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Zusammenfassung:

Hintergrund: Krebs bleibt die filhrende Todesursache und eine erhebliche Hirde fir eine
erhdhte Lebenserwartung. Trotz bedeutender Fortschritte bei chirurgischen und
chemoradiotherapeutischen Techniken ist ihre Wirksamkeit bei der Verlangerung des
Uberlebens von Krebspatienten begrenzt. Darliber hinaus wird die Behandlungseffektivitat
durch chirurgisches Wiederauftreten, entfernte Metastasen und die Entwicklung von
Medikamentenresistenzen weiter beeintrachtigt. In den letzten Jahren hat sich die
Immuntherapie als neuartige Behandlungsstrategie gezeigt, die vielversprechende
Ergebnisse bei der Bewaltigung dieser Herausforderungen erzielt. Unter den verschiedenen
immuntherapeutischen Ansatzen haben Tumorimpfstoffe aufgrund ihrer Spezifitat,
Zuganglichkeit und minimalen Nebenwirkungen erhebliche Aufmerksamkeit erregt. Folglich
besteht grofes Interesse unter Forschern, Tumorimpfstoffe mit hoher Immunogenitat zu
identifizieren. Ein solcher potenzieller Kandidat ist Recoverin, ein Autoantigen, das
hauptsachlich im Netzhautgewebe, insbesondere innerhalb der Blut-Retina-Barriere,
vorkommt. Es wurde festgestellt, dass in verschiedenen Tumorzelltypen eine abnormale
Anhaufung von Recoverin auftritt, die eine robuste Immunantwort ausldst, die sich gegen die
Tumorzellen richtet. Darliber hinaus wurden hohe Expressionen des Recoverin-Proteins bei
Tumorpatienten mit giinstigen Prognosen in Verbindung gebracht, was auf sein Potenzial als
Krebsimpfstoff hindeutet. Des Weiteren besitzt das Hitzeschockprotein 70 (HSP70) nattrliche
adjuvante Eigenschaften und soll die Immunogenitat von Selbstantigenen verstarken.

Methoden: In unserer bisherigen Forschung haben wir gezeigt, dass die Fusion von
Recoverin  mit HLA-Klasse-l/ll-Epitopen des HSP70-Proteins die Aktivierung von
dendritischen Zellen (DCs) und CD8*-T-Zellen stimuliert. In dieser Studie wollen wir das
Proliferationspotenzial und die antitumorale zytotoxische Wirkung der durch das Recoverin-
Fusionsprotein induzierten T-Zellen weiter untersuchen. Um die T-Zell-Proliferation zu
bewerten, werden DCs, die durch das Recoverin-Fusionsprotein induziert wurden, mit CFSE-
markierten  T-Zellen  kultiviert, und die Proliferationssignale = werden  mittels
Durchflusszytometrie nachgewiesen. Dartber hinaus werden wir DCs, die durch das
Recoverin-Fusionsprotein induziert wurden, mit T-Zellen kultivieren und diese anschlielend
nach einer zweiwdchigen Periode mit Y79-Zellen kultivieren. Der Prozentsatz der 7-AAD*
Y79-Zellen, gemessen mittels Durchflusszytometrie, wird als Indikator fur die durch das

Recoverin-Fusionsprotein induzierte antitumorale Wirksamkeit verwendet.



Ergebnisse: Unsere Ergebnisse zeigen, dass die Kultivierung von durch das Recoverin-
Fusionsprotein induzierten dendritischen Zellen (DCs) mit T-Zellen zu einem signifikanten
CFSE-Signal fuhrt, das auf eine robuste T-Zell-Proliferation hinweist. Dartiber hinaus wird bei
nachfolgender Kultivierung dieser T-Zellen mit Y79-Zellen ein hoéherer Prozentsatz von 7-
AAD* Signalen, die von den Y79-Zellen stammen, nachgewiesen, was auf eine verbesserte
zytotoxische Wirkung hindeutet.

Schlussfolgerung: Im Vergleich zur separaten Verabreichung von Recoverin-Peptiden oder
HSP70 zeigt das Recoverin-Fusionsprotein eine Uberlegene Immunogenitat und hebt sein

Potenzial als mogeicher Krebsimpfstoff hervor.



Abstract:

Background: Cancer remains the leading cause of mortality and a significant barrier to
increasing life expectancy. Despite significant advancements in surgical and
chemoradiotherapy techniques, their efficacy in prolonging cancer patient survival is limited.
Moreover, treatment effectiveness is further compromised by surgical relapse, distant
metastasis, and the development of drug resistance. In recent years, the emergence of
immunotherapy as a novel treatment strategy has shown promising results in addressing
these challenges. Among the various immunotherapeutic approaches, tumor vaccines have
gained considerable attention due to their specificity, accessibility, and minimal side effects.
Consequently, there is great interest among researchers in identifying tumor vaccines with
high immunogenicity. One such potential candidate is Recoverin, an autoantigen primarily
found in the retinal tissue, specifically localized within the blood-retina barrier. Notably,
abnormal accumulation of Recoverin has been observed in several tumor cell types,
triggering a robust immune response that targets the tumor cells. Additionally, high
expression levels of Recoverin protein in tumor patients have been associated with favorable
prognoses, suggesting its potential as a cancer vaccine. Furthermore, heat shock protein 70
(HSP70) possesses natural adjuvant properties and is believed to enhance the
immunogenicity of self-antigens.

Methods: In our previous research, we demonstrated that fusion of Recoverin with HLA class
I and Il epitopes of HSP70 protein stimulates the activation of dendritic cells (DCs) and CD8+
T cells. In this study, we aim to further investigate the proliferative capacity and anti-tumor
cytotoxic effects of T cells induced by the Recoverin fusion protein. To assess T cell
proliferation, DCs induced by the Recoverin fusion protein will be co-cultured with CFSE-
labeled T cells, and flow cytometry will be employed to detect proliferation signals.
Additionally, we co-cultured DCs induced by the Recoverin fusion protein with T cells,
followed by co-culturing with Y79 cells after a two-week period. The percentage of 7-AAD+
Y79 cells, measured by flow cytometry, will be utilized as an indicator of the anti-tumor
efficacy induced by the Recoverin fusion protein.

Results: Our results demonstrate that co-culturing DCs induced by the Recoverin fusion
protein with T cells leads to a significant CFSE signal, indicating robust T cell proliferation.
Furthermore, when these T cells are subsequently co-cultured with Y79 cells, a higher
percentage of 7-AAD+ signals originating from Y79 cells is detected, suggesting an

enhanced cytotoxic effect.



Conclusion: In comparison to the separate administration of Recoverin peptides or HSP70,
the Recoverin fusion protein exhibits superior immunogenicity, highlighting its potential as an

cancer vaccine.
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1. Introduction

Cancer represents a severe global health issue, imposing a substantial burden on both
human life and the economy. Despite some progress achieved in traditional tumor treatment
approaches, their limitations have become increasingly evident. Therefore, the pursuit of
more effective therapeutic methods has become a focal point in current tumor research. As
an emerging treatment approach, tumor immunotherapy has demonstrated immense

potential and has recently achieved significant breakthroughs.

1.1 Global burden of cancer

Cancer stands as a primary cause of death and disease burden worldwide. According to
data from the World Health Organization, millions of people are diagnosed with various types
of cancer each year, and cancer-related mortality rates remain alarmingly high. This situation
is particularly dire in developing countries, where inadequate medical resources and limited

education contribute to an even more challenging tumor prevention and control landscape.

1.2 Traditional cancer treatment approaches and emerging
therapeutic strategies

Traditional cancer treatment approaches, including surgical resection, chemotherapy, and
radiation therapy, have long served as the cornerstone of cancer management [1-3].
However, these methods present certain limitations that constrain their application in specific
cases [4-6]. Surgical resection may be hindered by factors such as tumor location and the
overall condition of the patient, which can render complete tumor removal unfeasible,
particularly when tumors are situated near critical organs or blood vessels [7]. Additionally,
chemotherapy and radiation therapy often result in non-specific damage to both tumor and
normal cells, leading to side effects and toxicities such as nausea, vomiting, hair loss, and
immune suppression, which impose additional burdens on patients' physical and
psychological well-being [8, 9]. Furthermore, certain tumors exhibit resistance to
conventional treatment methods, significantly compromising treatment efficacy [10, 11].
Consequently, with the advent of biotechnology, personalized precision therapies targeting
tumor cells have garnered widespread attention and have yielded exciting outcomes (Figure

1.2).
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Figure 1.2: Traditional cancer treatment approaches and emerging therapeutic

strategies (original art).

1. Targeted Therapy Based on Gene Mutations: Some cancers harbor specific genetic
mutations that drive abnormal proliferation and survival of cancer cells [12, 13]. By identifying
and targeting these specific gene mutations, targeted therapeutic drugs can effectively inhibit
tumor cell growth. For instance, breast cancer patients with HER2 gene mutations can
undergo treatment with trastuzumab (Herceptin), which suppresses HER2 receptor activity,

thus impeding cancer cell proliferation [13, 14].

2. Targeted Therapy Based on Gene Expression: By analyzing the gene expression patterns
of tumor cells, specific genes or proteins with aberrant expression can be identified [15, 16].
Drugs targeting these aberrantly expressed targets can be developed to interfere with tumor
cell growth and survival [17]. For example, melanoma patients with BRAF gene mutations
can receive treatment with vemurafenib, a drug that selectively inhibits mutated BRAF

protein kinase activity, thereby disrupting cancer cell signaling pathways [18, 19].

3. RNA Interference (RNAI) Technology: RNAI technology offers a precise and targeted
therapeutic approach by suppressing the expression of specific genes in tumor cells [20]. By

employing small RNA molecules (siRNA or miRNA) that bind to target genes in tumor cells,

12
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disease-causing genes in patients' tumor cells can be selectively silenced [21]. Researchers
have developed a nanoparticle-based small RNA delivery system that encapsulates siRNA
or miRNA within nanoparticles carrying specific targeting molecules [22]. This technology
enables selective binding to tumor cells, interfering with the overexpression of target proteins

resulting from mutations and thus inhibiting tumor cell growth and metastasis [23].

4. Gene Editing Therapy: Gene editing technologies, such as CRISPR-Cas9, have witnessed
breakthrough progress [24]. By utilizing gene editing tools, critical genes in tumor cells can
be precisely edited to inhibit their growth or promote cell death [25]. For instance, scientists
have employed gene editing techniques to suppress the activity of the BCR-ABL gene, a key

driver of chronic myeloid leukemia, in certain leukemia patients [26].

5. Nanomaterial-based Tumor Photothermal Therapy: Photothermal therapy utilizes
nanomaterials to absorb and convert external light energy, generating a thermal effect that
destroys tumor cells [27]. Researchers have successfully developed a variety of
nanomaterials, including gold nanoparticles, carbon nanotubes, and iron oxide nanoparticles,
for photothermal therapy. Upon exposure to specific wavelengths of light, these
nanomaterials absorb light energy and induce a thermal effect, leading to localized heating
and destruction of tumor cells, thereby achieving precise tumor treatment [28]. In summary,
nanomaterials hold significant potential in personalized and precise tumor treatment.
Nanoparticle-based drug delivery systems enable targeted therapy of tumor cells, while

nanomaterial-based photothermal therapy allows localized destruction of tumor cells [29].

6. Metabolism-Targeted Therapy: Tumor cells exhibit distinct metabolic characteristics
compared to normal cells, providing an opportunity for targeted therapy [30]. Metabolism-
targeted therapy aims to interfere with the metabolic pathways of tumor cells by inhibiting key
metabolic enzymes or regulating metabolic pathways, disrupting tumor cell survival and
proliferation abilities [31]. This strategy relies on an in-depth understanding of tumor cell
metabolic pathways and interventions tailored to the specific metabolic features of tumor
cells. A typical example is lipid metabolism-targeted therapy for breast cancer. Breast cancer
cells often display abnormal lipid metabolism activity, exhibiting increased reliance on lipid
synthesis and utilization. Researchers leverage this characteristic to transform breast cancer

cells into fat cells, achieving an anti-tumor effect [32].

7. Immunotherapy: Immunotherapy is a treatment method that harnesses the body's immune
system to combat diseases. It involves activating, enhancing, or regulating immune system

functions to recognize, attack, and eliminate tumor cells [33]. Mechanisms of immunotherapy
13



encompass the use of immune modulators, cell vaccines, antibody therapies, gene-
engineered cell therapies, and more, to bolster the body's immune system defenses and
clearance capabilities against diseases [34]. Immunotherapy showcases broad application
prospects in the field of cancer treatment, and the remarkable results of some clinical trials

have made it the most vibrant and captivating area of research currently [35, 36].

1.3 Immunotherapy strategies in cancer
1.3.1 Theoretical foundations

Immunotherapy represents a therapeutic approach that harnesses the power of the immune
system to combat tumor cells by modulating and enhancing its activity. At its core, this
treatment method relies on the utilization of tumor cell mutations and antigens, as well as the
restoration of tumor cell recognition, to activate the immune system's response against

cancer. The following key theoretical foundations underpin immunotherapy:

1. Tumor Cell Mutations: One crucial theoretical foundation of immunotherapy lies in the
recognition and targeting of tumor cell mutations [37]. During the course of tumor
development, genetic alterations occur within the cellular genome, resulting in discernible
genetic disparities between tumor cells and their normal counterparts. These mutations give
rise to novel tumor-specific antigens (TSAs) that are absent in normal cells [38]. By
identifying these specific antigens, the immune system can selectively eliminate tumor cells

while sparing normal cells.

2. Tumor-Associated Antigens: Another vital theoretical foundation is based on
immunotherapy's ability to target tumor-associated antigens (TAAs) [39]. TAAs are
characterized by their overexpression on the surface of tumor cells, with higher expression
levels compared to their presence in normal cells [40]. Immunotherapy interventions
stimulate the immune system to mount an immune response against TAAs, thereby

facilitating the recognition and attack of tumor cells [41].

3. Restoration of Tumor Cell Recognition: Immunotherapy also encompasses strategies to
restore the immune system's recognition of tumor cells. Tumor cells employ various
mechanisms to evade immune surveillance, including the inhibition of T-cell activation,
establishment of an immunosuppressive microenvironment, and downregulation of tumor
antigen expression. Immunotherapy interventions counteract these escape mechanisms,
enabling the immune system to recognize and effectively target tumor cells [42, 43]. For
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instance, the inhibition of immune checkpoint molecules, such as CTLA-4 and PD-1,

expressed on tumor cells enhances the cytotoxic activity of T cells against tumors [44, 45].

4. Modification and Enhancement of Immune Cells: Modifying and enhancing immune cells
represent another critical theoretical foundation of immunotherapy. CAR-T cell therapy
exemplifies this approach, involving the extraction of a patient's own T cells, subsequent
genetic modification to express chimeric antigen receptors (CARs) specific to tumor antigens
[46]. These engineered CAR-T cells possess the capability to recognize and directly attack
tumor cells, while undergoing robust proliferation within the body, thereby establishing a

sustained anti-tumor effect [47].

In the past decade, clinical trials exploring various theoretical foundations of immunotherapy
have demonstrated immense potential in combating cancer, even resulting in complete
remission for select individuals [48]. Although the current benefit of immunotherapy is limited
to a minority of tumor patients, the future outlook for this treatment approach is highly

promising.

1.3.2 Types of immunotherapeutic strategies

In the field of cancer treatment, a series of pioneering approaches have emerged, notably
encompassing cytokine therapy, cancer vaccines, immune checkpoint inhibitors, and
adaptive cellular transfer (ACT) therapy (Figure 1.3.2) [49]. These innovative strategies
collectively underscore substantial progress within this domain, striving to incite robust anti-
tumoral responses within patients and thereby providing more effective and targeted choices

for managing malignancies.
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Figure 1.3.2 Four types of immunotherapeutic strategies (original art).

Cytokine therapy is primarily geared towards stimulating immunological mechanisms,
orchestrating the amplification of immune cell activity to enhance the precision of targeted
responses against solid tumors [50]. In contrast, immune checkpoint inhibitors offer a
distinctive perspective. They intervene in the suppressive interplay between malignant and
immune cells, reinstating immune cells' capacity to mount an assault against tumors,
consequently enhancing therapeutic outcomes [51]. The strategy of Adoptive Cell Transfer
(ACT) therapy involves the harvesting and subsequent expansion of autologous immune
cells, particularly T cells. Following their activation, expansion, and restoration to vitality,
these cells are reintroduced into the patient's physiological milieu, thereby enabling more
finely-tuned targeted responses against tumor cells [52]. Simultaneously, cancer vaccines
represent a proactive immunization approach [53]. Meticulously designed on the foundation
of tumor antigens, these formulations incite tumor-specific immune reactions. The result
orchestrates an immune mechanism adept at discriminating and eradicating cancerous cells,

thereby achieving a precisely focused therapeutic effect.
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Nevertheless, it is imperative to acknowledge that these methodologies are continuously
evolving, necessitating ongoing research and refinement to maximize therapeutic efficacy
while mitigating potential drawbacks. This progressive approach holds the promise of

progressively enhancing the outlook for the cohort of individuals afflicted by cancer.

1.3.2.1 Cytokine therapy

Cytokines play a pivotal role in the regulation of cellular activities and are produced by
various cell types. They play a critical role in the interplay and modulation of immune cells,
contributing to the regulation and activation of immune responses. These multifunctional
molecules are capable of activating and enhancing immune cell functions, promoting anti-

tumor immune responses, as well as inhibiting tumor growth and metastasis.

Several cytokines with potent anti-tumor activities have been identified, including interleukin
(IL)-2, IL-12, IL-15, interferon (IFN)-a, and IFN-y [54-57]. These cytokines exert their effects
through diverse mechanisms to enhance the response of the immune system against tumors.
Firstly, cytokines can directly stimulate and augment immune cell functions. For instance, IL-
2, a potent T-cell growth factor, facilitates T-cell proliferation, functional maturation, and
enhances their cytotoxicity against tumor cells [58, 59]. IL-12 and IL-15 promote the activity
of natural killer (NK) cells, reinforcing their ability to eliminate tumor cells [60, 61]. IFN-a and
IFN-y exert antitumor effects by suppressing tumor cell proliferation and inducing apoptosis

[62, 63].

Additionally, cytokines play a significant role in modulating the tumor microenvironment,
influencing immune cell infiltration and function. The tumor microenvironment comprises a
complex network of cells and molecules that contribute to immune suppression. Cytokines
possess the capability to modify the immunosuppressive characteristics of the tumor
microenvironment, thereby increasing immune cell infiltration and activity. For example, IL-2
and IL-12 have been shown to enhance the infiltration of lymphocytes into tumors,
augmenting their antitumor response [64, 65]. IFN-y can counteract immunosuppressive
factors within the tumor microenvironment, thereby reducing immune evasion. Notably, IL-7,
as a cytokine therapy in cancer treatment, exhibits superior activity compared to IL-2 in
inducing the expansion of tumor-specific T cells in breast cancer, highlighting its potential as
an adjunctive molecule in the field of oncology [66]. Studies have demonstrated that IL-7 can
restore the activity of CD8+ T cells by downregulating PD-1 expression [67]; Furthermore, in
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addition to its impact on T cells, IL-7 has been shown to regulate immune responses in B
cells, dendritic cells, and natural killer cells with precision [68-70]. Recently, novel cytokines
have been identified as secreted immune checkpoints, demonstrating their potential in

immune modulation for therapeutic interventions [71].

High-dose (HD)-IL-2 (aldesleukin) has received approval from the U.S. Food and Drug
Administration (FDA) for the treatment of specific solid tumors [72]. Furthermore, cytokines
can be synergistically combined with other therapeutic strategies to enhance treatment
efficacy. By augmenting the recognition of tumor antigens and immune cell responses,
cytokines can be integrated with tumor antigen-targeted therapies. Moreover, the
combination of cytokines with immune checkpoint inhibitors can enhance anti-tumor immune
responses by activating immune cells and inhibiting immunosuppressive pathways [73-75].
Several ongoing clinical trials are investigating the combined use of cytokines with adoptive
cell transfer (ACT). Studies have reported that the co-administration of low-dose IL-2 and
adoptive T cell therapy significantly prolongs the survival of T cells in patients with metastatic

melanoma compared to those without IL-2 administration [76].

Despite the immense potential of cytokine-based anti-tumor immunotherapy, several
challenges and limitations persist. Firstly, certain cytokines exhibit severe toxic side effects,
which restrict their clinical utility. Secondly, the preparation and delivery techniques of
cytokines still present challenges that necessitate further refinement and optimization.
Moreover, the intricate nature of the tumor microenvironment hampers the efficacy of

cytokine-based interventions.

1.3.2.2 Immune checkpoint blockade (ICB)

Anti-tumor immune therapy based on immune checkpoint blockade (ICB) has emerged as a
promising therapeutic approach aimed at leveraging the body's immune system to attack and
eliminate tumor cells [77]. Immune checkpoints encompass a group of molecules that
normally maintain immune system homeostasis, preventing excessive activation and
autoimmunity. However, tumor cells exploit these checkpoints to evade immune surveillance,
facilitating tumor growth and dissemination. Notably, the interaction between programmed
cell death protein 1 (PD-1) on activated T lymphocytes and its ligand PD-L1 on tumor cells

results in the immune evasion of tumor cells by T lymphocytes [78].

The essence of ICB therapy lies in the inhibition of immune checkpoint molecules, which
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serves to unleash potential anti-tumor immune responses. This therapeutic strategy
predominantly employs antibodies to block immune checkpoints, including cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), PD-1, and PD-L1, with the objective of reinstating
and reinforcing the body's immune response [79]. Immune checkpoint inhibitors have
exhibited encouraging clinical outcomes across a variety of malignancies [80]. The CTLA-4
monoclonal antibody Ipilimumab was the first immune checkpoint inhibitor to gain approval
from the US FDA [81], followed by PD-1 antibodies (Nivolumab and Pembrolizumab)
receiving market authorization in late 2014. Two years later, Atezolizumab, the first PD-L1
antibody, obtained regulatory approval [82]. These agents have been sanctioned for the
treatment of diverse solid tumors and hematologic malignancies [83-85], heralding a new era

in clinical anti-tumor therapy through ICB.

The mechanisms of anti-tumor immune therapy encompass multifaceted interactions [86].
Initially, the inhibition of CTLA-4 impedes the transmission of inhibitory signals on immune
cell surfaces, thereby augmenting the activation and proliferation of T cells. Subsequently,
the disruption of PD-1/PD-L1 binding prevents immune escape signals between tumor cells
and immune cells, enabling immune cells to identify and eliminate tumor cells. Nevertheless,
certain PD-L1+ tumors do not respond to PD-L1 immune therapy, necessitating the
identification of additional tumor immunogenic markers. These may include other immune
checkpoint molecules expressed on tumor cells and the surrounding stromal cells, such as
lymphocyte-activation gene 3 (LAG-3), T cell immunoglobulin and mucin domain-containing
protein 3 (TIM-3), and carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAMA1) [79, 83, 87-89]. The collective actions of these mechanisms ultimately facilitate
immune system reconstitution and restoration, enabling the containment of tumor cell

proliferation and dissemination.

Despite the remarkable therapeutic efficacy of ICB strategies in anti-tumor immune therapy,
only a minority of patients exhibit durable responses [85, 90, 91]. One contributing factor is
the capacity of tumor cells to downregulate the expression of surface proteins, thereby
diminishing immune recognition and attack. Additionally, the presence of immune inhibitory
factors within the tumor microenvironment can impede immune cell infiltration and function
[92]. To enhance the effectiveness of anti-tumor immune therapy, ongoing research focuses
on combining different immune checkpoint inhibitors [93], as well as their integration with
other treatment modalities such as chemotherapy, radiation therapy, and targeted therapy
[84, 94, 95]. Moreover, personalized treatment strategies represent a pivotal research

avenue, leveraging the genomic and immunological characteristics of individual patients to
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tailor optimal therapeutic regimens [96-98].

Further investigation into tumor immune evasion mechanisms and potential resistance
mechanisms assumes paramount significance. For tumors harboring sufficient antigenicity
and immunogenicity, immune therapy necessitates a dual focus on strategies that enhance
tumor-specific immune responses, such as vaccines and/or T cell receptor-engineered T
cells (TCR-T), as well as strategies that augment T cell-mediated cytotoxicity against tumor
cells, such as chimeric antigen receptor-engineered T cells (CAR-T) [34, 99]. In summary,
immunotherapy based on immune checkpoint blockade represents a forefront therapeutic
approach that activates the body's immune system to combat tumor cells. Although
challenges such as immune evasion, treatment resistance, and off-target effects persist
[100-102], ongoing research and development hold the promise of improving the clinical

outcomes for cancer patients.

1.3.2.3 Adoptive cell transfer (ACT) therapy

In recent years, the application of autologous T lymphocytes in cancer therapy has attracted
significant attention, leading to numerous ongoing clinical trials [103]. T lymphocytes play a
crucial role in tumor immune responses and possess potent cytotoxic capabilities. Adoptive
Cell Transfer (ACT) Therapy is an immunotherapy technique aimed at targeting tumor cells
by enhancing the recognition abilities of lymphocytes, particularly T cells [104]. This
approach is distinct from non-specific immune stimulation and immune checkpoint blockade,
as it focuses on actively directing immune cells to attack tumors, rather than merely
augmenting pre-existing immune responses. In simple terms, the underlying principle of this
therapy involves extracting a patient's immune cells, genetically modifying or activating them
to enhance their recognition capabilities, and subsequently reintroducing these modified
immune cells back into the patient's body [105]. These therapies hold promise for targeting
immunologically poor tumors and inducing durable responses [106]. ACT therapy primarily
encompasses two novel cellular immunotherapeutic techniques known as TCR-T and CAR-T,

which have demonstrated encouraging results in treating certain malignancies [107-110].

TCR-T is a cell-based therapy that involves the infusion of genetically modified T
lymphocytes into patients, enabling them to efficiently recognize tumor cells expressing
specific targets. In comparison to cytotoxic chemotherapy and targeted therapy, TCR-T
exhibits rapid activation and high specificity. Furthermore, TCR-T cells display greater

sensitivity to antigen levels on tumor cells when compared to CAR-T cells [111, 112]
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Unfortunately, despite demonstrating some efficacy in clinical trials [113], TCR-T therapy still
faces challenges in achieving optimal clinical effectiveness. Current research efforts focus on
identifying effective tumor antigens, cloning high-affinity TCR receptors, and optimizing TCR

transduction efficiency [114-117].

Another compelling cell-based immunotherapy technique that has garnered significant
interest among researchers is CAR-T, which currently stands as the only commercially
available ACT therapy. CAR-T cells are T cells engineered to express receptors with
specificity for tumor antigens. The key steps of CAR-T therapy involve collecting T cells from
the patient's body, genetically modifying these cells to express chimeric antigen receptors
(CARs), expanding the modified CAR-T cells to obtain a sufficient cell population, and finally
reinfusing them into the patient's body to combat tumor cells [118]. Compared to
conventional immunotherapies, CAR-T therapy offers several unique advantages. Firstly,
CAR-T cells bypass the need for antigen processing and presentation mechanisms, enabling
direct recognition of tumor-associated antigens and subsequent induction of cytotoxicity
through T cell activation and cytokine secretion. Secondly, CAR-T cells overcome major
histocompatibility complex restrictions by introducing CAR proteins, thereby avoiding

immune rejection reactions [119].

CAR-T therapy has achieved significant breakthroughs in clinical trials. Currently, CAR-T
therapy has been approved for the treatment of various hematologic malignancies, such as
B-cell leukemia and lymphoma [110, 120]. Clinical trial results have demonstrated long-term
remission in many patients treated with CAR-T therapy [121]. However, CAR-T therapy still
faces certain challenges and limitations. Firstly, its efficacy remains relatively limited against
solid tumors, as it primarily focuses on hematologic malignancies. Secondly, CAR-T therapy
can induce severe side effects, including cytokine release syndrome and neurotoxicity [122]
Additionally, the use of autologous T cells derived from patients often leads to damage to the
patient's T cell compartment during the T cell acquisition process [123]. Furthermore, the
high production cost and lengthy manufacturing process pose barriers to the widespread

feasibility of CAR-T therapy [118].

1.3.2.4 Cancer vaccines

Cancer vaccines are grounded in the principles of immunology. The development and
progression of cancer are frequently associated with immune system dysregulation, allowing

tumor cells to evade immune surveillance and promote tumor growth and metastasis. The
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objective of cancer vaccines is to stimulate the patient's immune system, enhancing its ability
to recognize and attack tumor cells, thus suppressing tumor growth and preventing
metastasis [124]. Based on their intended application and mode of action, cancer vaccines

can be categorized as either prophylactic or therapeutic vaccines [125].

Prophylactic vaccines are designed to prevent cancer development in individuals who are at
risk. These vaccines function by activating the immune system to generate specific immune
responses that provide protection against cancer. Several prophylactic vaccines have been
developed, such as the human papillomavirus (HPV) vaccine, which effectively prevents
HPV-associated cancers including cervical and anal cancers [126]. Additionally, the hepatitis
B vaccine is considered a prophylactic vaccine, as hepatitis B virus infection is a significant

risk factor for liver cancer [127].

Therapeutic vaccines, on the other hand, are administered to individuals who have already
been diagnosed with cancer, aiming to activate the immune system and elicit an immune
response against cancer cells. These vaccines typically incorporate specific tumor antigens,
such as whole tumor cells, tumor-associated antigens, or specific tumor-associated proteins.
By introducing these antigens, the immune system is stimulated to mount an immune
response specifically targeting cancer cells, thereby facilitating the therapeutic effect [128].
Notable therapeutic vaccine approaches include DNA vaccines, mRNA vaccines, peptide

vaccines, and dendritic cell (DC) vaccines [53, 99].

(1) DC vaccines: Dendritic cells are a specialized type of immune cells that possess antigen-
presenting capabilities. They can capture and process antigens and subsequently activate
other immune cells to generate immune responses [129]. Dendritic cell vaccines involve
isolating dendritic cells from the patient's body and manipulating them in the laboratory to
present specific tumor antigens. Subsequently, these processed dendritic cells are
reintroduced into the patient's body to activate the host immune system and elicit immune
responses against cancer cells [130]. Dendritic cell vaccines are highly personalized,
exhibiting robust long-term immune memory effects. For instance, Sipuleucel-T (Provenge),
an autologous dendritic cell vaccine, has gained FDA approval for clinical use [131].
However, similar to CAR-T cell therapy, the preparation process of dendritic cell vaccines is
complex, time-consuming, requires specialized equipment, and is associated with high costs.
Furthermore, the therapeutic efficacy of dendritic cell vaccines displays variability and

necessitates further optimization and research [132, 133].

(2) DNA and mRNA vaccines: These vaccine modalities involve introducing DNA or mRNA
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sequences encoding specific tumor antigens into the patient's body, thereby enabling the
patient's own cells to produce the desired antigens and initiate immune responses [134].
While DNA vaccines and mRNA vaccines share similar principles, they differ in terms of
delivery methods and the duration of immune responses [135-137]. The advantages of these
vaccines lie in their capacity for customization based on the specific cancer type and
individual characteristics, thus improving treatment effectiveness. Nevertheless, further
research is needed to enhance antigen expression and the strength of immune responses.
Additionally, the storage and transportation of DNA and mRNA vaccines present technical

challenges due to the inherent instability of these biomolecules.

(3) Peptide vaccines: Peptide vaccines are composed of specific peptide segments derived
from cancer cell surfaces, capable of stimulating immune cells to mount immune responses
against cancer cells [125]. Peptide vaccines are typically administered in conjunction with
immune adjuvants, such as antigen-presenting cell activators, to enhance the magnitude and
persistence of immune responses [138]. The design of peptide vaccines can be tailored to
target specific cancer-specific antigens, thereby increasing treatment precision [139].
Compared to DNA and mRNA vaccines, peptide vaccines offer enhanced stability and

simplified preparation and storage.

In contrast to cytokine therapy, cancer vaccines provide a more precise means of eliciting
immune responses by targeting specific tumor antigens, thereby minimizing damage to
normal cells [140]. Moreover, cancer vaccines induce long-term immune memory, enabling
the immune system to mount rapid and effective responses to cancer recurrence [141].
While immune checkpoint blockade therapy (ICB) restores the immune system's ability to
target tumors by blocking inhibitory signals, its efficacy varies among individuals, and some
patients may exhibit limited responsiveness to ICB treatment. In contrast, cancer vaccines
stimulate the patient's own immune system to generate more specific and targeted immune
responses, thereby improving treatment efficacy to some extent [142]. Furthermore, cancer
vaccines can be synergistically combined with other immunotherapeutic approaches,
including ICB, to further enhance treatment outcomes [143, 144]. Unlike CAR-T cell therapy,
which is typically restricted to specific tumor antigens, cancer vaccines can address the
diversity and heterogeneity of tumors. Additionally, cancer vaccines demonstrate lower side
effects and toxicity and can be more effectively personalized through vaccine administration
[145]. Although cancer vaccines have made notable advancements in clinical applications,
they still face challenges such as tumor heterogeneity and immune escape mechanisms,

necessitating further research and exploration.
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1.3.3 Antigens selection for cancer vaccines

Cancer vaccines have emerged as a novel therapeutic approach for tumor treatment, and
the significance of antigen selection cannot be disregarded [146]. Antigens play a crucial role
in recognizing and activating the immune system, and their selection directly impacts the
specificity and efficacy of tumor vaccines. Therefore, comprehensive consideration of various
factors, including tumor heterogeneity [147], antigen expression levels, immunogenicity, and

immune evasion [148, 149], is essential in the antigen selection process for cancer vaccines.

The types of antigens selected for cancer vaccines can be categorized as tumor-specific
antigens (TSAs) and tumor-associated antigens (TAAs) [150]. In the field of cancer
immunotherapy, the development of effective vaccines is an important yet challenging task.
Vaccine design necessitates careful deliberation of antigen selection and how to elicit and
enhance the patient's immune response to achieve the inhibition of tumor growth and

dissemination.

TSAs refer to antigens that are exclusively expressed on tumor cells and completely absent
in normal cells [151]. TSAs primarily consist of mutated proteins and viral-derived proteins,
endowing them with superior recognition and targeting abilities towards tumor cells [152].
This enables TSAs to precisely activate immune cells, inducing an attack specifically against
tumor cells while causing minimal harm to normal tissues [153]. Consequently, TSAs are
often regarded as ideal antigen choices due to their high specificity in recognizing and

eliminating tumor cells [154].

In contrast to TSAs, TAAs are antigens that are overexpressed in tumor cells but expressed
at low levels in normal cells [146]. TAAs encompass a common class of cancer antigens,
including fetal antigens, carcinoembryonic antigens, carbohydrate antigens, tyrosinase,
protein kinases, and growth factor receptors [150, 155]. Since TAAs are expressed in both
tumor and normal cells, the immune system exhibits reduced specificity towards them,
potentially leading to effects on normal cells [156]. Consequently, vaccine designers need to
explore vaccine strategies targeting TAAs that enhance immune attack against tumor cells

while minimizing immune damage to normal tissues.

The use of TSA vaccines is also constrained by the diversity of somatic cell mutations in
different tumor types and their individual specificity. Studies have demonstrated a positive

correlation between immune activity and tumor mutation burden (TMB) [157, 158]. Only 10%
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of non-synonymous mutations in tumor cells can generate highly MHC-affine mutant
peptides, and a mere 1% of these peptides can be recognized by patient T cells. Therefore,
in theory, the higher the TMB, the greater the number of novel antigens that T cells in the
tumor can recognize [154]. Different malignancies exhibit substantial variations in TMB.
Tumors with high TMB, such as melanoma, demonstrate a higher response rate to immune
therapy [159], whereas solid tumors with generally low TMB are less amenable to existing
neoantigen vaccine systems. It is noteworthy that due to the stochastic nature of mutations,
there is minimal overlap of TSAs among cancer patients [160, 161], significantly limiting the
widespread application of TSA vaccines. In contrast, the advantage of TAA vaccines lies in
their broad applicability. Since TAAs are present in various tumor types, TAA vaccines can
be extensively employed against diverse malignancies [162, 163]. This broad spectrum
makes TAA vaccines a universal vaccine strategy applicable to multiple tumors. However,
most clinical trials targeting TAAs have failed to demonstrate long-lasting beneficial effects
due to central (thymic) or peripheral tolerance mechanisms [164, 165]. Cancer-germline
antigens (CGAs) represent a unique subset of TAAs that are expressed in healthy tissues
but are restricted to immune-privileged sites [166, 167], such as the blood-testis barrier [168].
Consequently, CGAs possess high immunogenicity to the human immune system and evoke
robust immune stimulation when exposed, while exhibiting reduced adverse effects on
normal tissues compared to conventional TAA vaccines [169-171]. To date, Cancer-Testis
Antigens have been extensively investigated in clinical research and have demonstrated

promising clinical benefits [172-175].

Similar to the blood-testis barrier, the retinal barrier constitutes a vital physiological structure
that safeguards and regulates the intra-retinal environment. Comprising multiple intricate and
highly specialized cell layers, the retinal barrier forms a tightly knit physical and biochemical
barrier, restricting free diffusion of substances within the retina. Within the retinal barrier,
specific photoreceptor proteins are exclusively expressed locally in the eyes of non-tumor
patients, and aberrant expression has been observed in certain tumor cells. These
photoreceptor proteins collectively encompass the group of cancer-retina antigens, including
arrestin, rhodopsin kinase, cGMP-phosphodiesterase 6 (PDE 6), etc [176]. Some studies
have suggested that these aberrantly expressed cancer-retina antigens (CRAs) in tumor
cells can serve as potential tumor markers and are closely associated with tumor cell
homeostasis [177, 178], implying the potential of these photoreceptor proteins as targets for
specific therapy, particularly as tumor vaccines. Our research team has previously reported

on a retina-restricted CRA called Recoverin [179], which serves as a candidate tumor
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antigen with significant potential in immunotherapy. We will elaborate on this in the

subsequent section.

1.4 Recoverin in the Blood-Retinal Barries

The blood-retinal barrier serves as a crucial biological barrier, formed by the tight junctions of
endothelial cells within the retinal capillaries (Figure 1.4). Its primary function is to maintain

the stability of the ocular environment. By restricting the unimpeded diffusion of substances,
this barrier effectively safeguards the retina against the detrimental effects of exogenous
agents [180]. Remarkably, the blood-retinal barrier also confers immune privilege upon the
eye, thereby preventing the full recognition and immune response toward certain proteins
that are intrinsic to the retina and play pivotal physiological roles [181]. The exposure of
these proteins to the immune system triggers a robust immune reaction, as they are
perceived as "foreign antigens" by the host [182]. Notably, among these proteins, Recoverin,
a calcium-binding protein found within the photoreceptor cells, has been concurrently
discovered by several research teams and identified as the primary cancer-retina antigen

[179], thereby suggesting its potential value in the development of cancer vaccines.
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1.4.1 Physiological functions of Recoverin

Recoverin, a widely distributed protein in the retina, predominantly localizes to the outer
segments of photoreceptors in vertebrate retinas. It plays a crucial physiological role in visual
signal transduction by modulating the state of rhodopsin through the inhibition of rhodopsin
kinase (GRK1) [183]. In retinal cells, Recoverin primarily serves as a regulator of calcium
signaling, as it possesses the ability to bind calcium ions and respond to changes in
intracellular calcium concentration [184]. In dark environments, the concentration of calcium
ions increases in rod cells, leading to the binding of Recoverin to these ions and subsequent
inhibition of GRK1, thereby preventing rhodopsin phosphorylation. Conversely, in bright light
conditions, Recoverin releases calcium ions, resulting in the phosphorylation and inactivation
of GRK1 on rhodopsin. This regulatory mechanism has the capacity to influence the
excitatory and inhibitory inputs of retinal cells, thus modulating the transmission and
processing of visual signals [185]. In both scenarios, the majority of Recoverin protein is

localized in the inner segments of rods, vgi;h approximately 12% present in the outer



segments in darkness, and less than 2% remaining in the outer segments under light
exposure [186]. Through this mechanism, Recoverin regulates the retina's ability to adapt to
different light intensities, ensuring the normal functionality of the visual system [187].
Furthermore, the regulatory mechanism of Recoverin in cone cells is not yet fully understood,
but evidence suggests that calcium-dependent regulation of GRK activity is more
pronounced in cone cells compared to rod cells [188]. This implies that Recoverin may exert
a more potent light adaptation regulatory function in cone cells. However, it appears that
Recoverin primarily regulates the cascade of cone phototransduction under low light

conditions [189].

1.4.2 Recoverin in cancers

Recent research has indicated that Recoverin may also play a potentially significant role in
the field of oncology. It has been observed that the expression levels of Recoverin are
markedly upregulated in various tumor tissues, particularly in retinoblastoma, breast cancer,
lung cancer, and prostate cancer, among others [190-195]. A recent proteomic study has
further revealed the upregulation of Recoverin protein in breast milk secretions from breast
cancer patients [196]. In urologic malignancies, the combination of arrestin and Recoverin
has shown promise as an effective urinary biomarker for renal cell carcinoma (AUC 0.96),
although its performance in bladder cancer and prostate cancer is suboptimal (AUC 0.76; 0.7)

[197, 198].

Cancer-associated retinopathy (CAR) is a rare paraneoplastic autoimmune disease
characterized by painless vision loss [192]. Autoantibodies generated against cancer-
associated retinal antigens cross-react with proteins located in the blood-retina barrier,
ultimately leading to retinal damage [199, 200]. Immune checkpoint inhibitors (ICls) have
been widely employed in cancer therapy or clinical trials. However, cases of ICl-induced
retinopathy resulting in visual impairment have been reported in patients with hepatocellular
carcinoma (HCC) and small cell lung cancer (SCLC), with subsequent improvement in vision
following steroid treatment [201, 202]. Notably, self-antibodies against Recoverin have been
detected less frequently in the anti-retinal autoantibodies that induce CAR [203], indicating a
relatively higher safety profile of Recoverin in tumor vaccines. Furthermore, CAR induced by
Recoverin antibodies has shown significant improvement through intravitreal dexamethasone

implantation [190, 204].

28



The 5-year survival rate for most patients diagnosed with SCLC is a mere 7% [205].
Interestingly, a case report described a patient with SCLC who developed CAR. Recoverin
protein was detected on tumor cells, and Recoverin antibodies were present in the patient's
serum. The patient experienced spontaneous regression of SCLC without receiving any
anticancer treatment. Another case report described a SCLC patient who maintained long-
term tumor remission and survived for 9 years after synchronous chemotherapy. Throughout
this period, Recoverin antibodies remained positive [206]. Surprisingly, two additional case
reports documented the survival of patients with SCLC accompanied by CAR for 15 and 17
years, respectively [207, 208]. This phenomenon has been attributed to the antitumor effect
exerted by Recoverin antibodies, suggesting the potential application of Recoverin as an

antigen in tumor vaccines.

The precise role of Recoverin expression in tumors remains incompletely understood, but
significant progress has been made in certain studies. Recoverin, through its interaction with
calcium ions, is involved in GRK-dependent cellular regulation in cancer cells [209], thereby
regulating crucial processes such as proliferation, apoptosis, and migration [210-212].
Recently, a study shows that the aberrantly expressed Recoverin, upon transfection into
A549 cells, could affect the vitality and drug sensitivity of A549 cells via G-protein-coupled
receptor (GPCR) signaling [213].

1.5 Adjuvants

1.5.1 Definition and mechanisms of action of adjuvants

Adjuvants are auxiliary substances added to vaccines to enhance their immunogenicity.

They exert their effects through several mechanisms:

1. Providing immune stimulation: Adjuvants can mimic pathogen features, activating the
immune system and eliciting an immune response, thus enhancing the immunogenicity of

the vaccine.

2. Improving antigen presentation: Adjuvants can modify antigen characteristics in the
vaccine, facilitating recognition and presentation by immune cells, thereby improving the

efficiency of immune responses.

3. Modulating immune responses: Adjuvants can regulate immune cell activation and
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differentiation, promoting specific immune response types such as Th1 or Th2 responses,

thereby enhancing immune effectiveness.

Cancer vaccines aim to stimulate specific immune responses that recognize and inhibit the
growth and spread of tumor cells. However, standalone cancer vaccines often fail to induce
sufficient immune reactions [214, 215]. To enhance the efficacy of cancer vaccines,
researchers have developed adjunctive substances called vaccine adjuvants [216, 217]. The
introduction of adjuvants can activate immune cells, increase antigen expression and
delivery, and improve immune cell recognition and killing capacity towards antigens [218-
220]. Additionally, adjuvants can recruit immune cells, facilitate immune cell interactions, and
promote the formation of immune memory [221-223]. Overall, adjuvants enhance immune
responses and improve the effectiveness of cancer vaccines by increasing immune cell
activity and antigen immunogenicity. Among potential adjuvant choices, the heat shock
protein (HSP) family, with its unique functions and biological characteristics, has emerged as
a promising candidate for cancer vaccine adjuvants. Furthermore, HSPs exhibit excellent
safety and biocompatibility, further supporting their feasibility as adjuvants [224]. The rapid
growth and abnormal metabolism of cancer cells lead to increased stress levels, resulting in
elevated expression of HSPs, providing abundant sources for extracting adjuvants for cancer

vaccines [225, 226].

1.5.2 HSP family in adjuvants

Heat shock proteins (HSPs) are a highly conserved group of proteins widely present in cells.
They serve various essential biological functions in organisms, including protein folding,
transport, stability, degradation, and participation in signal transduction [227]. HSP proteins
not only function under non-physiological conditions such as high temperature, low
temperature, high salinity, and pH changes but also play significant physiological roles in
normal cells [228]. Studies have demonstrated that HSPs play important protective roles in

disease resistance and aging [229, 230].

The structural characteristics of HSP family proteins are closely related to their functions.
HSPs consist of an ATP-binding domain and a substrate-binding domain. The ATP-binding
domain of HSPs participates in ATP hydrolysis, providing the energy for their molecular
chaperone function. The substrate-binding domain directly forms complexes with substrates

(usually unfolded or misfolded proteins), preventing their misfolding or aggregation [231].
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Notably, HSP70 was the first HSP shown to bind antigen peptides [232].

HSP70 is divided into different subtypes, each with distinct localization [233]. Extracellular
HSP70, released from tumor cells through exosomes, plays a role in regulating tumor-
associated immune cells within the tumor microenvironment [234]. HSP70 accumulates
extensively in various types of tumors to protect tumor cells from the toxicity of
chemotherapy drugs. Increased extracellular HSP70 levels after chemotherapy enhance the
pro-tumor effects of tumor-associated macrophages (TAMs) by regulating TGF-3 expression
in breast cancer cells [235]. Inhibition of HSP70 significantly improves the efficacy of tumor
chemotherapy [236]. Additionally, HSP70 is involved in a wide range of cancer occurrence
and progression through dysregulation of multiple cancer-related signaling pathways [237,
238]. Studies have shown that HSP70 and insulin-like growth factor | receptor (IGF-IR)
mutually regulate each other, promoting proliferation and migration of HCC cells [239].
Through the AKT-STAT3 signaling pathway, HSP70 upregulates macrophage receptor with
collagenous structure (MARCO), thereby promoting macrophage phagocytosis of apoptotic
tumor cells, reducing inflammatory cell infiltration, and facilitating immune evasion [209].
Furthermore, the HSP70/TLR4 signaling axis promotes the recruitment of myeloid-derived
suppressor cells (MDSCs) into the tumor tissue, shaping an immunosuppressive

microenvironment and leading to adaptive resistance to anti-PD-1 immunotherapy [240].

1.5.3 Application of the HSP family as cancer vaccine adjuvants

In the past few decades, HSPs have been extensively studied as antigen carriers for
vaccines [241-243]. Due to their antigen-presenting functions, HSPs can enhance immune
responses and are considered ideal antigen carriers [244]. HSPs form antigen-HSP
complexes by binding specific antigens to their antigen-binding domains [245]. These
complexes are delivered to professional antigen-presenting cells (such as dendritic cells) and
presented to immune cells via the major histocompatibility complex (MHC) class | or class I
pathways, activating T cells and B cells, thereby initiating specific immune responses [246].
Furthermore, some HSPs (such as HSP70) can interact with receptors on the surface of
immune cells, regulating immune cell activation and function, and enhancing immune
responses [247]. Clinical studies have demonstrated the potential value of HSP70 as a

cancer vaccine adjuvant and have shown promising clinical outcomes [248].

In contrast to the biological functions of HSP70, HSP70-peptide complexes can induce
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robust anti-tumor immune responses. In a mouse model of lung cancer metastasis,
researchers observed that a vaccine combining TAA with HSP70 significantly increased the
number and responsiveness of cytotoxic T lymphocytes (CTLs) and better suppressed tumor
growth and metastasis compared to individual TAA vaccines. Further experiments
demonstrated that HSP70 facilitated the recognition and presentation of TAAs by dendritic
cells [249], a phenomenon also observed in mouse models of hepatocellular carcinoma
(HCC) and ovarian cancer [250, 251]. The efficacy of such vaccines largely depends on
tumor origin and the immunogenicity of antigens delivered by HSP70 [252]. Human
papillomavirus (HPV) is a major risk factor for cervical cancer, and E7 is a major component
of HPV that can be presented to T cells by dendritic cells. However, HPV vaccines only
contribute to the prevention of cervical cancer and have no therapeutic effect. A study found
that E7-HSP70 protein can exert anti-tumor effects as a therapeutic vaccine [253]. Currently,
some HSP70-based vaccines have undergone clinical trials [254], and promising therapeutic
effects have been demonstrated in phase 1 clinical trials [255]. As mentioned earlier,
Recoverin, as a specific TAA, exhibits potent immunogenicity and has minimal side effects
on normal tissues. However, as a single peptide, its ability to induce anti-tumor immune
responses is limited. Therefore, combining Recoverin with HSP70 may have significant anti-

tumor effects.

1.6 Research objective

Considering the abnormal expression of Recoverin in various cancers and its potent
immunogenicity as a result of the blood-retina barrier, we aim to investigate the potential of a
Recoverin-HSP70 fusion protein as a cancer vaccine adjuvant. Our preliminary research has
observed that the Recoverin-HSP70 fusion protein can effectively induce dendritic cell
maturation and activation and further activate CD8+ T cells. My study will further explore the
ability of the Recoverin-HSP70 fusion protein to activate dendritic cells and induce T cell
proliferation, as well as evaluate the cytotoxicity of activated T cells against Y79 tumor cells
expressing Recoverin. Thus, the potential of the Recoverin-HSP70 fusion protein as an anti-

tumor vaccine will be assessed.
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2. Materials and methods

2.1 Materials

2.1.1 Laboratory equipment

Centrifuge Rotina 380R, Hettich, Germany
Electronic balance MP-3000, Waagen dienst, Germany
Flow Cytometer LSRFortessaTM, BD Biosciences, USA
Vortex G560E, Scientific Industries, USA
4/-20°C fridge FKS 5000, Liebherr, Germany
-80°C fridge Bosch, Germany

Multipette Plus HandyStep® S, Brand, Germany
Pipettes Transferpette® S, Brand, Germany
Pipette controller Corning, USA

Cell counter CASY OMNI Life Science GmbH & Co KG
Microscope Olympus, Japan

Water bath Julaba, Germany

37°C cell incubator Binder, Germany

Magnetic mixer GLW, Germany

Electronic pH meter Chyo, Japan

2.1.2 Consumable items

0.5-10 yL L, Ep T.I.P.S.® Reloads Eppendorf, Germany
10-200 uL L, Ep T.I.P.S.® Reloads Eppendorf, Germany
100-1000 uL L, Ep T.I.P.S.® Reloads Eppendorf, Germany

7.5 ml Lithium Heparin blood collection tube  S-Monovette®, Sarstedt, USA

5ml Flow Cytometry Tube (FACS tube) FALCON®, Mexico
5 ml pipette COSTAR®, USA
10 ml pipette COSTAR®, USA
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25 ml pipette CELLSTAR®, USA
50 ml pipette Nunc™ Serological Pipettes, USA

2.1.3 Chemical and reagents

Bovine serum albumin (BSA) Biomol, Germany
Natriumacid Morphisto, Germany
Millipore H20 Advantage A10, Merck, Germany

Ethylenediaminetetraacetic acid (EDTA) E5513, SIGMA-ALORICH, USA

PBS buffer (10X) Power BC, PanReac AppliChem, German

2.1.4 Solutions

Fluorescence-activated cell sorting (FACS) buffer

pH 7.3
500 mL DPBS

1mi Natriumacid
25¢ BSA

Buffer for isolation of T cells

pH 7.2
1000 mL DPBS
59 BSA
2mM EDTA

PBMCs Cell Culture Medium

495 mL 1640 Medium

5mL plasma

Y79 Cell Culture Medium
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400 mL DMEM

100 mL plasma

Cell Cryopreservation System/107 cells

450 yL plasma

50 pL DMSO

2.1.5 Antibodies

Antibody Fluorochrome  Reactivity
Anti-CD45 BV650 Human
Anti-7AAD PerCP Cy5.5 Human
CFSE FITC Human
Anti-CD3 BUV395 Human
Anti-Recoverin - Human
Anti-GAPDH - Human
2.1.6 Hardware and Software
Computer system Windows 10, Lenovo, USA
FlowJo™ version.10 BD, USA
FACSDIVA™ SOFTWARE BD, USA
SPSS Version 21.0, USA
GraphPad Prism 8 Version 8.0.1, USA
2.2 Methods

2.2.1 Production of Recombinant fusion proteins - Preliminary work

As part of the preliminary investigations conducted for the present study, our international

collaborator, Dr. Alexey V. Baldin, affiliated with the Belozersky Institute of Physico-Chemical
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Biology at Lomonosov Moscow State University, successfully acquired a compilation of
bacterial strains of E. coli that serve as producers of recombinant fusion proteins comprising
human HSP70 and two recoverin epitopes. The aforementioned strain collection
encompasses two designated producers:

1. E. coli IM109/pQE80 HSP70;

2. E. coli JIM109/pQE80 H2E1-HSP70-H1E1 rec.

Designations used in the name of bacterial strains, fusion proteins, plasmid vectors, etc., and
their decoding are shown as follows (abbreviations):

E. coli, Escherichia coli; JM 109, Bacterial strain E. coli JM109; pQE80, Plasmid vector of
QlAexpress pQE bacterial expression system; HSP70, Heat shock protein 70, Homo sapiens;
H1, HLA 1 (human leukocyte antigen class I); H2, HLA 2 (human leukocyte antigen class Il);

E1, Epitope 1; E2, Epitope 2; rec, Recoverin.

The Recoverin protein, transcribed from the RCVRN gene (Gene ID: 5957), possesses the
amino acid sequence:
MGNSKSGALSKEILEELQLNTKFSEEELCSWYQSFLKDCPTGRITQQQFQSIYAKFFPDTDP
KAYAQHVFRSFDSNLDGTLDFKEYVIALHMTTAGKTNQKLEWAFSLYDVDGNGTISKNEVLE
IVMAIFKMITPEDVKLLPDDENTPEKRAEKIWKYFGKNDDDKLTEKEFIEGTLANKEILRLIQFE
PQKVKEKMKNA. For the plasmid design based on the pQEB80 system, Escherichia coli were
genetically engineered to synthesize fusion proteins. Specifically, HLA II- and HLA I-specific
recoverin epitopes were appended to the N- and C-terminus of HSP70, respectively. The
central segment of the fusion protein consists of the amino acid sequence of the human
HSP70 protein, which is encoded by the HSPA1B gene. HLA Il and HLA | recoverin epitopes

were chosen refer to Table 1.

Table 1. Epitopes for Recoverin.

HLA type Name Amino acid sequence | \cleotide sequencing
in FASTA format

GCC CTG TCC AAG GAG ATC CTG GAG
HLA-A*02:01 H1E1 ALSKEILEEL

GAG CTG
HLA-DQA1705:01 TAC GTC ATC GCC CTG CAC ATG ACC

H2E1 YVIALHMTTAGKTNQ
ACC GCG GGC AAG ACC AAC CAG
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ACC ACC GCG GGC AAG ACC AAC

HLA-DQB1*03:01
H2E1 EYVIALHMTTAGKTN | GAG TAC GTC ATC GCC CTG CAC ATG

Note: All donors in our project showed HLA-A*02, HLA-DQA1*05, and HLA-DQB1*03 positive.

Subsequently, the plasmids encoding the fusion proteins were transfected into the
Escherichia coli strain JM109 for the synthesis of the fusion proteins. Following that, Dr.
Alexey V. Baldin performed the separation and purification of these fusion proteins.
Considering the stimulation of endotoxins on immune cells, Dr. Alexey V. Baldin assessed
the endotoxin content in the samples, and the results demonstrated that the endotoxin
content in almost all fusion proteins was below 10 EU/mg. Therefore, the influence of residual
endotoxins can be excluded when evaluating the immunogenicity of protein formulations

[256].

Table 2. The presence of endotoxins in the preparations of isolated and purified fusion

proteins consisting of HSP70 and recoverin.

# Designation Concentration, Endotoxin level, Endotoxin level
1 HSP70 0.391 mg/ml <0.5 EU/mI <1.27 EU/mg
2| H2E1-HSP70-H1E1 0.104 mg/ml <0.5 EU/mI <4.8 EU/mg

2.2.2 HLA typing for blood donors

The HLA diagnosis was performed at the Laboratory for Immunogenetics and Molecular
Diagnostics of LMU GroRhadern Hospital. Subsequently, a meticulous selection process
identified volunteers who exhibited positive HLA types, specifically matching all three types
mentioned above. These individuals were then chosen as blood donors for our project. In

total, five donors participated in this study. At initially, all donors gave their consent.

2.2.3 Unveiling the expression profile of Recoverin through single-cell

transcriptome analysis

Tumor Immune Single-cell Hub 2 (TISCH2) represents a scRNA-seq repository with a

particular focus on the tumor microenvironment (TME) [257]. It offers comprehensive cell-
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type annotation at the individual cell level, facilitating the investigation of TME across diverse
cancer types. All cellular categories are meticulously annotated within TISCH2. Moreover,
TISCH2 provides researchers with a rapid understanding of gene expression patterns for
their genes of interest at the single-cell level. In this study, | leveraged TISCHZ2 to explore the
expression levels of Recoverin in human retinoblastoma (dataset: RB_GSE166173) [258].
Initially, the 'NormalizeData' function within the “Seurat” package was utilized for the
normalization of raw counts (UMI) in individual cells to a scale of 10,000, followed by a
logarithmic transformation of the data. Simultaneously, all gene expression values were
converted to transcripts per million (TPM). The quantification of gene expression within each
cell was represented as log2(TPM/10+1). TPM values were divided by 10 to mitigate the
effects of variable dropout rates among genes. Further, the annotation of cell clusters was
conducted utilizing the marker-based annotation approach as implemented in MAESTRO.
Finally, UMAP and violin plots were generated to visually portray the mRNA expression

profiles of RCVRN.

2.2.4 PBMCs isolation

1. 15 ml whole blood sample was collected from each blood donor for further processing.

2. One 50 ml centrifuge tube (designated as tube A) was prepared and filled with 15 ml of
DPBS (Dulbecco's Phosphate-Buffered Saline) according to the principle of equal
volume dilution. Subsequently, the 15 ml whole blood sample was slowly added to tube
A containing DPBS. Gentle agitation using a pipette ensured thorough mixing and
uniform dilution of the blood.

3. Another clean 50 ml centrifuge tube (designated as tube B) was obtained and filled with
15 ml of Biocoll-Separating Solution, which was added in an equal volume to the blood
sample. The 30 ml mixture of blood and DPBS was carefully layered onto the Biocoll-
Separating Solution in tube B. It was essential to handle the tubes delicately without
shaking or disturbing the separation phases to maintain their integrity.

4. Tube B was then subjected to centrifugation at a speed of 1200 rcf (relative centrifugal
force) for a duration of 20 minutes, without applying the brake.

5. Following centrifugation, the uppermost layer containing serum was collected using a 15
ml centrifuge tube and transferred to the Water Bath for subsequent inactivation at 54°C
for 30 minutes. This inactivation step aimed to eliminate potentially interfering
components, such as inflammatory factors, present in the serum, ensuring optimal
conditions for immune cell culture and preservation.
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Subsequently, the PBMC-containing cloudy interphase was carefully transferred from
tube B to a new 50 ml centrifuge tube (tube C). Special attention was given to avoid the
transfer of any Biocoll-Separating Solution, as it could compromise cell viability.

In tube C containing the PBMC suspension, DPBS was added in a 1:5 ratio to achieve
dilution of residual Biocoll-Separating Solution and serum components. The tube was
then subjected to centrifugation at 500 rcf for 5 minutes, and the supernatant was
discarded. This process was repeated.

The resulting PBMC cell pellet was resuspended in 1 ml of DPBS for further analysis. A
20 pl aliquot of the cell suspension was retrieved for cell counting using a specialized
cell counter.

The collected PBMCs (totaling 107 cells) were subsequently cryopreserved and stored

at a temperature of -80°C for future isolation of T cells.

2.2.5 PBMC cell cryopreservation

1.

Cryopreservation medium was prepared by combining inactivated autologous serum
with DMSO solution at a volumetric ratio of 9:1.

Cryopreservation boxes were placed at room temperature, and cryovials (1.8 ml) were
meticulously labeled with pertinent information, including the time of storage, cell type,
and donor identification.

The obtained 10” PBMCs were gently resuspended in 400 ml of cryopreservation
medium, ensuring an even distribution, before being carefully transferred to the
appropriately labeled cryovials.

The cryovials, now containing the PBMCs, were promptly and securely placed inside a -
80°C freezer, where they underwent a controlled freezing process for long-term

preservation.

2.2.6 PBMC cell revival and seeding

A water bath was set to maintain a constant temperature of 37°C to facilitate cell revival.

Retrieving the cryovials from the -80°C freezer, the cryopreserved PBMCs were quickly
submerged in the water bath. Careful attention was paid to the complete thawing of the
cryopreservation medium before transferring the contents into 15 ml centrifuge tubes

pre-filled with 10 ml of culture medium (RPMI/1% plasma medium).

The subsequent centrifugation step, performed at 500 rcf for 5 minutes, effectively

separated the viable cells from the cryopreservation medium.
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4. Following centrifugation, the supernatant, containing residual cryopreservation medium,
was discarded. The viable PBMCs were then gently resuspended in 2 ml of fresh culture

medium.

5. To determine cell concentration accurately, 10 pl of the cell suspension was withdrawn
for cell counting. Subsequently, the PBMCs were seeded into culture dishes, selecting
appropriate dish sizes based on the cell concentration to ensure optimal growth and

viability. Then cells were placed in a cell incubator at 37°C with 5% COs-.

2.2.7 Induction of differentiation from PBMCs to immature dendritic cells

1. PBMCs were resuspended in RPMI/1% plasma medium and seeded at a density of 10”
cells per well in 6-well plates. The plates were then placed in a cell incubator at 37°C

with 5% CO2, and the PBMCs were allowed to incubate for 90 minutes.

2. After the 90-minute incubation, the monocytes exhibited robust adhesion to the well
surfaces. To remove non-adherent cells, the culture was carefully washed twice with 4
ml of serum-free PRMI1640 medium. This step ensured the retention of well-adhered

monocytes, resulting in a monolayer of cells with optimal adhesion.

w

. Subsequently, the serum-free PRMI1640 medium was replaced with 4 ml of RPMI/1%
plasma medium supplemented with IL-4 (1000 U/ml) and GM-CSF (1000 U/ml) in each
well. The cultures were then maintained in a cell incubator at 37°C with 5% CO: for 5

days.

4. After the 5-day incubation period, the cells were carefully examined under a microscope
to assess their state and morphological changes. At this stage, the monocytes had
successfully differentiated into immature dendritic cells (iDCs), which were now found

suspended in the culture medium.

2.2.8 Differentiation from iDCs to mature dendritic cells (mDCs)

1. Immature dendritic cells (iDCs) were harvested and subjected to centrifugation (500 rcf,
5 minutes). The resulting supernatant was carefully discarded, and the iDC cell
aggregates were subsequently re-suspended in 3 ml of RPMI/1% plasma medium
supplemented with IL-4 (1000 U/ml) and GM-CSF (1000 U/ml). To ensure accurate cell
enumeration, a 10 pl aliquot of the cell suspension was used for cell counting.

2. Following the cell preparation, iDCs were seeded into individual wells of a 24-well plate

at a density of 2.5x105 cells per well. Four distinct experimental groups were established,
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namely: the iDC group (iDC group), the iDC group treated with 0.4 uM Recoverin
peptide/HSP70 protein/fusion protein (DC_pept/HSP70/FP group), the iDC group
exposed to cytokines (DC_cyto group), and the iDC group treated with 0.4 puM
Recoverin epitope/HSP70 protein/fusion protein in conjunction with cytokines
(DC_pept/HSP70/FP cyto group). Subsequently, the plate was maintained in a cell
incubator at 37°C with 5% CO: for a period of 3 hours.

In order to promote dendritic cell maturation, the cytokine medium mixture was prepared,
consisting of RPMI/1% plasma medium supplemented with GM-CSF, IL-4, IFN-y, TNF-q,
prostaglandin E2 (PGEZ2), and CD40L. Specifically, the concentrations of GM-CSF and
IL-4 were both set at 1000 U/ml, while IFN-y, TNF-a, and PGE2 were maintained at
2000 U/ml, and CD40L was set at 400 ng/ml.

At the end of the 3-hour incubation period, the iDC_cyto and the DC_pept/HSP70/FP
cyto group were added with 1 ml of the prepared cytokine medium mixture for cell
resuspension. While the iDC group and the DC_pept/HSP70/FP group were added with
1 ml of RPMI/1% plasma medium containing 1000 U/ml GM-CSF and IL-4.

The 24-well plate housing the four experimental groups of cells was subsequently
maintained in a cell incubator at 37°C with 5% CO: for a 24-hour incubation period. This
specific duration allowed for the differentiation of iDCs into mature dendritic cells

(mDCs).

2.2.9 T cells Isolation from PBMCs

Pan T Cell Isolation Kit:

1.

Pan T Cell MicroBead Cocktail

2. LS column

3. MACS Separator

4. Biotin-Antibody Cocktail

Steps:

1. As previously described, PBMCs in cryopreservation were revived. Cells were washed
with 10 ml DPBS and centrifuged (500 rcf, 5 minutes). The supernatant was carefully
discarded, leaving only the PBMC cell pellet.

2. The PBMC cell pellet was resuspended in 40 ul of T cells Isolation Buffer. Then, 10 pl of

Biotin-Antibody Cocktail from the Pan T Cell Isolation Kit was added. The cell suspension

was incubated at 4°C for 5 minutes.

41



3. The cell suspension was retrieved from the 4°C refrigerator, and an additional 30 pl of T
cells Isolation Buffer and 20 pl of Pan T Cell MicroBead Cocktail from the Pan T Cell

Isolation Kit were added. The cells were incubated at 4°C for 10 minutes.

4. During this period, the MACS Separator was prepared, and the LS column was properly
inserted into the MACS Separator. 3 ml of T cells Isolation Buffer was added to the LS

column for column washing.

5. After 10 minutes, the cell suspension was retrieved from the 4°C refrigerator. 4 ml of T
cells Isolation Buffer was added to dilute the cell suspension. Subsequently, the cell
suspension was applied to the LS column, and the effluent T cell suspension was

collected beneath the LS column.

6. The T cell suspension was centrifuged (500 rcf, 5 minutes), and the supernatant was

discarded, then the T cell pellet was obtained.

2.2.10 Assessment of T cell proliferation induced by mDCs

1. Four groups of mDCs were prepared using the aforementioned methods: iDC,
DC_pept/HSP70/FP, DC_cyto, and DC_pept/HSP70/FP cyto groups. Cell clusters from
each group were collected, and 300 pl of serum-free RPMI 1640 medium was added to

resuspend the mDCs. A 10 pl cell suspension was taken for cell counting.
2. T cell clusters were isolated and collected following the above-mentioned method.

3. T cell clusters were resuspended in 10 ml DPBS and then centrifuged (500 rcf, 5 minutes)
to discard the supernatant. This step aimed to remove residual serum components from

the cell clusters.
4. 1 ml DPBS was added to resuspend the T cells again.

5. After 15 minutes, the 15 ml centrifuge tube containing T cells was taken out, and 10 ml
DPBS was added to dilute the CFSE dye. Then, centrifugation was performed (500 rcf, 5

minutes), and the supernatant was discarded to obtain the T cell clusters.

6. CFSE was diluted with DPBS and added to the T cell suspension to achieve a final CFSE
concentration of 2 uM. The T cells were then transferred to a Water Bath and incubated

at 37°C for 15 minutes.

7. T cell clusters were resuspended in 10 ml RPMI/1% plasma medium and then
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centrifuged (500 rcf, 5 minutes). The supernatant was discarded, and the T cell clusters

were obtained.

8. 1 ml serum-free RPMI 1640 medium was used to resuspend the T cells, and 10 ul of the

cell suspension was taken for cell counting.

9. Following a 10:1 ratio, 5x10° T cells and 5x10* mDCs were co-cultured in a 48-well plate.
Additional serum-free RPMI 1640 medium was supplemented to maintain a total volume

of 1 ml per well.

10. Additionally, two extra wells were set up with only 5x10° T cells each. One well had the
addition of PHA at a final concentration of 10 pg/ml. The total volume of the medium in

each well was maintained at 1 ml.
11. The cells were then transferred to an incubator at 37°C and incubated for 7 days.

12. After 7 days of co-culturing the cells, the growth status of T cells in the six co-culture

wells was observed under a microscope, and photographs were taken.

13. The cells from the six wells were separately collected, centrifuged (500 rcf, 5 minutes),
and the supernatant was discarded to obtain the T cell clusters. Then, 400 ul of serum-

free RPMI 1640 medium was added to resuspend the cells for each group.

14. Each group of cell suspensions was divided into two portions. One portion had 1 pl of
CD3 antibody added. The cells were then incubated in the dark at room temperature for

15 minutes.

15. Flow cytometry was used to detect the proliferation signal of T cells, and Flowjo software

was utilized for data analysis.

2.2.11 Assessment of cytotoxicity of T cells against Y79 induced by mDCs

1. Four groups of mature dendritic cells (mDCs) were prepared using the aforementioned
methods: iDC group, DC_pept/HSP70/FP group, DC_cyto group, and
DC_pept/HSP70/FP cyto group (Figure 2.2.11). Cell clusters from each group were
collected and resuspended in 300 pl RPMI/1% plasma medium. Then, 10 ul of the cell

suspension was used for cell counting.

2. T cell clusters were separated and collected following the same procedure. The T cell
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10.

11.

12.

clusters were resuspended in 1 ml RPMI/1% plasma medium. Next, 10 pl of the cell

suspension was used for cell counting.

T cells (5x10°) and mDCs (5x10%) were co-cultured in a 48-well plate at a ratio of 10:1.

RPMI/1% plasma medium was added to maintain a total volume of 1 ml per well.
Additionally, a separate well was set up with 5x10° T cells and a total volume of 1 ml.

The cell cultures from all five groups were then transferred to a 37°C incubator and
cultured for 1 day. Simultaneously, in a clean 50 ml centrifuge tube, 20 ml of RPMI/1%
plasma medium and IL-2 were added to prepare IL-2 solution (50 U/ml). Once prepared,

the IL-2 solution was stored at 4°C.

On day 2, the 48-well plate was removed from the incubator. Carefully, 500 pl of
supernatant from each co-culture well was aspirated and discarded. Subsequently, 500 pl

of IL-2 solution was added to each well.

On day 4, day 6, day 9, day 11, and day 13, half of the culture medium was replaced with

fresh medium containing IL-2 in each group.

On day 14, images of the five cell groups were captured under a microscope. Then, the
stimulated T cells were washed and re-stimulated using mDCs again. All groups were

cultured in IL-2-free medium for 24 hours in the incubator.

On day 15, the activated T cells from each group were collected and co-cultured with Y79
cells in a 10:1 ratio in a 96-well plate. Additionally, a separate well containing only Y79
cells with a total volume of 1 ml was set up. The cells were then transferred to the cell

culture incubator for further incubation for 24 hours.

After 24 hours (day 16), cells from each of the six wells were collected, centrifuged (500
rcf, 5 minutes), and the supernatant was discarded to obtain cell clusters. Then, 400 pl of

serum-free RPMI 1640 culture medium was added to resuspend each cell group.

Each cell suspension was treated with 10 ul of 7-AAD antibody dye, and then each group
was divided into two portions. One portion was further stained with 1 ul of CD45 antibody

dye. The cells were then incubated in the dark at room temperature for 15 minutes.

Cell death signals were detected using a flow cytometer, and the data were analyzed

using Flowjo software.
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Figure 2.2.11 Work flow for the assessment of T cells cytotoxicity against Y79 induced

by mDCs pulsed with antigens (original art).

2.2.12 Flow cytometry

1. Prepare the FACS buffer as described above.
2. Transfer the cells to FACS tubes and resuspend them in 200 ul of FACS buffer.

3. Add the antibody stains and incubate for 15 minutes at room temperature in the dark

after vortexing.

4. After 15 minutes, proceed with cell washing by adding 2.5 ml of FACS buffer and
centrifuging (500 rcf, 5 minutes).

5. Discard the supernatant from the FACS tube and resuspend the cells in 300 ul of fresh

FACS buffer.

6. Perform sample analysis using a flow cytometer.

2.2.13 Western blot

Cell lysates derived from Y79 and Huh7 cell lines were meticulously prepared utilizing an IP

lysis buffer enriched with a cocktail of protease inhibitors (Sigma, Lot 53002700). The
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quantification of protein content was executed through the utilization of the BCA Protein
Assay Kit (Pierce™, Thermo Scientific). Uniform quantities of the protein lysates were
subjected to separation via SDS-PAGE and subsequent transfer onto polyvinylidene fluoride
(PVDF) membranes, an essential step preceding the western blotting procedure. Impeding
nonspecific binding, the membranes were subjected to blockade employing a buffer
containing bovine serum albumin (BSA), succeeded by a prolonged incubation with primary
antibodies; specifically, anti-Recoverin (Abcam) and anti-GAPDH (Cell Signaling), performed
at a refrigerated temperature of 4°C over the course of a night. A subsequent incubation with
a horseradish peroxidase (HRP)-conjugated secondary antibody (dilution: 1:3,000, Cell
Signaling) ensued at ambient temperature for a duration of 1 hour. The visualization of the
western blotting outcomes was achieved through the application of the western blot imaging

system (ChemiDoc™, Bio-Rad).

2.2.14 Figure draw
Figdraw is an online scientific illustration platform developed by Home for Researchers. All
three figures in the Introduction section were originally created by me using the Figdraw

toolkit.

2.2.15 Statistical analysis
The measurement data were expressed as mean + standard deviation (SD) of the mean.
Group comparisons were conducted using Student’s t test or one-way analysis of variance

(ANOVA). Statistical significance was denoted as P<0.05.

3. Results

3.1 HLA typing of PBMCs from blood donors

In our preliminary investigation, the HLA typing of blood donors was conducted at the
Laboratory for Immunogenetics and Molecular Diagnostics, LMU Grof3hadern Hospital. The
HLA diagnostic results allowed us to categorize the donors into two groups: HLA-A2 positive

and HLA-A2 negative.
Subsequently, | conducted verification experiments on peripheral blood mononuclear cells
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(PBMCs) derived from these two groups of donors using flow cytometry. The results, as
illustrated in Figure 1, revealed a remarkable HLA-A2 positivity rate of 99.3% in the selected
blood donors, indicating a high recognition capability of their PBMCs towards Recoverin
Epitopes (Figure 1B). Conversely, a distinct group of donors exhibited an HLA-A2 positivity

rate of 6.78% and was deemed ineligible for further experimental analysis (Figure 1A).

By conducting comprehensive HLA typing and verifying the PBMCs, | successfully identified
suitable blood donors for our study, ensuring the validity and reliability of the subsequent

experimental investigations.
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Figure 1: Flow cytometric analysis of HLA-A2 expression on PBMCs from blood
donors. (A) HLA-A2 expression level on PBMCs from HLA-A2 negative donors. (B) HLA-A2

expression level on PBMCs from HLA-A2 positive donors.

3.2 DCs pulsed with Recoverin fusion protein elicits potent

stimulation of T cell proliferation

In our previous research, we made a notable observation that the Recoverin fusion protein
effectively activates dendritic cells (DCs), leading to a subsequent T cell activation. Given the
crucial role of T cell abundance in influencing their cytotoxic effects on tumor cells, our
current study aims to delve deeper into the impact of DCs pulsed with the Recoverin fusion
protein on T cell proliferation. Additionally, we seek to compare this effect with T cell

proliferation induced by Recoverin peptide or HSP70 alone.
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3.2.1 DCs pulsed with Recoverin peptide alone fail to stimulate T cell

colony formation

To initiate our investigation, we employed four distinct treatment strategies to induce the
maturation and activation of DCs (Table 3.2.1). These strategies involved stimulating
immature dendritic cells (iDCs) with three different antigens: Recoverin peptides, HSP70,
and the Fusion protein. Consequently, we designated the activated DCs as iDC, DC_cyto,

DC_pept/HSP70/FP, and DC_pept/HSP70/FP cyto, respectively.

Table 3.2.1 Four treatment groups for induction of immature dendritic cells (iDCs).

Group name Treatment
iDC IL-4 (1000 U/ml); GM- CSF (1000 U/ml)
DC cyto IL-4 (1000 U/ml); GM- CSF (1000 U/ml); TNF-a (1000 U/ml);

IFN-y (1000 U/ml); PGE2 (1000 U/ml); CD40L (200 ng/ml)

DC-antigens IL-4 (1000 U/ml); GM- CSF (1000 U/ml);

Antigens, added with Recoverin peptides, HSP70, and Fusion protein,
respectively.

DC-antigens cyto  IL-4 (1000 U/ml); GM- CSF (1000 U/ml); TNF-a (1000 U/ml);
IFN-y (1000 U/ml); PGE2 (1000 U/ml); CD40L (200 ng/ml);

Antigens, added with Recoverin peptide, HSP70, and Fusion protein,
respectively.
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Following this, we set out to evaluate the ability of activated DCs to promote T cell
proliferation. We conducted co-culturing experiments, where activated DCs were incubated
with T cells from the same blood donors under serum-free conditions for a duration of seven
days. To serve as controls, T cells were also cultured alone (negative control), and a well-
known selective T cell mitogen, PHA, was added to the T cell culture medium (positive
control). After the seventh day of co-culture, we meticulously observed and recorded T cell
colony formation in various treatment groups using a microscope. This aspect of our study
serves as a representation of T cell proliferation (Figure 2A, C, E). Subsequently, we utilized
"Imaged" software to measure the area of each T cell colony, and statistical analysis was

performed using "GraphPad Prism 8" software for multiple comparisons (Figure 2B, D, F).

Our findings revealed that Recoverin peptide failed to induce larger T cell colony formation
compared to iDC-induced T cell colonies (Figure 2A, B). In contrast, HSP70 and Recoverin
fusion protein showed the ability to stimulate more substantial T cell colony formation
(Figure 2C, D, E, F). These results suggest that both HSP70 and Recoverin fusion protein

exhibit higher potency in stimulating T cell proliferation compared to Recoverin peptide.
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cell colony formation after co-culturing with activated DCs pulsed with Recoverin peptide. (C,
D) T cell colony formation after co-culturing with activated DCs pulsed with HSP70. (E, F) T
cell colony formation after co-culturing with activated DCs pulsed with Recoverin fusion

protein. Three independent repeated experiments were performed (* P<0.05, ** P<0.01, and
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*** P<0.001).

3.2.2 DCs pulsed with Recoverin fusion protein stimulate strong T cell

proliferation

Moving forward, we aimed to gain a more comprehensive understanding of the impact of the
three different antigens on DCs' ability to promote T cell proliferation. We accomplished this
by collecting CFSE-labeled T cells, as CFSE is a cell-permeable fluorescent dye commonly
employed for tracking cell proliferation and division. The CFSE-labeled T cells were
subjected to different treatments, and their fluorescence intensity was detected using a flow
cytometer after a specified period, allowing us to precisely assess T cell proliferation (Figure

3-5).

Following the stimulation of iDCs from various blood donors with the four treatment
strategies outlined in Table 3.2.1, we co-cultured these iDCs with CFSE-labeled T cells for
seven days and subsequently analyzed the CFSE signal intensity (Figure 3 and Figure 4).
Our results exhibited variations in the response of T cells from different donors to DCs
pulsed with Recoverin peptide, with some donors showing comparable T cell proliferation to
iDC-induced T cells (Figure 3A, B), while others displayed slightly higher (Figure 3C, D). or

lower T cell proliferation (Figure 3E, F).
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Figure 3: Impact of Recoverin peptide-induced DCs on T cell proliferation. (A, C, E)
Detection of T cell proliferation signals upon stimulation with Recoverin peptide-loaded DCs
using flow cytometry from 3 different blood donors. (B, D, F) Column graph of T cell
proliferation signals in different treatment groups. Three independent repeated experiments

were performed.

Similarly, stimulation of DCs with HSP70 led to slightly higher T cell proliferation in all donors
compared to iDC-induced T cell proliferation (Figure 4). Interestingly, stimulation of DCs with
individual cytokines demonstrated a more pronounced effect on promoting T cell proliferation

than when combined with Recoverin peptide or HSP70 (Figure 3, 4).
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Figure 4: Impact of HSP70-induced DCs on T cell proliferation. (A, C, E) Detection of T
cell proliferation signals upon stimulation with HSP70-induced DCs using flow cytometry from
3 different blood donors. (B, D, F) Column graph of T cell proliferation signals in different

treatment groups. Three independent repeated experiments were performed.

Given HSP70's well-established role as an immune adjuvant, we constructed the Recoverin
fusion protein to endow Recoverin with stronger immunogenicity. Utilizing a process similar
to that described in Figure 3 and Figure 4, we employed the Recoverin fusion protein to
stimulate DCs for subsequent co-culturing with T cells. However, due to practical limitations,
we were only able to perform the DCs pulsed with Recoverin fusion protein experiment twice
(Figure 5A, C). Despite this limitation, the results showed significantly higher T cell
proliferation when stimulated by DCs pulsed with Recoverin fusion protein compared to iDC-

induced T cell proliferation (Figure 5B, D).
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Figure 5: Impact of Recoverin fusion protein-induced DCs on T cell proliferation. (A, C)
Detection of T cell proliferation signals upon stimulation with Recoverin fusion protein-
induced DCs using flow cytometry from 2 different blood donors. (B, D) Column graph of T
cell proliferation signals in different treatment groups. Two independent repeated

experiments were performed.
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To comprehensively evaluate the impact of the three different antigens on T cell proliferation
induced by DCs, we calculated the ratio of T cells_DCs antigen-stimulated T cell proliferation
values to T cells_iDC-stimulated T cell proliferation values (e.g., T cells/iDCs proliferation
frequency: 3.39%, and T cells/DCs_FP proliferation frequency: 13.1%, resulting in a ratio of
1:3.86). As demonstrated in Figure 6, Recoverin fusion protein significantly promoted T cell
proliferation compared to iDC, while DCs stimulated by Recoverin peptide or HSP70 alone
did not significantly enhance T cell proliferation. This supports the notion that HSP70, as an
immune adjuvant, effectively enhances the immunogenicity of Recoverin peptide, thereby

inducing T cell proliferation.
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Figure 6: Impact of 3 antigens on T cell proliferation induced by DCs. (A) T cell colony
formation size induced by DCs pulsed with 3 antigens. (B) T cell proliferation levels induced

by DCs pulsed with 3 antigens. (* P<0.05, ** P<0.01, and *** P<0.001).

3.3 Recoverin expression patterns in retinoblastoma via
single-cell analysis

Recoverin is known to be primarily expressed in the ocular region, particularly in various
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types of photosensitive cells within the retina. As part of our study aiming to explore the
cytotoxic ability of T cells activated by dendritic cells (DCs) pulsed with Recoverin fusion
protein against tumor cells, | have chosen retinoblastoma cells as the target for our
subsequent anti-tumor research. Prior to this investigation, we employed single-cell analysis
techniques to explore the expression patterns of Recoverin in different cell types within
retinoblastoma (Figure 7). Initially, all cells were annotated based on specific markers
expressed by the cells. Ultimately, retinoblastoma cells were categorized into 33 subgroups
(Figure 7A), and subsequently classified into 8 distinct cell types, including Amacrine cells,
Cones, Endothelial cells, Goblet cells, Horizontal cells, Microglia, Muller Glia, and Retinal
cells (Figure 7B). | visualized the distribution of RCVRN (Recoverin) across these various
cell subgroups. Interestingly, | observed that RCVRN is predominantly expressed at high
levels in Retinal cells and Goblet cells (Figure 7C). Following this, RCVRN expression levels
in each cell subgroup were depicted using violin plots. Notably, Retinal cells were further
subdivided into distinct clusters, including C2, 4, 9, 13, 17, 18, 24, 25, and 31, all of which
exhibited high levels of RCVRN expression collectively (Figure 7D). Goblet cells, on the
other hand, were divided into two subclusters, C12 and C28, both showing elevated levels of
RCVRN expression (Figure 7G). These findings suggest a potential association between
RCVRN expression and the Retinal cells and Goblet cells, prompting further investigation into
the intercellular communication between these two cell types. Interestingly, we found that two
Goblet cell subgroups (C12, 28) and certain Retinal cell subgroups (C2, 4, 9, 17, 20, 24, 25,
27, 31) exhibited remarkably similar communication patterns (Figure 7E, F). Considering the
significant enrichment of RCVRN in Retinal cells of retinoblastoma, we selected the Y79 cell
line (a retinoblastoma cell line) as a working model for studying the anti-tumor cytotoxicity of

T cells activated by Recoverin antigen.
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Figure 7: Recoverin expression patterns in retinoblastoma via single-cell analysis. (A)
The UMAP plot revealed that all cells were classified into 33 distinct clusters. (B) The UMAP
map was used to identify 8 different cell types in the TME, as represented by different colors.
(C) RCVRN expression pattern in retinoblastoma. (D) RCVRN expression level in 33
retinoblastoma clusters. (E, F) Cell-cell interaction (CCI) between Goblet cell and other

clusters. (G) Distribution of RCVRN expression in 8 cell types from retinoblastoma.
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3.4 Recoverin protein expression level in Y79 cell line

Single-cell analysis has revealed an elevated transcription level of Recoverin mRNA within
retinoblastoma retinal cells, indicating their active engagement within the pathological milieu.
To extend this comprehension, | conducted an investigation into the expression profile of the
Recoverin protein within Y79 cell line, a retinoblastoma cell line. Instances of CAR have been
observed in certain cases of HCC patients, implying the existence of Recoverin expression
within HCC cells. Consequently, | employed HCC cell line, Huh7, as control group to

scrutinize the levels of Recoverin protein in Y79 cells.

The outcomes derived from western blot analyses have been illuminating. Particularly, the
zenith of Recoverin protein expression has been conspicuously demonstrated within Y79
cells, showcasing a marked contrast against HCC cell line (P<0.001) (Figure 8A, B). In
summary, the results of the western blot ascertain one of the pivotal prerequisites for Y79 cell
line as a suitable working model for cytotoxicity experiments. Another vital precondition is the

expression of HLA-A2 in Y79, which | will assess in the forthcoming experiments.
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Figure 8: Recoverin protein expression levels in Y79 cell line. (A) Detection of Recoverin
protein expression via western blot in different cell lines. (B) Statistical analysis of three
independent repeated experiments showed that Y79 significantly expressed Recoverin

protein, compared to Huh7 cell line. (*** P<0.001).

3.5 HLA-A2 expression level in Y79 cell line

HLA-A2, a subtype of human leukocyte antigen (HLA), plays a crucial role in presenting

antigen fragments to CD8+ T cells on the cell surface. HLA-A2 molecules bind to
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intracellularly produced antigen fragments, such as intracellular aberrant proteins, and
present these fragments on the cell surface for detection and recognition by T cells of the
immune system. Upon detection of antigen fragments presented by HLA-A2 molecules, T
cells become activated through binding with these antigen fragments via the T cell receptor
(TCR), subsequently leading to the release of cytotoxins that target cells expressing these
antigens. Thus, before confirming Y79 as the model cell line, it is essential to assess the
HLA-A2 expression level in Y79 cells. As shown in Figure 9, approximately half of the Y79
cells are HLA-A2 positive, indicating that Y79 cells can serve as a suitable model cell line for

detecting the cytotoxic effects of T cells.
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Figure 9: HLA-A2 expression level in Y79 cell line.

3.6 Dynamic survival states of T cells co-cultured with DCs

at various time points within two weeks
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A sufficient number of healthy T cells is a prerequisite for effective anti-tumor action. Prior to
co-culturing T cells with Y79 cells, T cells need to be co-cultured with antigen-activated DCs
for 2 weeks. Hence, we chose different time points (days 1, 7, 13, 14, and 15) to assess T
cell viability. Most of the T cells were found to be viable at the time points before T cell
activation by DCs (days 1, 7, 13) (Figure 10 A-C). However, with increasing T cell culture
time, more T cells exhibited a dispersed distribution. Therefore, we re-evaluated T cell
viability during the first two days of co-culturing T cells with Y79 cells (Figure 10 D, E).
Regarding cluster "T cells 1," the proportion of T cells decreased in a time-dependent manner
(from 80.9% to 10.7%). Nonetheless, it is worth noting that this subset of T cells remained
mostly viable and potentially capable of exerting anti-tumor effects. After 14 days of T cell
culture, some T cells in cluster T cells 1 started to move towards cluster T cells 2, and these
T cells showed a higher percentage of 7-AAD positivity. However, considering the overall
cluster T cells 3, approximately 70% of the T cells retained their vitality, suggesting potential

tumor-killing activity.
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Figure 10: Assessment of T cell viability during co-culture with antigen-activated DCs.
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(A, B, C) Quantify the surviving T cells on days 1, 7, and 13 after co-culture with antigen-
activated DCs. During this timeframe, approximately 95% proportion of T cells remained
viable. (D) Upon receipt of DCs re-stimulation at day 14, T cell viability was assessed. (E) T

cell viability was assessed the day before co-culture with Y79 (day 15).

3.7 Cytotoxicity assessment of T cells against Y79 induced

by DCs loaded with Recoverin fusion protein

Following the determination of the appropriate model cell (Y79) and the assessment of T cell
viability before co-culturing with Y79 cells, we initiated the assessment of T cell cytotoxicity
against Y79 cells induced by DCs, as described in Methods 2.2.11, to clarify the potential of

the three antigens as tumor vaccines.

3.7.1 DCs pulsed with Recoverin fusion protein stimulate T cell colony

formation

After co-culturing T cells with DCs from different treatment groups for 2 weeks, we observed
and recorded the formation of T cell colonies under a microscope. The "Imaged" and
"GraphPad Prism 8" software were used for measuring the size of T cell colonies (Figure
11A, C, E) and for statistical analysis (Figure 11B, D, F). Compared to the iDC group, T cell
colonies from the Recoverin fusion protein and HSP70 groups exhibited larger sizes (P<0.01)
(Figure 11A-D). However, no statistically significant difference in T cell colony size was

observed between the Recoverin peptide group and the iDC group (P>0.05) (Figure 11E, F).
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Figure 11: Measurement of T cell colony formation induced by DCs after 14 days. (A, B)

T cell colony formation after co-culturing with activated DCs pulsed with Recoverin fusion

protein. (C, D) T cell colony formation after co-culturing with activated DCs pulsed with

HSP70. (E, F) T cell colony formation after co-culturing with activated DCs pulsed with

Recoverin peptide. Three independent repeated experiments were performed (* P<0.05, **
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P<0.01, and *** P<0.001).

3.7.2 DCs pulsed with Recoverin fusion protein strengthen T cell

cytotoxicity against Y79 cell line

Subsequently, we collected these T cells and co-cultured them with Y79 cells at a ratio of
10:1 for 24 hours, followed by flow cytometry to detect the percentage of dead Y79 cells.
Figure 12 demonstrates the cytotoxic effects of T cells stimulated by DCs loaded with
Recoverin fusion protein against Y79 cells from two different blood donors. The results
indicated that T cells from the Recoverin fusion protein group exhibited significantly higher
cytotoxicity against Y79 cells, with increases of 24.27% and 26.9% compared to the T cell
group (Figure 12A, D). Furthermore, compared to the iDC control group, T cells stimulated
by Recoverin fusion protein induced higher Y79 cell death, suggesting stronger anti-Y79

cytotoxicity (Figure 12C, F).
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depicting the proportions of Y79 cell death from distinct treatment groups, each derived from

two separate blood donors. Two independent repeated experiments were performed.

As the Recoverin fusion protein consists of HSP70 and Recoverin peptide, we continued to
evaluate the ability of DCs stimulated with HSP70 and Recoverin peptide separately to
induce T cell killing of Y79 cells. As shown in Figure 13, T cells stimulated by DCs loaded
with HSP70 exhibited a cytotoxic effect on Y79 cells similar to that of the iDC group (10.7%
and 10.2%) (Figure 13A, D). Moreover, the cytokine group seemed to display better anti-Y79
ability; however, this effect varied greatly between different blood donors (25.9% and 11.8%)

(Figure 13C, F).
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death from distinct treatment groups, each derived from two separate blood donors. Two

independent repeated experiments were performed.

The above research has already indicated that the Recoverin peptide group failed to induce
significant T cell proliferation compared to the iDC group. However, the cytotoxic effect of
these T cells against Y79 cells remains unknown. Three different blood donors' T cells
participated in this experiment (Figure 14; Figure 15). T cells stimulated by DCs loaded with
Recoverin peptide from these three donors demonstrated killing percentages of 12.3%,
19.4%, and 12.2% against Y79 cells (Figure 14A, D; Figure 15A). Compared to the iDC
group, Recoverin peptide-stimulated T cells exhibited higher cytotoxicity against Y79 cells

(Figure 14C, F; Figure 15C).
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Area of individual T-cell proliferation ratio

the proportions of Y79 cell death from distinct treatment groups, each derived from two

separate blood donors. Three independent repeated experiments were performed.
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Figure 15: Comparative Analysis of T cell cytotoxicity ratios from DCs pulsed with 3

antigens. (A-C) Detection of Y79 dead signals after 24h co-culture with T cells induced by

Recoverin peptide-loaded DCs using flow cytometry. (D) T cell colony formation size induced
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by DCs pulsed with 3 antigens for 14 days. (E) T cell cytotoxicity ability against Y79 cells
after stimulating by DCs pulsed with 3 antigens. (F) The delta value of T-cell cytotoxicity
against Y79 cells between the Recoverin peptide and Recoverin fusion protein groups, as

compared to the T-cell cytotoxicity in the iDC group. (* P<0.05, ** P<0.01, and *** P<0.001).

Furthermore, we compared the colony size and cytotoxicity of T cells induced by DCs loaded
with the three antigens. The results showed that only T cells from the Recoverin fusion
protein group exhibited larger colony sizes and more significant cytotoxic effects against Y79
cells compared to the iDC group (Figure 15D, E). However, no statistically significant
difference was observed between the Recoverin fusion protein group and the Recoverin
peptide group, which may be attributed to the limited number of experiments. Nevertheless,
the difference in cytotoxicity between the Recoverin fusion protein group and the iDC group
was markedly higher than that between the Recoverin peptide group and the iDC group
(Figure 15F). Further experiments with increased replication are required to clarify the
difference in T cell cytotoxicity between the Recoverin fusion protein group and the Recoverin
peptide group.

In summary, our findings demonstrate that DCs loaded with Recoverin fusion protein can

effectively stimulate T cell proliferation and enhance T cell cytotoxicity against Y79 cells.
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4. Discussion

In recent years, the efficacy of immunotherapy in tumor resistance has been consistently
revealed, including immune checkpoint blockade (ICB) and chimeric antigen receptor T cell
therapy (CAR-T). Despite these advancements, the effectiveness of current immunotherapies
still faces limitations, emphasizing the urgent need to identify new tumor antigens with strong
immunogenicity. Recoverin, a widely distributed protein in the retina, is mainly located in the
photoreceptor outer segments of vertebrate retinas and is scarcely expressed in other normal
tissues due to the presence of the blood-retinal barrier. However, in various tumor tissues,
especially in retinoblastoma, breast cancer, lung cancer, and prostate cancer, there is a
significant upregulation of Recoverin expression [139-144]. This confers strong
immunogenicity upon the Recoverin protein, making it a crucial component for immune
vaccination. In this context, my research team has directed its attention to the potential of

Recoverin as a cancer vaccine.

Cancer-associated retinopathy (CAR) has been reported as a rare paraneoplastic
autoimmune disease, characterized by painless vision loss [141]. Autoantibodies generated
against cancer-associated retinal antigens cross-react with proteins located at the blood-
retinal barrier, ultimately leading to retinal damage and severe vision loss [148, 149]. Patients
with small cell lung cancer exhibiting CAR demonstrate improved prognosis over their
counterparts lacking CAR [259]. Maeda et al. postulate this advantage could stem from the
activity of Recoverin-specific cytotoxic T lymphocytes, which target tumor cells [260]. This
insight suggests a unique immunological interaction where Recoverin-specific CTLs play a
pivotal role in mediating tumor cell eradication. Further, they employed a subcutaneous tumor
model in mice to assess the in vivo anti-tumoral efficacy of Recoverin peptide. The study
revealed that, although the Recoverin peptide exhibited significant antitumor activity, it
concurrently precipitated retinal degeneration in the mice [261]. This has deterred the serious
consideration of using Recoverin protein as a tumor vaccine. Drawing on this experience, my
research team has fused Recoverin peptide with HSP70 protein, a well-established and
efficacious immune adjuvant as reported in earlier investigations [262]. The primary focus of
this design is the precise targeting of T cell epitopes, leading to a potentiation of
immunostimulatory responses. This strategic integration aims to circumvent the potential

initiation of autoantibody generation against the Recoverin peptide through humoral immune
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reactions. This effectively prevents the occurrence of CAR associated with the Recoverin
vaccine and reduces damage to normal tissues. It is noteworthy that the Recoverin fusion
protein exhibits antitumor activity exclusively in recoverin-positive patients, who may have
already developed cancer-associated retinopathy (CAR) prior to vaccination with a recoverin
vaccine. For example, Luis et al. reported a case of CAR where the patient exhibited only
rapid bilateral visual acuity decline without other symptoms, ultimately being diagnosed with
non-small cell lung cancer [263]. Fortunately, recent findings by Mudri and Kim et al.
demonstrate that intervention with intravitreal dexamethasone implants in patients with CAR
can effectively improve visual acuity [190, 204]. Consequently, for tumor patients already
afflicted with CAR, a combined therapeutic approach involving Recoverin fusion protein and

dexamethasone presents a potential treatment strategy.

Understanding the immunogenicity of Recoverin and evaluating its potential as a tumor
vaccine is the primary focus of our current project. Earlier investigations by team members,
particularly Yue Zhao et al., have convincingly demonstrated that Recoverin fusion protein
efficiently induces the maturation and activation of dendritic cells (DCs), subsequently leading
to effective T cell activation [262]. Building upon this foundation, our project aims to further
explore the impact of DCs loaded with Recoverin fusion protein on T cell proliferation,
comparing its effects to those of individual Recoverin peptide and HSP70. Additionally, we
seek to evaluate the anti-tumor cytotoxicity of T cells stimulated by DCs pulsed with three

distinct antigens.

In the immune response, T cells play a critical role, with CD8+ T cells being a subset referred
to as cytotoxic T lymphocytes (CTLs) [264, 265]. These CD8+ T cells carry CD8 receptors
and specifically recognize and eliminate infected or abnormal cells by binding to antigenic
fragments presented by HLA-I molecules. Activation of CD8+ T cells occurs when the HLA-I
molecule binds to an appropriate antigenic fragment, forming an HLA-antigen complex
recognized by the CD8+ T cells. If the antigenic fragment originates from abnormal cells, the
CD8+ T cells will be activated to attack these aberrant cells [266]. Among the most common
HLA-I molecules, HLA-A2 plays a significant role in presenting endogenous antigens, such
as proteins produced by virus-infected or cancer cells, to T cells in the immune system,
directing immune cells to attack these abnormal cells [267]. In the study by Knuth et al., a
recombinant protein vaccine incorporating HLA-A2 and peptides was developed and trialed
in patients with various metastatic tumors expressing HLA-A2 [268]. This investigation

revealed that 75% (9 out of 12) of the antigen-positive cancer patients exhibited a specific
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immune response, demonstrating the potential of HLA-A2-based peptide-targeted tumor
vaccines to induce significant antitumor responses. However, the study highlighted a critical
issue: the recombinant protein not only provoked peptide-specific CD8+ T cell activation but
also initiated humoral immune responses, potentially leading to adverse effects on normal
tissue due to autoimmune reactions. In contrast, our research introduces an innovative
approach by integrating the HLA-A2-based Recoverin peptide with HSP70 protein into a
fusion protein. This strategy effectively mitigates the risk of autoantibody production
associated with immunogenic peptides, therefore minimizing the damage to normal tissues,
addressing a significant limitation observed in the use of conventional recombinant protein-

based vaccines.

However, most impressively, post-vaccination, 60% (3 out of 5) of the antibody-positive
patients exhibited disease stabilization and regression of individual metastases. In 5 out of 7
antibody-negative patients, both disease stabilization and strong immunoreactivity were
observed. Nonetheless, three of the patients experiencing disease stabilization eventually
showed disease progression, which is attributed to antigen loss [268], highlighting the pivotal
role of continuous antigen delivery in eliciting a durable immune response. Notably, HSP70,
known for its natural ability to present antigens to dendritic cells, effectively promotes antigen
internalization and presentation by DCs, and subsequently promotes the proliferation of T
cells stimulated by co-administered peptides [269, 270]. The investigation conducted by Hui
Wang et al. revealed that matured dendritic cells (mDCs) loaded with the Hsp70/HBxAg
complex elicited a considerable degree of autologous T-cell proliferation when contrasted
against scenarios involving standalone Hsp70 or HBxAg [271]. Similarly, | analyzed the
impact of three distinct antigens on the formation of T cell colonies, thereby reflecting their
potential to induce T cell proliferation. Compared to stimulation by HSP70 or Recoverin
peptide alone, the Recoverin fusion protein significantly enhanced the formation of T cell
colonies. While studies have demonstrated that antigen peptide-loaded dendritic cells (DCs)
can stimulate T cell colony formation and induce cytotoxic T lymphocytes (CTLs) [272], in my
research, Recoverin-loaded DCs alone did not significantly stimulate T cell colony formation.
This discrepancy could be attributed to variations in antigen peptide concentration or the
state of immune cells derived from the volunteers' blood, including dendritic and T cells.
Another reason could be that the immunogenicity of the Recoverin peptide is inferior to other
cancer antigens, such as cancer-testis antigens [261]. Despite the recognition of various
tumor antigens for their capacity to stimulate T-cell proliferation [273, 274], investigations
concerning their potential to incite the T-cell colony formation, such as the Recoverin antigen,
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remain notably underrepresented. My experimental findings suggested that the quantification
of T-cell colony formation size could potentially offer a rapid and uncomplicated avenue for
assessing the extent of antigen-driven T-cell proliferation. Nevertheless, it is important to
acknowledge that this methodology might exhibit limitations in accurately discerning subtle

enhancements in T-cell expansion.

The quantity of activated T cells is crucial for an effective immune response [275].
Intracellular levels of CSFE diminish gradually with cell division, making it a common tool for
assessing cellular proliferation levels. Subsequently, | used CFSE-labeled T cells to track
their proliferation. In my results, T cells in the Recoverin fusion protein group exhibited
stronger proliferation compared to those in the groups with DCs pulsed with HSP70 and
Recoverin peptide, providing further support for the potent immunogenic potential of
Recoverin fusion protein and confirming HSP70 as an immune adjuvant for Recoverin
peptide. Combining these findings with early experimental data, we have shown that DCs
loaded with Recoverin fusion protein can effectively induce T cell activation and proliferation
under in vitro conditions. However, despite the HSP70 group promoting larger T cell colony
sizes compared to the iDC group, there was no significant impact on overall T cell
proliferation. This could be attributed to the relatively lower number of T cell colonies induced
by the HSP70 group. Hence, the role of HSP70 becomes evident in enhancing peptide-
driven T cell proliferation through augmentation of HSP70/peptide complexes, with HSP70
itself not inciting T cell proliferation [276]. Notably, clinical studies have already demonstrated
the potential value of HSP70 as a cancer vaccine adjuvant with promising clinical outcomes
[248]. Therefore, the immunoadjuvant function of HSP70 may not operate through its direct

promotion of T cell proliferation, but rather through alternative pathways.

Cytokines can activate T cells, enhance their recognition of antigens, and attack tumor cells
expressing specific antigens [277]. Additionally, cytokines can contribute to the formation of
immune memory, which is crucial in the design of preventive vaccines [278]. Seyed et al.
observed a profound stimulation of T cell proliferation in the spleens of mice upon the
combined administration of vaccine and cytokines, whereas the individual use of either
vaccine or |L-24 failed to promote T cell proliferation [279]. However, | did not observe any
additional cytokine-induced promotion of T cell proliferation when combined with the three
antigens mentioned above. Researchers indicated that in the presence of IL-4 during pre-
cultivation, DCs express relatively lower levels of MHC and co-stimulatory molecules,
suggesting an immature phenotype. Furthermore, these cells exhibit a diminished response

to IFNa [280]. Therefore, supplementing with other cytokines, such as IL-24, may help to
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facilitate T cell proliferation. Notably, the proliferation levels of T cells from different donors in
the antigen-combined cytokine group exhibited considerable variability, suggesting that the
antigen-combined cytokine strategy may not necessarily lead to superior T cell proliferation
compared to individual antigen groups. It is essential to acknowledge that our experimental
data are derived solely from in vitro experiments and do not encompass the complex tumor
microenvironment within the human body. Therefore, further in vivo studies are imperative to

comprehensively validate these findings.

In addition to eliciting the proliferation of T cells, researchers have observed that these
expanded T cells, prompted by HSP70/peptide complexes, demonstrate targeted cytotoxicity
against tumor cells expressing the associated antigens [270, 271]. Li and Ye et al.
discovered that DCs pulsed with HSP70-antigen complexes significantly induce anti-tumor
cytotoxicity in T cells [281], while single HSP70 demonstrates no efficacy against any cancer,
a phenomenon attributed to the tight binding of HSP70 with antigens [282]. Although these
HSP70-based vaccines have demonstrated the potential to elicit clinically meaningful
immune responses in cancer, HSP70-peptide complexes derived from the patient's own
tumor face challenges of production cost. Differently, fusion proteins produced by engineered
bacteria offer significantly lower production costs [283]. However, the anti-tumor efficacy of

fusion proteins requires further examination.

My experiment showed that T cells induced by DCs pulsed with Recoverin fusion protein
exhibited stronger cytotoxicity against Y79 cells compared to T cells induced by DCs pulsed
with HSP70. Consistent with our findings, Chen et al. also constructed a fusion protein of
NY-ESO-1 epitope with HSP70. Their study similarly did not observe a stimulatory effect of
HSP70 on T cells in vitro [284]. Therefore, HSP70 acting as an immunoadjuvant enhances
the immunogenicity of peptides, thereby further promoting T cell-mediated anti-tumor activity.
This implies that Recoverin fusion protein has greater potential for tumor antigen activation
and can enhance T cell anti-tumor capabilities. When compared with iDC groups, the
Recoverin fusion protein group exhibited significantly increased cytotoxicity against Y79 cells
compared to the Recoverin peptide group. However, no significant difference was observed
in T cell anti-Y79 cell ability between the Recoverin fusion protein group and the Recoverin
peptide group. In contrast to our findings, Chen et al. observed a significantly higher specific
T cell immune response induced by their fusion protein compared to peptide-induced
responses [284]. This discrepancy may be due to the limited number of experimental
repetitions in my study, potentially introducing bias. Further optimization of experimental

repetitions is necessary to obtain more reliable and consistent results. Moreover, Chen et al.
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employed different co-culture ratios (T cells: tumor cells) to assess T cells’ cytotoxicity under
varying ratios. Interestingly, when the co-culture ratio was below 5:1, the fusion protein did
not demonstrate better cytotoxicity compared to using peptide alone. The advantage of the
fusion protein became evident only when the proportion of T cells was increased [284]. This
suggests that although T cells stimulated by DCs pulsed with the fusion protein exhibit
stronger cytotoxicity than those stimulated by DCs pulsed with peptide alone, a higher
proportion of T cells is needed to manifest this difference. In my experiment, each group of T
cells was co-cultured with Y79 cells at a ratio of 10:1 in the incubator. Considering the results
of Chen et al., further increasing the relative proportion of T cells and Y79 cells may be an
area for improvement. Additionally, increasing amount of effector cells, especially tumor-
specific T cells, has been reported in studies to be positively correlated with the prognosis of
cancer patients [285]. Considering this, this certain cell ratio ignores the impact of
proliferating T cells induced by DCs stimulated with different antigens on the anti-tumor effect
against Y79 cells. As mentioned above, the Recoverin fusion protein group induced
significant T cell proliferation. it is possible that the T cells in the Recoverin fusion protein

may exhibit a more significant anti-Y79 capacity relative to the Recoverin peptide alone.

It is noteworthy that the literature has documented similar significant promotion of T-cell
proliferation for several other antigens or vaccines, along with robust immune responses
demonstrated in in vivo experiments [286-290]. For example, akin to the blood-retinal barrier,
the presence of the blood-testis barrier allows certain proteins to exist exclusively in
testicular tissue, such as Mage, a frequently expressed cancer-testis antigen within
numerous human tumors [291]. Murine experimentation alludes to the capacity of the
HSP70/Mage3 fusion protein to elicit a robust antigen-specific immune retort in vivo,
effectually curbing the proliferation of Mage3-expressing tumor cells [292-294]. This
foreshadows the potential for Recoverin to exert a potent immune reaction and impede
tumorigenesis within in vivo experiments, although my further in vivo evaluations are pending
at present. Many existing results from preclinical tests and clinical trials indicate that HSP-
based cancer vaccines, including HSP-peptide fusion protein cancer vaccines, hold
promising prospects in cancer therapy [295]. This collectively instills confidence in the
ongoing exploration of Recoverin fusion protein as a promising candidate for a potential
tumor vaccine. Surprisingly, Zhang et al. demonstrated a clear anti-tumor immune effect in
mice by using nano-materials to encapsulate HSP70-complexed multi-peptide vaccines [296].
This provides a new approach, suggesting the construction of composite vaccines containing

multiple retinal antigens or different Recoverin epitopes simultaneously, thereby generating a
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potent anti-tumor immune response. Additionally, Gao et al. utilized gas-filled ultrasound
microbubbles to deliver HSP70-peptide fusion proteins. Compared to standalone fusion
proteins, precise control of fusion protein release sites in mice through ultrasound imaging
significantly inhibited melanoma growth and extended the survival time of mice [297]. This
novel vaccine design suggests a future focus on the controlled engineering of tumor

vaccines to further enhance the anti-tumor effects of Recoverin fusion proteins.

Ultimately, it is imperative to acknowledge the inherent constraints encompassing my
research investigation. While Y79 serves as a representative retinoblastoma cell line, its
fidelity in faithfully emulating the complete spectrum of retinoblastoma attributes remains a
subject of uncertainty. Moreover, the finite availability of blood donors introduces an
additional layer of complexity. Consequently, variations observed in T cell proliferation
prompted by divergent antigens or variations in countering Y79 cytotoxicity could conceivably
be attributed to the intrinsic inter-individual diversity within the donor cohort. It is noteworthy
that my methodology for evaluating the cytotoxic potential of distinct antigen-induced T cells
involved a co-culturing approach entailing equal proportions of T cells and Y79 cells.
However, this approach inadvertently overlooks potential disparities in the antigen-stimulated
T cell proliferation capacity, thereby potentially yielding statistically insignificant outcomes. It
is paramount to emphasize that the scope of my experimental framework exclusively
encompasses ex-vivo observations involving DCs pulsed with Recoverin fusion protein,
orchestrating T cell proliferation and onco-suppressive potential. In reality, the intricate milieu
of the tumor microenvironment often undermines the efficacy of numerous
immunotherapeutic agents, impeding their optimal onco-suppressive efficacy. Consequently,
a comprehensive series of experiments is requisite to holistically assess the potential viability
of Recoverin fusion protein as an efficacious tumor vaccine, considering the intricate
interplay between its immunogenic properties and the complex tumor milieu. Although my
results demonstrate the great potential of Recoverin fusion protein as a tumor vaccine, as it
exerts strong immunogenicity, stimulates T cell proliferation, and exhibits significant anti-
tumor effects against Y79 cells expressing Recoverin. However, given the variability in
immune responses among different donors, it is essential to validate our experimental
findings in a larger sample of blood donors in future studies. Furthermore, it remains to be
assessed whether the Recoverin fusion protein can effectively induce an immune response
in vivo and trigger a sustained immune response against Recoverin-expressing tumor cells.
It must be emphasized that, before considering the Recoverin fusion protein as a potential

tumor vaccine, its safety in vivo still requires careful evaluation.
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5. Conclusion

In summary, this study aimed to evaluate the immunogenicity of the Recoverin fusion protein
and explore the level of immune response it elicits, providing a solid experimental basis for
future preclinical investigations. Through our investigations, we observed that dendritic cells
(DCs) loaded with the Recoverin fusion protein effectively promoted T-cell proliferation.
Moreover, the T-cells stimulated by the Recoverin-loaded DCs exhibited potent cytotoxicity
against Y79 cells expressing Recoverin in vitro, confirming the immunogenicity of the
Recoverin fusion protein and its potential as a viable tumor vaccine. The significance of our
findings lies in the potential application of the Recoverin fusion protein as a novel antigen,
which can be further synergistically combined with other therapeutic modalities, such as
radiotherapy, chemotherapy, and various immune-based treatments, to enhance anti-tumor
efficacy. This multi-faceted approach holds promise for improving the outcomes of clinical
anti-tumor therapies, particularly benefiting patients with tumors characterized by abnormal

Recoverin protein expression.

In conclusion, our study provides a promising foundation for advancing novel
immunotherapeutic approaches, and we are optimistic that our findings will contribute
significantly to the development of innovative and personalized anti-tumor treatments for

patients with Recoverin-expressing tumors.
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