with overall survival (OS) time and generate gene 

signatures indicative of prognostic outcomes (Tibshirani,1997;Yang et al.,2022). The optimal 

penalty parameter (λ) for the LASSO model was determined by selecting the λ associated with 

the minimum partial likelihood deviance, utilizing the “glmnet” and “survival” packages in R (Li 

et al.,2021;Xu et al.,2022;Xu et al.,2023) (Figure 14A). Subsequently, five candidate genes 

and their respective λ values (λ (RAD50): 0.12368922, λ (OGG1): 0.0211609, λ (SUCLA2): 

0.04715829, λ (XPA): 0.0045094, λ (MGMT): 0.0153683) were integrated to construct the 

DRGscore for each patient. Utilizing the “survival” and “survminer” R packages, defined a 

cutoff value for the DRGscore at 0.07 to categorize patients into high or low DRGscore groups. 

The DRGscore exhibited a strong prognostic ability for overall survival (OS), revealing a 

profound survival disparity (p<0.0001) between the two groups, with patients in the low 

DRGscore cohort experiencing a more favorable prognosis (Figure 14B). 

4.4.1.2 Enhanced prognostic predictive power of DRGscore over TIDEscore and TISEscore 

Two prognostic metrics, the Tumor Immune Dysfunction and Exclusion (TIDE) score and the 

Tumor Inflammation Signature (TIS) score, are known to predict clinical responses to 

immunotherapy (Jiang et al.,2018). It has been observed that elevated TIDE scores and 

diminished TIS scores correlate with suboptimal outcomes following immunotherapy (Huang 

et al.,2021). To evaluate the prognostic predictive efficacy of DRGscore relative to TIDEscore 

and TISscore, I employed the same TCGA-CESC dataset to compute these three scores and 

subsequently appraised their prognostic accuracy using receiver operating characteristic 

(ROC) curve analysis (Rock et al.,2016), with reference to patient overall survival (OS) times. 
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Employing the R packages “pROC,” “ggplot2,” and “ggpubr,” I generated the ROC curves and 

calculated the Area Under the Curve (AUC). The analysis confirmed that the DRGscore, with 

an accuracy of 62.9%, outperforms both the TIDEscore (54.6%) and the TISscore (58%) in 

prognostic prediction (as shown in Figure 14C). Intriguingly, the DRGscore demonstrated 

superior predictive power for patient prognosis when contrasted with the other two scores 

related to immunotherapy. 

 

Figure 14. Assessment and prognostic comparison of DRGscore in cervical cancer.  

A) This panel presented the application of the least absolute shrinkage and selection operator (LASSO) 

Cox regression analysis to derive a DNA Repair Gene (DRG) signature. Displayed was a plot from a 

10-fold cross-validation procedure to determine the optimal penalty parameter (λ) based on the 
minimum criteria. The plot illustrated the relationship between the partial likelihood deviance and the 

logarithm of λ, with dotted vertical lines indicating the optimal λ corresponding to the minimum criteria 

and one standard error from this minimum. The number of retained variables at each given λ is denoted 

along the upper x-axis. 
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B) The Kaplan-Meier survival curves differentiated between patients with high and low DRGscore 

values within the TCGA-CESC cervical cancer cohort. The plot's lower segment enumerates the count 

of surviving patients at various time points post-diagnosis, segregated into the two DRGscore strata. 

Statistical significance was determined using two-tailed Student´s t-test with mean ±SD, a p-value <0.05 
was considered statistically significant. 

C) This section compared the prognostic utility of the DRGscore, TIDEscore, and TISscore for cervical 

cancer patients within the TCGA-CESC cohort, utilizing receiver operating characteristic (ROC) 

analysis. The efficacy of each scoring method in predicting patient outcomes is visualized through the 

ROC curves and quantified by the Area Under the Curve (AUC). 

4.4.2 Strong correlation between DRGscore and tumor environment alterations  

The tumor microenvironment (TME) is pivotal in shaping tumor development, progression, and 

therapeutic outcomes, characterized by its dynamic and complex cellular architecture. Apart 

from the tumor cells, the TME includes a variety of cellular components such as stromal cells, 

endothelial cells, and immune cells, along with growth factors, cytokines secretion, and 

different immune checkpoints expression. Together, these components can either drive or 

hinder tumor growth, highlighting the multifaceted influence of the TME on cancer dynamics.  

4.4.2.1 Correlation between multiple immune cell subsets in TME and patient prognosis  

Immune cells are crucial elements within the tumor microenvironment (TME), playing a dual 

role that varies based on context. Tumors are classified into two types based on the presence 

and distribution of immune cells within the TME: "hot" tumors, characterized by immune cell 

infiltration, and "cold" tumors, which lack immune cell presence in the TME. The presence of 

CD8 and CD4 T cells, B cells, Dendritic cells and NK cells within the Tumor Microenvironment 

(TME) is generally associated with a favorable prognosis and can aid in predicting responses 

to Immune Checkpoint Inhibitors (ICIs) (Del Prete et al.,2023;Gentles et al.,2015). To explore 

the impact of multiple immune cell subgroups on cervical cancer patient prognosis, the 

CIBERSORT algorithm, developed by researchers at Stanford, which is accessible via an 

online platform (https://cibersort.stanford.edu/), was employed to assess the proportions of 22 

types of infiltrating immune cells within the TCGA-CESE RNA-seq data (Luca et al.,2021). 

Employing the "survival" and "survminer" R packages, Kaplan-Meier survival curves were 

generated to distinguish patients based on high and low proportions of various immune cell 

subgroups. Among the 22 types of infiltrating immune cells, B cells, CD8+ T cells, activated 

CD4+ T cells, and both activated and resting Dendritic Cells (DCs) showed a positive 

correlation with favorable prognoses in patients with cervical cancer (Figure 15). However, a 

higher presence of resting CD4+ T cells in the TME was associated with a poorer prognosis 

(Figure 15D). This observation aligns with the previously demonstrated prognostic landscape 



RESULTS 

 74 

of tumor-infiltrating immune cells across various human cancers (Anderson and Simon,2020; 

Del Prete et al.,2023; Gentles et al.,2015)  

 

Figure 15. Analysis of prognostic significance of multiple immune cell subsets. 
A-F) Kaplan-Meier survival analyses correlate the proportions of B cells (A), CD8+ T cells (B), activated 

CD4+ T cells (C), resting CD4+ T cells (D), activated Dendritic cells (E) and resting Dendritic cells (F) 

within patient survival outcomes in the TCGA-CESC cervical cancer cohort. Red represents the group 

with a larger proportion of the six immune cell subsets, while blue indicates the group with a smaller 
proportion of these cell subsets. Statistical significance was determined using two-tailed Student´s t-

test with mean ±SD, a p-value <0.05 was considered statistically significant. 

4.4.2.2 Differences in immune cell infiltration and immune checkpoint expression between 

groups categorized by DRGscore in cervical cancer 

DNA repair dynamics have emerged as critical modulators of the TME, influencing both the 

efficacy of immune checkpoint inhibitors and the composition of immune cells within the TME 

(Duan et al.,2019;Lama-Sherpa and Shevde,2020). Moreover, a strong correlation has been 

observed between DNA repair insufficiency and both tumor mutation burden and neoantigen 

prevalence (Qing et al.,2021). Building on the findings above that demonstrated a significant 

correlation between various immune cell subsets and cervical cancer patient prognosis, the 
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capacity of the DRGscore to serve as an indicator for immune cell alterations within the TME 

and as a stratification aid for therapeutic direction is a crucial question that warrants further 

investigation. 

To further explore this aspect, I utilized the "ESTIMATE" R package to derive 

microenvironmental scores from the TCGA-CESC dataset. I calculated stromal, immune, and 

ESTIMATE scores for the dataset (Fan et al.,2022;Feng et al.,2023). Drawing on the identified 

profile of 22 types of infiltrating immune cells, the 304 patients in the TCGA-CESC dataset 

were categorized into groups with high and low DRGscores, using a threshold DRGscore of 

0.07. Subsequently, each patient's proportion of 22 types of infiltrating immune cells and the 

microenvironmental scores including stromal score, immune score, ESTIMATE score, were 

determined and compared across the DRGscore groups. Notably, a higher prevalence of 

CD8+ T cells, γδ T cells, and regulatory T cells (Tregs) was observed in the TME of the low 

DRGscore group, whereas the high DRGscore group exhibited an increase in M0 

macrophages and resting CD4+ T cells (as shown in Figure 16A). To elucidate the 

relationships among DRGscore, microenvironmental scores, and immune cell infiltration, 

Figure 16B depicts the correlations, with red and blue indicating positive and negative 

associations, respectively, and dot size representing the significance level. DRGscore 

negatively correlated with microenvironmental scores and the presence of CD8+ T cells, M1 

macrophages, activated CD4+ memory T cells, and γδ T cells, while positively correlating with 

M0 macrophages, affirming its potential as a negative prognostic indicator for 

immunotherapeutic outcomes (Figure 16B). Significant differences in the expression of three 

well-known immune checkpoints on T cells (CTLA-4, LAG-3, PD-1) and two expressed on 

cervical cancer cells (Galectin-9, HVEM) were observed between the high and low DRGscore 

groups (Figure 16C).  

Overall, the DRGscore serves as a valuable indicator for assessing TME cell composition, and 

patient prognosis. A lower DRGscore correlates with a more favorable prognosis and a 

positive response to immunotherapy, marked by a higher presence of effective immune cells 

within the TME and increased expression of immune checkpoints. For patients with high 

DRGscores, employing DNA repair inhibitors may impair DNA repair activity, potentially 

enhancing the efficacy of subsequent treatments akin to those used in the low DRGscore 

cohort. Additionally, discovering the significant difference in infiltrating γδT cells between the 

high and low DRGscore groups was intriguing. Given that the presence of γδT cells in the 

TME is considered a positive indicator for cancer patient prognosis(Nabhan et al.,2023). I 

intended to explore the cytotoxic efficacy of γδT cells against cervical cancer cells. 
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Figure 16. Assessment of immune landscape associated with DRGscore in the TCGA cervical 
cancer cohort. 
A) The CIBERSORT algorithm quantitatively assesses the composition of 22 types of immune cells 
infiltrating the tumor microenvironment, comparing high versus low DRGscore patient groups. High 

DRGscore group is in red, low DRGscore group is in blue. Statistical significance was determined using 

two-tailed Student´s t-test with mean ±SD, 'ns' for not significant; * for p<0.05; ** for p<0.01; *** for 

p<0.001; **** for p<0.0001. 
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B) Correlations between DRGscore, immune cell populations and microenvironmental scores from the 

TCGA-CESC dataset are depicted, with color coding indicating the direction of correlation (red for 

positive, blue for negative) and dot size inversely related to the p-value. 

C) Differential expression levels of immune checkpoints (CTLA-4, LAG-3, PD-1, Galectin-9, HVEM) are 
examined across patient groups with contrasting DRGscores. High DRGscore group is in red, low 

DRGscore group is in blue. Statistical significance was determined using two-tailed Student´s t-test with 

mean ±SD, 'ns' for not significant; * for p<0.05; ** for p<0.01; *** for p<0.001. 

4.5 Vγ9Vδ2 T cells exhibit cytotoxicity against HPV+ and cervical cancer organoids 

γδ T is an important T cell subset that kills tumor or infected cells in an HLA-independent 

manner (Kabelitz et al.,2020). Vγ9Vδ2 T cells are the major γδ T subset distributed in human 

blood and have been applied in clinics, which shed light on allogeneic T cell therapy 

development for cancer patients. Vγ9Vδ2 T cells were thus exploited in our study.  

4.5.1 Efficient in vitro expansion of Vγ9Vδ2 T cells using zoledronate and IL-2 co-stimulation 

Given the HLA-independent mechanism of Vγ9Vδ2 T cells, these allogeneic cells emerge as 

a viable option for immunotherapy in cancer treatment. The critical issue for adopting 

allogeneic Vγ9Vδ2 T cells in adoptive immunotherapy is the procurement of a sufficient 

number of efficacious cells, alongside confirming their clinical safety and effectiveness. 

Typically, γδ T cells can be obtained for therapeutic usage via in vivo patient stimulation or 

through in vitro expansion before infusion back into patients (Kunzmann et 

al.,2012;Nussbaumer and Koslowski,2019). Various agents, including zoledronate, 

recombinant IL-2, IL-15, IL-18, and vitamin C, have been examined to enhance expansion 

efficiency and purity (Peters et al.,2020). Currently, the combination of zoledronate and 

recombinant IL-2 is favored for optimizing in vivo and in vitro amplification of Vγ9Vδ2 T cells. 

Research by A J Nicol and colleagues has shown that a higher yield of Vγ9Vδ2 T cells can be 

achieved from healthy donors than from cancer patients, and the initial frequency of these 

cells is crucial for the purity of the expanded population (Nicol et al.,2011). Accordingly, I 

assessed the baseline proportion of Vγ9Vδ2 T cells in donor PBMCs using Vγ9-AF488 and 

CD3-APC staining, targeting a threshold above 2%. The cells were then cultured with 50 IU/mL 

IL-2, added bi-daily, commencing with a mixture of 50 μM zoledronic acid and 100 IU/mL IL-

2. Following an 11-14 day expansion period, the proportion of Vγ9Vδ2 T cells was reassessed. 

Due to individual variability in initial percentage and cell vitality, the purity of the expanded 

Vγ9Vδ2 T cells ranged from 90% to 96.4% (Figure 17). Peripheral blood mononuclear cells 

(PBMC) from all six donors successfully yielded Vγ9Vδ2 T cell populations with a purity 

surpassing 90%, meeting the stipulated criteria for subsequent experimental procedures. 
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Figure 17. Efficiency of Vγ9Vδ2 T in vitro expansion.  
Peripheral blood mononuclear cells (PBMCs) from six healthy donors, each with a Vγ9Vδ2 T cell 

proportion exceeding 2% of the total CD3+ cells, were incubated with 50 μM zoledronate (ZOL) and 

100 IU/mL interleukin-2 (IL-2) on day one. Subsequently, 50 IU/mL IL-2 was supplemented bi-daily over 
the next 14 days. On the final day of the culture period, flow cytometry was employed to quantify the 

number of viable Vγ9Vδ2 T cells. Dot plots depicted the proliferation of Vγ9Vδ2 T cells in the PBMC 

cultures from the six donors at the conclusion of the two-week expansion protocol. 

4.5.2 Selective cytotoxicity of Vγ9Vδ2 T cells against HPV+ and cancerous organoid cells 

To examine the tumor-specific immune response triggered by Vγ9Vδ2 T cells, I quantified the 

cytotoxicity by measuring the number of deceased organoid cells post co-culture with Vγ9Vδ2 

T cells. The organoid cells were stained with PKH67 for tracking via FITC fluorescence (Figure 

18A). Co-incubation of Vγ9Vδ2 T cells with organoid cells occurred at effector-to-target ratios 

(E:T) of 0:1 and 10:1, both with and without the addition of BrHPP. The E:T ratio of 0:1 served 

as a negative control. The Daudi cell line, known for its ability to spontaneously activate 

Vγ9Vδ2 T cells due to endogenous PAgs (Fisch et al.,1990), served as a positive control 

sample. The cytotoxic response to Daudi was used to evaluate the activity of the Vγ9Vδ2 T 

cells. The cytotoxic impact was quantified using the formula 100−[(% viability in co-culture 

(E:T=10:1) / % viability in negative control(E:T=0:1)) × 100], based on the percentage of dead 

organoid cells (PI+PKH67+) post co-culture. Organoid cell death (PI+PKH67+) was 

specifically gated in the flow cytometry analysis (Figure 18A).  
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This experiment was repeated using three Vγ9Vδ2 T cell lines and eight organoid lines (2 

healthy, 3 HPV+, 3 cancer). Notably, the cytotoxic effect was more pronounced in HPV+ and 

cancer cell groups compared to the healthy group, and the addition of BrHPP significantly 

amplified this effect (Figure 18B). Subsequent violin plot visualization and statistical analysis 

corroborated that Vγ9Vδ2 T cells, even without BrHPP stimulation, already showed a marked 

increase in cytotoxic activity against cancer and HPV+ cells as opposed to the minimal death 

observed in healthy cells (Figure 18B, -BrHPP). The inclusion of BrHPP further augmented 

the response, significantly intensifying the cytotoxic effects on HPV+ and cancer organoids 

relative to healthy counterparts (Figure 18B, +BrHPP). 

 

Figure 18. Vγ9Vδ2 T cell-mediated cytotoxicity directed at different organoid lines.  
A) Gating strategy: Forward and side scatter estimated populations in the co-culture system. No initial 

gating to exclude dead cells in forward and side scatter, targeting dead organoid cell population for 

analysis. Organoid cells were further selected through PKH67-FITC gating, from which the death in 

whole organoid cells were final identified by gating on PI+PKH67+ population.   

B) Violin plots illustrate the cytotoxicity against different organoid lines, quantified using the formula 
100−[(% viability in co-culture/% viability in control) × 100], based on the percentage of dead organoid 

cells (PI+PKH67+) post co-culture, both in the presence and absence of BrHPP (+BrHPP, -BrHPP). 

The experiments were conducted with three independent biological and technical replicates, and 

statistical significance was evaluated using Two-Way ANOVA with Tukey’s multiple comparisons test; 
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significance denoted as 'ns' for not significant; * for p<0.05; ** for p<0.01; *** for p<0.001; **** for 

p<0.0001. 

4.5.3 Establishing a live-cell imaging model for Vγ9Vδ2 T cell cytotoxicity against cervical 

cancer organoid 

In this section, my aim was to establish a novel in vitro model that would allow for the dynamic 

visualization of the previously identified cytotoxic interactions between organoids and Vγ9Vδ2 

T cells. The objective was to directly visualize the cytotoxic effects via real-time fluorescence 

changes, thus necessitating a non-toxic tracer to live cells yet sensitive enough to differentiate 

between living and dead cells. While Hoechst is a common cell-staining agent, its permeability 

undermines its utility in live-cell cytotoxicity assays. Similarly, propidium iodide's ability to 

distinguish between late apoptotic and normal cells is compromised by its toxicity, limiting its 

application in live-cell imaging. Ultimately, NucRed Dead 647 ReadyProbes Reagent was 

selected for its minimal toxicity and cell-impermeability, emitting a red fluorescence upon 

binding to DNA within dead or late-stage apoptotic cells, allowing for the accurate 

measurement of organoid cell death during co-culture with Vγ9Vδ2 T cells. This fluorescent 

agent facilitated the identification of dead cells amidst the organoid cell population using an 

automated live-cell imaging system (SYBOT-1000 & CYTOMAT, SYNENTEC).  

To initially establish the methodology, I utilized organoids derived from the cervical cancer 

patients. Controls included untreated organoids (indicative of spontaneous death) and those 

treated with cisplatin (as a positive control for induced death). In experimental setups, Vγ9Vδ2 

T cells were introduced with or without BrHPP activation, and automated imaging captured 

the cellular changes hourly over 24 hours. A decline in the yellow signal over time was noted 

in all groups, with significant red fluorescence indicative of cytotoxicity appearing after four 

hours in all but the untreated control group (Figure 19). Particularly, organoids exposed to 

cisplatin or activated Vγ9Vδ2 T cells demonstrated a marked increase in dead cell signal early 

on, while the effect of non-activated T cells was less pronounced (Figure 19). By the 24-hour 

mark, some organoids had completely lysed, evidenced by intensified red fluorescence, 

highlighted by white arrows in the representative images (Figure 19).  

This live-cell imaging methodology system not only confirms the antitumor potential of Vγ9Vδ2 

T cells against cervical cancer but also underscores the efficacy of this novel co-culture model 

and the integrated live-cell imaging technology. Furthermore, the reproducibility of the 

methodology and the statistically significant differentiation among healthy, HPV+, and cancer 

organoids were corroborated by my colleague David Holthaus (Dong et al.,2023), who noted 

consistent distinctive cytotoxicity mediated by Vγ9Vδ2 T-cells across organoid lines from 
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healthy, HPV+, and cancerous sources, thereby reinforcing the conclusions drawn in “Result 

4.5.2”.  

 

 

Figure 19. Representative live-cell images of Vγ9Vδ2 T cell mediated cytotoxicity against 
cervical cancer organoids in the co-culture system.  
The series of images capture the dynamic fluorescence signal and morphological variations in cervical 
cancer organoids subjected to a range of treatments within a 384-microwell plate. The treatments 

include four conditions: Untreated organoids are depicted as the negative control (Org-green-Nucred), 

exposure to 200 µM cisplatin (Org-green-Nucred+cisplatin), the groups involving co-culture with 

Vγ9Vδ2 T cells at an effector-to-target (E:T) ratio of 10:1 (Org-green-Nucred+gdT), and co-culture with 

Vγ9Vδ2 T cells with supplemental BrHPP (Org-green-Nucred+gdT+BrHPP) represent the experimental 

focus. Staining with NucRed Dead 647 ReadyProbes Reagent differentiates live cells (yellow) from 

dead cells (red). Sequential fluorescence imaging captured hourly provides a temporal view of the 

treatment effects, with selected images displayed for time points at 0h, 4h, and 24h. 
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4.5.4 BTN3A and BTN2A1: crucial elements in BrHPP-induced cytotoxicity mediated by 

Vγ9Vδ2 T cells.  

To elucidate the molecular basis for the enhanced cytotoxic effects of Vγ9Vδ2 T cells, I first 

examined the roles of BTN3A and BTN2A1, two key molecules implicated in the recognition 

and activation of Vγ9Vδ2 T cells. BTN3A1, a BTN3A isoform, is essential for Vγ9Vδ2 T cell 

activation due to its B30.2 domain that binds intracellular phosphorylated antigens (pAgs), 

triggering necessary conformational changes (Peigné et al.,2017;Sandstrom et al.,2014). 

BTN2A1 also plays a role in TCR activation by aiding pAg detection and directly interacting 

with the Vγ9 TCR (Cano et al.,2021). In the experiments, antagonist monoclonal antibodies 

(mAbs) against BTN3A (clone 103.2) and BTN2A1 (clone 7.48) were introduced into the co-

culture at a final concentration of 5ug/mL, with organoid cells pre-treated for one hour. The 

anti-BTN3A mAb used does not differentiate between the BTN3A1/A2/A3 isoforms 

(Herrmann,2023), but BTN3A1 is known to be critical for T cell activation (Zhou et al.,2023).  

After co-culture with Vγ9Vδ2 T cells, both with and without BrHPP stimulation, flow cytometry 

quantified the impact of antagonistic monoclonal antibodies (mAbs) by measuring the 

proportion of dead organoid cells (PI+PKH67+) as previously described. Violin plots, 

accompanied by statistical analyses, elucidated the impact of mAbs on the cytotoxicity 

mediated by Vγ9Vδ2 T cells (Figure 20). It clearly showed that mAbs interference did not 

significantly influence cell death rates in the group absence of BrHPP across four experimental 

mAb conditions (Figure 20A). The average values in healthy, HPV+, and cancer were 

calculated considering the non-significant variances in cell death (Figure 20B, -BrHPP), aiming 

for comparison with cytotoxicity levels in the BrHPP-stimulated group.  

Interestingly, the introduction of BrHPP led to a significant reduction in cell mortality following 

mAb blockade, equalizing the cytotoxic levels to those observed in the absence of BrHPP. 

This underscores the critical role of BTN2A1 and BTN3A1 in facilitating BrHPP-induced 

activation of Vγ9Vδ2 T cells against cervical cancer organoids. These results reinforce that 

inhibiting BTN2A1 or BTN3A1 markedly diminishes cytotoxic responses upon BrHPP 

introduction, corroborating previous evidence that BTN3A1 and BTN2A1 are pivotal in the 

BrHPP-triggered activation of Vγ9Vδ2 T cells (Chen et al.,2021). Overall, the specific increase 

in cytotoxicity against HPV+ and cancer cells appeared to be independent of BTN3A1 and 

BTN2A1 recognition by Vγ9-TCR. 
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Figure 20. BTN3A and BTN2A1 antagonistic antibody modulation of Vγ9Vδ2 T-cell mediated 
cytotoxicity. 
A) Violin plots quantify the impact of anti-BTN3A and anti-BTN2A1 mAbs on the cytotoxic effect of 

Vγ9Vδ2 T cells in absence of BrHPP(-BrHPP), based on the mortality rate (PI+PKH67+) of organoid 

cells (PKH67+) post-co-culture. Experimental groups were delineated based on four mAb treated 

conditions: untreated (no antibody), treated with anti-BTN3A1, treated with anti-BTN2A1, and treated 

with both antibodies concurrently. All these experiments were conducted with three independent 

biological replicates, and statistical significance was evaluated using Two-Way ANOVA with Tukey’s 

multiple comparisons test; significance denoted as 'ns' for not significant; * for p<0.05; ** for p<0.01; *** 

for p<0.001; **** for p<0.0001. 

B) Violin plots illustrated the effect of anti-BTN3A and anti-BTN2A1 mAbs on the Vγ9Vδ2 T cell-

mediated cytotoxicity with BrHPP-stimulation (+BrHPP). Within the +BrHPP group, data across four 

mAb conditions are presented. A comparison between +BrHPP and -BrHPP conditions was conducted, 

with a single bar ahead indicating the average cytotoxicity percentage across the four mAb conditions 

in healthy, HPV+, and cancer groups under BrHPP deficient condition. All these experiments were 
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conducted with three independent biological replicates for both cytotoxicity and degranulation assays, 

and statistical significance was evaluated using Two-Way ANOVA with Tukey’s multiple comparisons 

test; significance denoted as 'ns' for not significant; * for p<0.05; ** for p<0.01; *** for p<0.001; **** for 

p<0.0001. 

4.5.5 Minor role of CD107a-marked degranulation in Vγ9Vδ2 T cell cytotoxicity targeting HPV+ 

and malignant organoids  

Vγ9Vδ2 T cells primarily mediate their antitumor activity through two principal mechanisms: 

granule exocytosis, characterized by the secretion of granzyme B and perforin, and the 

granule-independent Fas/FasL-mediated apoptosis pathway (Li et al.,2021;Pennington et 

al.,2005;Schönefeldt et al.,2021). CD107a (LAMP-1), a marker indicative of cytotoxic T-cell 

degranulation, correlates strongly with the release of granzyme B and perforin and serves as 

an activation marker for Vγ9Vδ2 T cells (Bold et al.,2023). Following the findings that BTN3A 

and BTN2A1 are not the primary mechanisms in Vγ9Vδ2 T cell cytotoxicity distinctively against 

HPV+ and cancer cells, the subsequent inquiry probed into exploring the role of degranulation 

for this pronounced effect. To investigate CD107a mobilization, Vγ9Vδ2 T cells were co-

cultured with organoid cells at a 10:1 effector-to-target (E:T) ratio, with and without the 

presence of BrHPP, and CD107a mobilization was monitored. Surface staining for subsequent 

flow cytometric analysis included anti-Vγ9 and anti-CD3 antibodies. Controls were established 

using Daudi cells to induce CD107a expression (positive control) and absence of target cells 

(negative control). Results demonstrated that CD107a expression on Vγ9Vδ2 T cells did not 

significantly vary post-co-culture at an E:T ratio of 10:1 across healthy, HPV+, and cancer 

organoid cells in the presence or absence of BrHPP (Figure 21, +/-BrHPP). However, the 

presence of BrHPP notably elevated CD107a expression (Figure 21, p<0.001), suggesting 

that the granule exocytosis pathway is predominantly activated by BrHPP rather than by the 

organoid cells themselves. This implies that the enhanced cytotoxicity observed against HPV+ 

and cancer organoids may be facilitated by alternative mechanisms not directly linked to 

degranulation.  

Thus, while the precise molecular mediators of Vγ9Vδ2 T cell-induced cytotoxicity in cervical 

cancer remain elusive. A complex interplay of multiple ligand-receptor interactions within the 

HPV+/cancerous cervical organoid and Vγ9Vδ2 T cell dynamic could play a critical role, which 

warrants further investigation. 
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Figure 21 Assessment of Vγ9Vδ2 T cell degranulation during co-culture with cervical organoids 
Violin plots represent CD107a expression on Vγ9Vδ2 T cells after co-culture with Daudi cells and 

various organoid lines at an E:T ratio of 10:1, with the percentage of CD107a+ Vγ9Vδ2 T cells assessed 

under different conditions (+/- BrHPP). The baseline CD107a expression on Vγ9Vδ2 T cells without 

target cells is shown as the negative control. The experiments were conducted with three independent 

biological replicates, and statistical significance was evaluated using Two-Way ANOVA with Tukey’s 

multiple comparisons test; significance denoted as 'ns' for not significant; * for p<0.05; ** for p<0.01; *** 
for p<0.001; **** for p<0.0001. 

 
  



DISCUSSION 

 86 

5 DISCUSSION  

This study was based on patient-derived cervical cancer organoid lines and a co-culture 

system with T-cells and aimed at examining the cytotoxic responses against cervical cancer 

at various stages of development, including healthy, HPV-positive, and cancerous states. By 

comparing the transcriptomic profiles of these organoids, I highlighted the significance of DNA 

repair genes in the transformation process of cervical cancer. This was substantiated by 

integrating data from the public GEO cervical tissue database. To further assess the 

prognostic relevance of these DNA repair genes in cervical cancer and tailor individualized 

treatment strategies, I developed a DNA repair gene signature (DRGscore) using the TCGA 

cervical cancer dataset (TCGA-CESE), demonstrating its prognostic value and informing 

potential immunotherapeutic strategies. 

My findings also shed light on highly immunogenic HLA-I peptide repertoires that could be 

recognized by immune cells targeting cervical cancer. γδ T-cells, a unique subset of T-cells, 

targeting conserved structures on infected and malignant cells independently of HLA 

molecules (Kabelitz et al.,2020). My co-culture system provided evidence of the capacity of 

Vγ9Vδ2 T-cells to discriminate between abnormal (HPV+/cancer) and healthy organoid cells, 

exerting a more potent cytotoxic effect on the former. Inhibition experiments using specific 

antibodies identified BTN3A and BTN2A1 as pivotal elements in BrHPP-mediated Vγ9Vδ2 T-

cell activation. Yet, these molecules did not seem to be the prime recognition factors of 

abnormal organoids. The absence of a direct link between CD107a expression and organoid 

recognition suggests that Vγ9Vδ2 T-cells may engage with additional, still unidentified, ligands 

on the surface of abnormal organoids. This presents a compelling direction for future research, 

especially considering potential interactions between γδ TCR and antigens associated with 

HPV infection and DNA repair processes such as hMSH2. 

5.1 Refining in vitro models for cervical cancer investigation 

5.1.1 Establishment of patient-derived organoids  

For decades, immortal cell lines have been the cornerstone of in vitro cancer research due to 

their ease of use, ethical simplicity, and their capacity to partially recapitulate the 

characteristics of the diseases they model. However, their long-term cultivation can lead to 

genetic drift, casting doubt on the stability of their phenotype and genotype (Kaur and 

Dufour,2012). This is particularly problematic in cancer studies, likewise in cervical cancer, 

where tracing the progression from normal cervical epithelium through various stages of 

dysplasia, triggered by persistent high-risk HPV (HR-HPV) infection, to carcinoma is crucial. 

In this context, I made use of patient-derived organoids representing healthy, HPV-infected, 
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and cancerous cervical states to accurately chart the transformation associated with cervical 

cancer onset and progression. These organoids not only precisely emulate the healthy 

ectocervical epithelium's polarity but also the chaotic architecture characteristic of dysplasia 

and carcinoma. Specifically, in healthy organoids, proliferative cells (marked by Ki67 

expression) are predominantly situated in the basal and parabasal layers and undergo 

differentiation towards the upper layers. In stark contrast, HPV-positive and cancerous 

organoids display pervasive Ki67 expression across all cellular strata, mirroring the disrupted 

tissue organization seen in disease states. 

A critical advantage in my study was that I cultivated the isolated primary cervical cells on an 

irradiated feeder layer in order to maintain the stemness and the differentiation capacity of the 

cervix tissue-derived stem cells. Using this method, cells begin to self-organize into organoids 

once seeded in a Matrigel dome and acquire increased propagation capacity better than 

organoids generated by conventional strategies. This novel method seemed to be superior as 

compared to the direct formation of organoids from tissue-derived primary cells in Matrigel 

(Clevers et al.,2014;Nakamura and Sato,2018). 

5.1.2 Establishment of organoid-T cell coculture model 

While organoids serve as an advanced model that mimics original tissue characteristics, they 

are composed exclusively of epithelial cells and, thus, lack the interaction with other cellular 

components, diminishing the representation of tissue complexity (Baniahmad,2021; 

Kretzschmar,2021). Traditionally, xenograft mouse models, which preserve both the tumor 

cells and the surrounding microenvironment, have been the gold standard for exploring cancer 

progression and evaluating therapeutic interventions in pre-clinical settings (Yamaguchi and 

Perkins,2018). However, the translation of these models to successful human treatments 

remains disproportionately low (Atkins et al.,2020), likely due to the substantial genetic 

divergence between rodents and humans, the challenges in accurately emulating human 

diseases, and the variability in tumor heterogeneity (Chen et al.,2023;Horvath et al.,2016). 

In response to these challenges, human organoid co-culture systems have been refined to 

bridge species-specific genetic gaps and to provide insights into cell-to-cell interactions, 

immune response mechanisms within cancers, and metastatic behaviors (Yuan et al.,2022). 

Yet, existing methodologies, such as air-liquid interface (ALI) cultures (Boccellato et al.,2019) 

and static Matrigel domes supplemented with various cell types, have their limitations in 

simulating the intricate interplay between organoids and other cellular subsets due to 

constraints on direct cellular contact and mobility. 
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To address these limitations and specifically to investigate T-cell cytotoxic effects on organoids, 

I developed a suspension organoid-T cell co-culture system that facilitates immediate 

interaction between T-cells and organoids. Employing an automated live-cell imaging platform 

and the non-toxic fluorescent dye NucRed Dead 647, this system enables continuous real-

time tracking of T-cell-mediated cytotoxicity by capturing changes in fluorescence signals 

indicative of cell death. This innovative approach, integrating live cell imaging with organoid 

co-culture, constitutes a potent investigational tool for probing cellular dynamics, lymphocyte 

migration, and the impact of adoptive cell therapy in a controlled physiological tissue 

environment (Yuki et al.,2020; Kong et al.,2018;Koster et al.,2022;Dong et al.,2023). 

5.2 Role of DNA repair signature in HPV carcinogenicity and therapy in cervical cancer  

5.2.1 DNA damage and repair dynamics in HPV-positive cervical cancer 

DNA, though inherently stable, is susceptible to damage from both internal and external 

sources such as ultraviolet light, ionizing radiation, and chemotherapeutic agents, and even 

microbe induced damage leading to chromosomal and DNA strand breaks (Alhmoud et 

al.,2020;Dziubańska-Kusibab et al.,2020). These damages are usually swiftly rectified to 

maintain genomic integrity. However, inadequate DNA repair mechanisms, resulting in 

persistently damaged or incorrectly repaired DNA, are crucial in driving genomic anomalies 

and mutations that can impair cellular functions (Jackson and Bartek,2009). Deficiencies in 

DNA repair, particularly within tumor suppressor genes or oncogenes, are known contributors 

to the development of cancer (Basu,2018). 

In the context of HPV-positive cervical cancer, the integration of the HPV genome into the 

chromatin of host cervical cells induces substantial DNA stress, amplifying the DNA damage 

response (Albert and Laimins,2020; Prati et al.,2018). This necessitates highly active DNA 

repair processes to counteract such damage (Zhou and Elledge,2000). The stable integration 

of the HPV genome leads to persistent high-level expression of E6 and E7 oncogenes, pivotal 

events in the transformation of HPV-infected cells, progression to dysplasia, and ultimately 

the onset of cervical cancer (Williams et al.,2011). Interestingly, my transcriptomic analyses 

of HPV+ and cervical cancer organoids and tissues corroborate the upregulation of DNA repair 

pathways and the genes involved, highlighting the intricate relationship between viral infection 

and host genomic stability. 

5.2.2 DNA repair implications in cervical cancer therapy 

The efficacy of DNA repair mechanisms in cervical cancer patients exhibits significant 

heterogeneity. Within the context of cervical cancer, factors such as mutational burden, tumor 
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microenvironment (TME), and response to therapy are all influenced by the efficiency of DNA 

repair mechanisms (Chabanon et al.,2021;Karzai et al.,2018). A high mutation burden typically 

arises from poor DNA repair following severe genomic damage, which, paradoxically, may 

enhance the capacity of endogenous T cells to recognize neoantigens (Pearl et al.,2015). This 

recognition is crucial for the elimination of cancer cells and increases the overall 

immunogenicity of the tumor by promoting the infiltration of effective immune cells and the 

expression of immune checkpoints within the TME (Chabanon et al.,2021;Nastasi et al.,2020). 

Conversely, robust DNA repair activity can lead to increased resistance to chemoradiotherapy. 

This resistance can be mitigated by the use of poly (ADP-ribose) polymerase inhibitors 

(PARPi), which impede DNA damage repair pathways (Das et al.,2023;Zhu et al.,2016). In 

addition to cervical cancer, Human Papillomavirus (HPV) infection is also an etiological agent 

for head and neck cancer (Galati, L et al.,2022). There is a marked discrepancy in molecular 

profiling and prognostic outcomes between HPV-positive and HPV-negative oropharyngeal 

Squamous Cell Carcinoma (OPSCC) patients (Egawa N.,2023). In HPV-positive OPSCC, the 

molecular mechanisms underlying HPV integration and its subsequent effects on tumor 

progression and response to therapy parallel those observed in HPV-positive cervical cancer 

(Tabatabaeian, H et al.,2024). Similar to cervical carcinoma, activation of the ATR and other 

DNA repair signaling cascades are observed in HPV-positive OPSCC (Kono, T et al.,2020) 

Furthermore, the application of PARP inhibitors has been shown to potentiate the 

chemosensitivity and radiosensitivity in this subset of OPSCC patients (Tabatabaeian, H et 

al.,2024). These findings underscore the importance of investigating the role of DNA repair 

mechanisms in the pathogenesis of HPV-induced diseases. 

In this study, to evaluate the impact of DNA repair on cervical cancer prognosis, a DNA repair 

gene signature (DRGscore) was constructed using the TCGA cervical cancer dataset. Higher 

DRGscores are indicative of stronger DNA repair capabilities. Analysis of the TME revealed 

that the low DRGscore group exhibited a higher presence of effective immune cells and fewer 

suppressive elements compared to the high DRGscore group, establishing a negative 

correlation between DRGscore and patient prognosis. 

Regarding the neoantigens resulting from DNA repair deficiencies, studies have shown that 

an increased expression of neoantigens in DNA mismatch repair-deficient cancers can amplify 

immune checkpoint expression, thereby enhancing prolonged immune surveillance (Germano 

et al.,2017). My research findings align with these observations, revealing heightened 

expression levels of immune checkpoints such as CTLA-4, LAG-3, and PD-1 in the low 

DRGscore group, which suggests a potentially elevated sensitivity to immune checkpoint 

inhibitors in these patients, resonating with the discoveries in other cancer types. 
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5.2.3 The dual role of DNA repair mechanisms in cervical cancer 

DNA repair mechanisms exert a multifaceted influence on the pathogenesis of cervical cancer, 

particularly in the context of human papillomavirus (HPV) integration which disrupts normal 

DNA repair functions. Active DNA repair pathways serve as an initial defense against DNA 

damage and carcinogenic progression (Chabanon et al.,2021;Nastasi et al.,2020). Yet, 

paradoxically, once cervical cancer is established, these same repair mechanisms contribute 

to resistance against standard chemoradiotherapy (Zhang et al.,2023). Conversely, high-

efficiency DNA repair inhibitors, such as PARP inhibitors, demonstrate considerable 

therapeutic responses by targeting these pathways (Li et al.,2021; Helleday et al.,2008). 

Simultaneously, defects in DNA repair escalate the mutational load, which can inadvertently 

enhance the efficacy of immunotherapy by increasing the formation of neoantigens that are 

recognized by the immune system. This dual nature of DNA repair—protective in early 

carcinogenesis but problematic in established cancer—highlights the complexity of targeting 

these pathways for therapeutic intervention and underscores the need for a nuanced 

understanding of their role in cancer biology (Bever and Le,2018;Teijeira et al.,2019). 

5.3 T cell recognition of cervical cancer and HPV infected cells  

5.3.1 Tumor-associated antigens in HPV-positive cervical cancer: Beyond E6E7 for 

immunotherapy 

Prophylactic vaccines against the human papillomavirus (HPV) and regular screening 

programs are currently the primary preventative measures for cervical cancer. Despite their 

efficacy in prevention, these vaccines do not eradicate existing HPV infections or halt the 

progression of precancerous lesions. Consequently, there is a pressing need to develop 

effective therapeutic strategies for patients across various clinical stages. Adoptive T-cell 

therapy has emerged as a particularly promising treatment in this regard. HPV infection 

initiates an immune response aimed at eradicating the foreign virus, yet cervical cancer often 

arises from the evasion of T-cell-mediated immunity by HPV. Oncogenes associated with HPV, 

specifically E6 and E7, as well as genes upregulated in response to HPV infection, may serve 

as sources of tumor-associated antigens (TAAs) that provoke T-cell responses, offering a 

viable target for immunotherapy interventions (Eskander and Tewari,2015;Zhang et al.,2020). 

TAAs represent proteins that are predominantly overexpressed in tumor cells compared to 

normal cells and are considered vital for therapeutic and prognostic applications. TAAs can 

be presented on the tumor cell surface in two primary forms: either as full-length proteins 

acting as ligands for immune cell receptors or as processed peptides presented by HLA 
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molecules, recognized by the T-cell receptors of CD8+ cytotoxic T-cells (Ritz and 

Seliger,2001). In the specific case of HPV-positive cervical cancer, the integration of HPV DNA 

leads to the overexpression of oncogenes, particularly E6 and E7, which are presumed to be 

sources of TAAs or peptides eliciting an immune response. Counterintuitively, Boilesen et al. 

observed that the overexpression of E6 and E7 occurred prior to cellular malignancy, 

suggesting that their reduced expression in established cervical cancer cells may contribute 

to immune evasion and diminish the effectiveness of E6E7-targeted therapeutic vaccines 

(Boilesen et al.,2021). 

In the present study, no TAA or peptides originating from HPV oncogenes were detected on 

HPV-positive cervical cancer organoids, casting doubt on the feasibility of targeting HPV 

oncoproteins with therapeutic vaccines or adoptive T-cell therapies. Furthermore, the 

development of T-cell tolerance, the interplay of immune checkpoints, and an 

immunosuppressive tumor microenvironment are contributing factors to the inefficacy of HPV-

targeted treatments (Arbyn et al.,2008; Arbyn et al.,2017; Bruno et al.,2019; Ghaem-Maghami 

et al.,2011). Therefore, a broadened search for additional TAAs from diverse origins is 

necessary to enhance the success of immunotherapies in combating cervical cancer. 

In light of these findings, my multi-omics analysis has led me to propose that DNA repair-

related genes may also give rise to TAAs and corresponding peptides that could be recognized 

by αβ T-cells in cervical cancer. The upregulation of DNA repair-related genes and the 

presence of HLA-I-restricted DNA repair-related peptides in my cervical cancer organoids 

support the notion that these elements could activate CD8+ T-cells to target and eliminate 

cancer cells. 

To corroborate this theory, one strategy would be to synthesize a pool of DNA repair-related 

peptides and rigorously assess their immunogenicity through a combination of in vivo and in 

vitro assays. Concurrently, evaluating the potential for off-target effects is critical to preclude 

adverse reactions that may impact the cardiovascular system, nervous system, or other critical 

organs (Sterner and Sterner,2021). 

5.3.2 Cervical carcinoma cells as a γδ T cells target 

In the pursuit of novel immunotherapeutic targets, my research has expanded beyond HLA-I-

restricted peptides to include overexpressed genes that may function as ligands for various 

immune cell populations (Müller et al.,2020). In particular, γδ T cells, known for their cytotoxic 

response to infection and stress-induced phosphoantigens (pAgs), have become a focal point 

of my study on Vγ9Vδ2 T cell-mediated cytotoxicity against cervical cancer using an organoid-

T cell co-culture system developed in our laboratory. 
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Remarkably, I observed a pronounced cytotoxic effect by Vγ9Vδ2 T cells on HPV+ and 

cancerous organoids even in the absence of BrHPP, a known activating agent. This suggests 

an innate ability of Vγ9Vδ2 T cells to discern subtle transformations induced by HPV infection 

and subsequent cancer progression. This finding is particularly significant, considering the 

prevailing view that Vγ9Vδ2 T cells require external activation to exert anti-tumor effects and 

the lack of evidence supporting their intrinsic ability to distinguish between healthy and 

cancerous cells (Gu et al.,2018;Kabelitz et al.,2020;Ridgley et al.,2022). However, the addition 

of BrHPP resulted in a partially non-selective targeting by Vγ9Vδ2 T cells, exerting a degree 

of cytotoxicity to healthy cells, as well. 

5.3.3 Dissecting the mechanism of Vγ9Vδ2 T cell response in cervical cancers 

A pivotal question in my investigations pertains to the mechanism that enables Vγ9Vδ2 T cells 

to specifically target HPV+ and cancer cells. These T cells exhibit anti-infection and anti-tumor 

activities through a plethora of mechanisms (Hudecek et al.,2021;Li et al.,2020;Raverdeau et 

al.,2019;Vallvé-Juanico et al.,2019), including the release of cytotoxic molecules such as 

granzyme B and perforin, secretion of pro-inflammatory cytokines like IFNγ and TNFα, 

induction of Fas/FasL-mediated apoptosis, and the recognition of tumor cell ligands, all of 

which synergize with other immune cells to exert a robust antitumor response (Li et 

al.,2021;Pennington et al.,2005;Schönefeldt et al.,2021). 

Key to this process are the ligands BTN2A1 and BTN3A1, which facilitate Vγ9Vδ2 T cell 

activation by binding to phosphoantigens enriched in infected and tumorous cells (Giannotta 

et al.,2023). My study corroborates BTN2A1 and BTN3A1's indispensable role in Vγ9Vδ2 T 

cell activation post-self-activation, aligning with findings from other research (Gu et 

al.,2018;Rigau et al.,2020). Significantly, CD107a elevation was noted in Vγ9Vδ2 T cells when 

stimulated with BrHPP, irrespective of the organoid line in co-culture. This suggests that while 

BTN2A1 and BTN3A1 interaction, along with degranulation, are predominantly triggered by 

BrHPP stimulation, leading to non-specific cytotoxicity, the differential cytotoxic effects 

observed against various organoid cells may rely on distinct ligand-receptor interactions 

(Laplagne et al.,2021). 

Vγ9Vδ2 T cells harbor multiple receptors that are instrumental in recognizing and eradicating 

tumor and infected cells. Among these, the NKG2D receptor notably binds to ligands such as 

MICA, MICB, and ULBP1-4, which play a pivotal role in the activation of these T cells (Groh 

et al.,1998). Furthermore, hMSH2—a key player in DNA mismatch and repair pathways—

emerges as a strong candidate ligand present on target cells that can be detected by Vγ9Vδ2 
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T receptor and NKG2D, bolstering Vγ9Vδ2 T cell-mediated cytolysis (Nedellec et al.,2010; 

Von Lilienfeld-Toal et al.,2006; Liu et al.,2022; Chen et al.,2008). 

My transcriptomic analysis revealed a marked overexpression of genes associated with DNA 

damage and repair pathways, including hMSH2, in HPV+ and cancer organoids. This 

overexpression is hypothesized to influence Vγ9Vδ2 T cell cytotoxicity. Supporting this, our 

latest research demonstrated a discernible reduction in Vγ9Vδ2 T cell cytotoxicity following 

hMSH2 inhibition, notably in conjunction with BrHPP (Dong et al.,2023). This observation 

underscores the potential role of DNA repair-related antigens in Vγ9Vδ2 T cell activation, 

warranting further exploration. 

Moreover, genes such as HSPD1, KLRG2, and BTNL9, which are implicated in cellular stress 

responses, may also engage with Vγ9Vδ2 T cell receptors, thereby modulating their activation 

(Ma et al.,2018). These findings suggest a complex network of interactions influencing Vγ9Vδ2 

T cell responses, with DNA repair-related genes at the forefront of this intricate interplay. 

5.4 Outlook 

Cervical cancer, exhibiting regional differences of prevalence amongst women, serves as a 

paradigm for HPV-associated malignancies. The significant role of DNA repair mechanisms 

uncovered in cervical cancer research may extend to other HPV-related cancers, including 

those of the head and neck, oral cavity, and anus. The innovative organoid-T cell coculture 

system and automated live-cell imaging techniques developed in this study offer robust tools 

for probing the interactions between various organoids and immune cell subsets, promising to 

advance our understanding of cellular communication in oncology. 

In this context, my investigations have provided substantial insights into the capacity of non-

self-activated Vγ9Vδ2 T cells to discern between normal and cancerous cervical cells, 

bolstering the potential of allogeneic Vγ9Vδ2 T cell therapy as a ready-to-use therapeutic 

option. Additionally, the roles of BTN3A1, BTN2A1, and degranulation in directing Vγ9Vδ2 T 

cell cytotoxicity were reaffirmed using the cervical organoid model. For a more profound 

comprehension of the molecular dialogues that guide Vγ9Vδ2 T cell cytotoxicity in HPV-

positive and cancerous cells, future research should delve into the expression and functionality 

of additional molecules present on both Vγ9Vδ2 T cells and epithelial cells. 
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9 ABBREVIATIONS  

Quantities and units were abbreviated according to the International System of Units. 

2D two-dimensional  

3D three-dimensional  

AF488 Alexa Fluor488 

APC Allophycocyanin 

APCs Antigen-presenting cell 

ATCC the American Type Culture Collection 

ATM ataxia-telangiectasia mutated 

ATP adenosine triphosphate  

ATR ataxia telangiectasia and Rad3-related protein 

B7 B7 family protein 

Bcl-xL  B-cell lymphoma-extra large 

BCMA B-cell maturation antigen 

BP biological process  

BRCA1 Breast Cancer gene 1 

BRCA2 Breast Cancer gene 2 

BrHPP bromohydrin pyrophosphate 

BSA bovine serum albumin  

BTLA B and T lymphocyte attenuator 

BTN butyrophilin  

BTN2A1 BTN subfamily 2 member A1 
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BTN3A1 BTN subfamily 3 member A1 

BTN3A2 BTN subfamily 3 member A2 

BTN3A3 BTN subfamily 3 member A3 

BTNL9 BTN-Like Protein 9  

CAMP human cathelicidin antimicrobial peptide 

CAR chimeric antigen receptor  

CCRT Concurrent chemoradiotherapy 

CD Cluster of Differentiation  

CESC 
Cervical Squamous Cell Carcinoma and Endocervical 

Adenocarcinoma 

CFSE Carboxyfluorescein succinimidyl ester 

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate 

CHK1 Checkpoint kinase 1 

CIN cervical intraepithelial neoplasia 

CO2 carbon dioxide  

COX cyclooxygenase 2  

CRISPR clustered regularly interspaced short palindromic repeats 

CT cancer/testis  

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 

D Asparticacid 

DAVID 
Database for Annotation, Visualization, and Integrated 

Discovery  

DEG different expressed genes  
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DMD dystrophin gene 

DMEM Dulbecco’s Modified Eagle Medium 

DNA deoxyribonucleic acid  

DNAM-1 DNAX accessory molecule 1 

dNTP deoxy-ribonucleoside triphosphate 

DPBS dulbecco’s phosphate-buffered saline  

DRG DNA repair-related genes  

dsDNA double stranded deoxyribonucleic acid  

E1 oncogenic protein early gene 1 

E2 oncogenic protein early gene 2 

E4 oncogenic protein early gene 3 

E5 oncogenic protein early gene 4 

E6 oncogenic protein early gene 5 

E7 oncogenic protein early gene 6 

EDTA ethylenediaminetetraacetic acid  

EGF epidermal growth factor  

EGFR epidermal growth factor receptor 

EP300 E1A Binding Protein P300 

ER endoplasmic reticulum  

EXO1 exonuclease 1 

E:T ratio effector/target ratio 

F Phenylalanine 



APPENDIX 

 120 

F1-ATPase  ATP syntase 

FACS fluorescence-activated cell sorting 

FAS The Fas antigen 

FBS Fetal bovine serum 

FCS fetal calf serum  

FGF10 fibroblast growth factor 10 

FIGO the International Federation of Gynecology and Obstetrics 

FITC fluorescein isothiocyanate  

FLG filaggrin 

FSK forskolin 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GD2 disialoganglioside 

GEO Gene Expression Omnibus 

GO Gene Ontology  

GSEA gene set enrichment analysis  

GVHD graft-versus-host disease  

GzmB Granzyme B 

HBSS hank’s balanced salt solution  

HEMA 2-hydroxyethyl methacrylate 

HER2 Human Epidermal Growth Factor Receptor 2 

HLA human leukocyte antigen 

HMBPP I-4-hydroxy-3-methyl-but-2-enyl pyrophosphate 
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HPV16/18 human papillomaviruses type 16 or 18 

HPV+ human papillomaviruses E6 E7 positive 

HR-HPV high-risk human papillomaviruses  

HSPD1 heat shock protein family D (Hsp60) member 1  

I Isoleucine 

IC50 binding affinity score 

IEDB the Immune Epitope Database 

IF Immunofluorescence 

IFB Immunofluorescence buffer 

IFNγ interferon gamma 

IL Interleukin  

IPP isopentenyl pyrophosphate 

iPSC induced pluripotent stem cells 

IRE irreversible electroporation  

K Lysine 

KCl Potassium Chloride 

KEGG Kyoto Encyclopedia of Genes and Genomes 

KH2PO4 Potassium dihydrogen phosphate 

Ki67 antigen Kiel 67 

KLRG2 Killer Cell Lectin Like Receptor G2  

KMT2C Lysine (K)-specific methyltransferase 2C 

KMT2D Lysine (K)-specific methyltransferase 2D 
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KRT14 cytokeratin 14 

KRT17 cytokeratin 17 

KRT18 cytokeratin 18 

KRT5 cytokeratin 5 

KRT7 cytokeratin 7 

KRT8 cytokeratin 8 

L Leucine 

L1 oncogenic protein late gene 1 

L2 oncogenic protein late gene 2 

LAG-3 Lymphocyte-activation gene 3 

LAMP Lysosomal-associated membrane protein 1  

LASSO The least absolute shrinkage and selection operator  

MAGE melanoma antigen 

MCM The minichromosome maintenance protein complex 

MDSC myeloid-derived suppressor cells 

MgCl2  Magnesium dichloride 

MGMT Methylguanine methyltransferase 

MHC Major Histocompatibility Complex 

MICA MHC class I polypeptide–related sequence A 

MICB MHC class I polypeptide–related sequence B 

MS mass spectrometry 

MSH2 MutS homolog 2 
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MSLN Mesothelin 

MUC16 Mucin-16 

MUC4 Mucin-4 

Na2HPO4 Sodium phosphate dibasic 

NAC N-Acetyl-L-Cystein 

NaCl  sodium chloride 

NIC nicotinamid 

NK natural killer cells  

NKG2D The natural killer 2D receptor  

NKR natural killer receptor 

NY-ESO-1 New York esophageal squamous cell carcinoma 1 

OGG1 8-Oxoguanine glycosylase 

ORF open reading frames  

OS overall survival  

OVOL1 OVO Like Transcriptional Repressor 1 

p53 protein 53 

pAgs phosphoantigens 

PARP Poly (ADP-ribose) polymerase 

PBMC peripheral blood mononuclear cells 

PBS phosphate buffered saline  

PBST phosphate-buffered saline with Tween 20 

PCR polymerase chain reaction  
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PD-1 Programmed cell death protein 1 

PD-L1 programmed death-ligand 1 

PD-L2  programmed death-ligand 2 

PE phycoerythrin 

PFA Paraformaldehyde 

PI propidium iodide  

PIK3CA 
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit 

alpha isoform 

Prf Platelet-rich fibrin 

qRT-PCR quantitative reverse transcription polymerase chain reaction 

R Arginine 

RAD50 RAD50 homolog 

RAD51 RAD51 recombinase 

RNA ribonucleic acid  

ROC curve receiver operating characteristic curve 

ROCK Rho kinase 

RT reverse transcription  

SCC squamous cell carcinomas  

SNP single nucleotide polymorphism  

SNV single nucleotide variants  

STAT5 Signal Transducer and Activator of Transcription 5 A and B  

SUCLA2 Succinate-CoA Ligase ADP-Forming Subunit Beta 
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SV structural variants  

SYNE1 Spectrin Repeat Containing Nuclear Envelope Protein 1 

T Threonine 

TAA tumor-associated antigen  

TAE Tris-acetate EDTA buffer  

TAM tumor-associated macrophages  

TAP Transporter associated with antigen processing 

TBS Tris buffered saline  

TCGA The Cancer Genome Atlas Program 

TCR T-cell receptor  

TFA trifluoro acetic acid  

TGF transforming growth factor 

TGFB1 transforming growth factor beta 1 

Th17 T Helper 17 Cell 

Th2 T Helper 2 Cell 

TIDE Tumor Immune Dysfunction and Exclusion  

TIGIT T cell immunoreceptor with Ig and ITIM domains 

TIL Tumor-infiltrating lymphocytes  

TIM-3 T cell immunoglobulin and mucin domain-3 

TIS Tumor Inflammation Signature 

TLR toll-like receptor 

TMB tumor mutational burden  
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TME tumor microenvironment  

TNF tumor necrosis factor 

TOP2β Topoisomerase 2β 

TopBP1 DNA Topoisomerase II Binding Protein 1 

Tregs regulatory T cells  

TSA tumor-specific antigen 

TTN Titin 

TZ transformation zone 

ULBP1 UL16 binding protein 1 

ULBP4 UL16 binding protein 4 

UV Ultraviolet 

V Valine 

VISTA V-domain Ig suppressor of T cell activation 

XPA xeroderma pigmentosum group A 

Y Tyrosine 

ZOL zoledronic acid 

γH2AX Phosphorylated histone H2AX 
  

  

  

  


