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Cancer continues to be one of the leading causes of death worldwide, and conventional cancer therapies such as chemotherapy, radiation therapy, and surgery have limitations. RNA therapy and cancer vaccines hold considerable promise as an alternative to conventional therapies for their ability to enable personalized therapy with improved efficacy and reduced side effects. The principal approach of cancer vaccines is to induce a specific immune response against cancer cells. However, a major challenge in cancer immunotherapy is to predict which patients will respond to treatment and to monitor the efficacy of the vaccine during treatment. Theragnostics, an integration of diagnostic and therapeutic capabilities into a single hybrid platform system, has the potential to address these challenges by enabling real-time monitoring of treatment response while allowing endogenously controlled personalized treatment adjustments. In this article, we review the current state-of-the-art in theragnostics for cancer vaccines and RNA therapy, including imaging agents, biomarkers, and other diagnostic tools relevant to cancer, and their application in cancer therapy development and personalization. We also discuss the opportunities and challenges for further development and clinical translation of theragnostics in cancer vaccines.
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INTRODUCTION
Cancer is a leading cause of death worldwide, with millions of new cases and deaths reported every year (Ferlay et al., 2021; Jacques Ferlay et al., 2020). Despite advances in conventional cancer treatments such as chemotherapy and radiation therapy, there is still a need for more effective and targeted therapies (Siegel et al., 2023). One promising approach is the use of cancer vaccines. Cancer vaccines aim to harness the patient’s immune system to target and destroy cancer cells (Galluzzi et al., 2017). Moreover, synergistic combinations of immunotherapy agents with conventional cancer treatments, offer yet another level of promise (Melero et al., 2015). Such is the case for resectable stage II–IV cutaneous squamous cell carcinoma (Howlader et al., 2020) and stage I–III non-small cell lung cancer (Forde et al., 2022). However, despite the long arc toward rational design (De Gregorio and Rappuoli, 2014), the development of cancer vaccines is complicated by the heterogeneity of tumors, the lack of effective immune response in some patients, and the difficulty in monitoring treatment response (Chuah and Chew, 2020). Tumor-based cancer vaccines were one of the initial steps to recruit the immune system in the fight against cancer (Kamath, 2021). Vaccines have several benefits over chemotherapeutic agents and monoclonal antibodies: for example, malignancy recurrence can be prevented by prolonged immunologic memories from the efficacious vaccination protecting against diverse cancer antigens. Additionally, vaccines do not need to be employed constantly and are relatively more secure than chemotherapy (Lollini et al., 2006). More often, vaccines are obtained by combination of the specific antigens like peptides, proteins, membranes, polysaccharides to induce controllable immune responses with synthetic or natural nanostructures/capsules to make vaccines more adjustable and safe. Different nanoparticles (NPs), including polymeric, inorganic, lipid- and protein/peptide-based, have been widely employed as adjuvants, immunogens, and antigen delivery vehicles for activating the innate immune system and that response is strongly influenced by NP’s size, shape, hydrophobicity and surface presenting chemistry (Liu et al., 2017). An additional approach is the use of RNA molecules to treat cancer and other diseases, which is an exciting concept with both inspiring potential and many challenges. Several genetic mutations manifest disease through the failure of cellular systems to produce properly functioning proteins (Alhmoud et al., 2020). RNA-based drugs can inhibit a variety of genes in multiple cellular pathways, target multi-gene diseases such as tumors, reduce drug resistance of tumor cells, and stop tumor proliferation. RNA therapy with high specificity, new targets and drug properties, demonstrate unique advantages in cancer therapeutics (Liang et al., 2020). Vaccines based on mRNA technology have had considerable success in addressing the spread, hospitalizations, and mortality during the COVID-19 pandemic. A key aspect of their efficacy is found in a formulation that uses lipid nanoparticles that enabled mRNA to enter the cell and initiate spike protein synthesis in the ribosomes. This formulation typically comprises four components, with particular emphasis on ionizable lipids and PEG lipids. Scale up and production of large quantities of high quality ionizable and PEG lipids, with attendant challenges in areas of purification and analysis, also challenged the production of large quantities of high-quality lipid nanoparticles.
Theragnostics, which seeks to combine diagnostic and therapeutic capabilities in a single platform system, have the potential to address these challenges by providing real-time monitoring of treatment response and enabling personalized treatment adjustments (Wang et al., 2021; Arnold, 2022). The sensing, measuring, and actively responding technical (SMART) platform systems enable closed-loop control of delivery, responding to therapeutic levels via a feedback mechanism. A wide range of nanomaterials feature quite prominently in imaging, drug delivery, and targeting within the tumor microenvironment (TME) and take advantage of the enhanced permeability and retention (EPR) effect and so are accordingly foundational in theragnostics (Cheng et al., 2021a).
In this article, we review the current state-of-the-science in theragnostics for cancer vaccines and RNA therapy, discuss the opportunities and challenges for further development and clinical translation. We used PubMed, Web of Science, and Google Scholar databases (2000–2023) to identify relevant studies on theragnostics in cancer vaccines and RNA therapy. As background, we introduce the elementary concepts of RNA therapy and the rudimentary concepts of engineering control models and their applicability to cancer theragnostics. The term theragnostics is justifiably used throughout this review (Frangos and Buscombe, 2019) despite the growing popularity of the use of theranostics, which is now being narrowly applied to radioligand imaging with therapy, i.e., precision oncology, which does not meet the broader definition of theragnostics as it lacks the four key elements of an active closed-loop control system. This review focuses exclusively on theragnostic approaches to cancer vaccines. We begin with an overview of cancer vaccines, RNA therapeutics and of control theory relevant for a discussion of closed-loop cancer theragnostics. We then present the enabling components for theragnostics in cancer vaccines; delivery vehicles and methods of theragnostic activation. We then show how RNA therapeutic agents may be creatively delivered and activated to achieve modulatable therapeutic levels. This is followed by presentation of a robust example of theragnostics for castration resistant prostate cancer. Finally, we provide our perspectives on opportunities and challenges, and future directions in the development of cancer theragnostics. It should be noted that this is not a comprehensive review of all relevant enabling aspects of cancer theragnostics, but rather to discuss some key progress in each area over the past several years.
OVERVIEW OF CANCER VACCINES
Cancer vaccines focus on therapeutic intervention in response to the disease and at thus unlike other vaccines that seek prevention as in the case of infectious disease (Antonarelli et al., 2021). Cancer vaccines can be broadly categorized into two types: prophylactic vaccines and therapeutic vaccines (Garbuglia et al., 2020). Prophylactic vaccines aim to prevent cancer by targeting cancer-causing viruses, such as the human papillomavirus (HPV) and hepatitis B virus (HBV). Since its 2006 approval by the USFDA, vaccines against cervical cancer-causing HPV-16 and HPV-18 have contributed to an overall reduction of 65% during the 2012 through 2019 period (Rosenblum et al., 2022). In contrast, therapeutic cancer vaccines aim to treat established cancers by stimulating the immune system sufficient to overcome immunosuppressive mechanisms employed by tumor cells, and so target and destroy cancer cells (Bilusic and Madan, 2012). Therapeutic vaccines can be based on various approaches, including tumor-associated antigens, cancer-specific mutations, or dendritic cells loaded with tumor antigens (Kerr et al., 2021).
One particularly notable path for therapeutic cancer vaccines is to induce antigen specific T-cell based cellular immunity capable of targeting and clearing tumor cells. These vaccines activate T-cell response against two types of tumor-specific antigens (TSAs), including viral antigens and neo-epitopes resulting from non-synonymous somatic mutations, and two types of tumor-associated antigens (TAAs), including tissue-specific antigens and development-specific antigens (Malekzadeh et al., 2020). There are typically three component signals to T-cell activation; the first is presentation of an epitope on a human leukocyte antigen (HLA) expressed by antigen presenting cells (APC), the second is co-stimulation by receptors on the APC, and finally, signaling by cytokines such as interleukin (IL)-12. Generation of CD4+ T cells is critical for the formation CD8+ T effector cells and CD8+ T memory cells during the antitumor immune response that is closely associated with antitumor immunity in many cancers (Angell and Galon, 2013; Bruni et al., 2020). However, tumor antigens cause weak CD4+ T cell help responses. Thus, cancer vaccines should combine efforts to engage more active CD4+ T cell directly or indirectly. Cancer vaccine immunotherapies such as immune checkpoint blockade (ICB) and T-cell receptor (TCR) or chimeric antigen receptor (CAR) T-cell adoptive therapy represent types of “vaccination” that raise antigen specific T-cell responses but without therapeutically administering antigen. The antigen is instead endogenously presented by the tumor itself (Smith et al., 2021).
Sipuleucel-T, an autologous cellular immunotherapy, is an example of autologous dendritic cell (DC) vaccine for the treatment of metastatic castrate-resistant prostate cancer, which was approved by the USFDA in 2010 (Sobol et al., 2015). It is generated by stimulation of the patient-derived DC to express a fusion protein consisting of the prostatic acid phosphatase (PAP) and granulocyte-macrophage colony-stimulating factor (GM-CSF). This vaccine therapy demonstrated a 4-month improvement in overall patient survival (OS). Unfortunately, despite this approval and OS benefit, this vaccine had many limitations in patient eligibility—lack of a pharmacodynamic biomarkers, high cost (nearly $100,000 for entire treatment course), and treatment inconvenience (requires leukapheresis followed by reinfusion with each cycle). Thus, the effect of Sipuleucel-T on patient health and therapy was very low indicating the need to improve these therapeutic approaches (Madan et al., 2020).
Despite the potential of cancer vaccines, their success is often limited by the complexity and heterogeneity of tumors. Tumors can evolve and adapt to evade immune recognition, and different patients may have different immune profiles that influence their response to the vaccine. In addition, the lack of effective biomarkers to monitor treatment response can make it difficult to determine the efficacy of the vaccine and to make informed decisions about adjustments to the treatment plan. As an example, the functional state of T-cell immunity is a key determinant in the success or failure of vaccination. Lifelong changes to the T-cell immune system, from immaturity to increasing senescence in later life, must accommodate periodic antigenic challenges from infectious agents such as viruses, bacteria, fungi, and allergens, each capable of causing acute, chronic, or latent infection and noninfectious transformation of cells, self-antigen, and allergens. T-cells must accurately interrogate and interpret each of these challenges and do so often in the context of some degree of immune suppression or inflammation.
An additional factor is the potential for development of the resistance to the cancer vaccines, which is based on the mutations in signaling pathways supporting tumor-immune control, downregulation or lost tumor antigen expression, altered antigen processing pathways, or loss of HLA expression and finally resulting in the low recognition of the tumor cells by T-cells (Saleh et al., 2020). A compounding challenge is so called T-cell exhaustion (Abdel-Hakeem et al., 2021; Yi et al., 2010), cellular dysfunction that emerges within hours that results in effector function impairment, compromising the ability of T-cells to effectively respond to new or renewed HLA challenges (Rudloff et al., 2023; Liu et al., 2021). Different mechanisms of tumor resistance to vaccines set the requirements to the multiple or temporal therapy approaches to mitigate or overcome resistance. Several strategies have been developed to solve tumor escape and tumor microenvironment immunosuppression, including improving immunotherapy delivery platforms/antigen selection, combination therapy and theragnostics.
OVERVIEW OF RNA THERAPY
In the past few years RNA therapy approach has made a huge clinical impact, more than 13 drugs were approved by FDA from 2013. RNA drugs are often classified by the biochemical mechanism of action used to manipulate genes or gene expression. Accumulation of various types of gene mutations and incorrect regulation of gene networks formed by the interaction of these mutated genes are the main reasons for cancer development. Fundamental treatment approach is based on gene therapy. RNA therapy includes small interfering RNA (siRNA), antisense oligonucleotides (ASO), aptamers, mRNA and other RNA molecules (Figure 1), which can modulate the expression of target genes by different mechanisms of action with low side effects and low risk, blocking the inherent immunosuppression and triggering immune attacks on tumors (Kim, 2020; Ferdows et al., 2022). Small-molecule therapeutics is limited by the affinity to the target protein, RNA interference (RNAi) therapies (siRNA) modulate the protein translation. Similarly, antisense oligonucleotides (ASOs) have been used in the clinic to promote RNA degradation, such as inotersen (Benson et al., 2018), or to manipulate RNA splicing, such as eteplirsen (Kinali et al., 2009). Moreover, one of the advantages of RNA therapy is the rapid development of efficacious and targeted drugs for controlling tumor growth and regulation by that which is “undruggable” by small molecules and protein targets (Mansoori et al., 2014). The application of RNA therapy in cancer is mainly revealed in the following generalized approaches: 1) inhibition of tumor anti-apoptosis genes, 2) study of tumor signal transduction pathways, 3) inhibition of tumor angiogenesis-related factors, 4) the effect on oncogenes, 5) tumor suppressor genes, 6) reduction of tumor drug resistance, and 7) immunotherapy.
[image: Figure 1]FIGURE 1 | (A) Sсhematic visualization of the main RNA therapy molecules. (B) Antisense RNA (ASO) is designed to bind to pre- or mature mRNA and then induces the degradation of mRNA or modulates the splicing of pre-mRNA. (C) Small interfering RNA (siRNA) is introduced as a double-stranded form, after the loading into the RNA-induced silencing complex (RISC) one strand is removed. The siRNA-RISC complex binds to target mRNA and cleaves the mRNA inducing its degradation. Similar mechanism works for shRNA, miRNA duplex. (D) The RNA aptamer can bind to a specific protein and block its function. (E) After the messenger RNA (mRNA) is introduced into the cells, cellular machinery including the ribosome translates it into a protein, which works as an enzyme or antigen.
The application of RNAi in cancer therapy is mainly applied in its ability to suppress the anti-apoptotic genes, angiogenesis factors genes, and reduction of tumor drug resistance. Many studies have demonstrated the potential of siRNA delivery to the tumor site. For example, siRNA can be efficiently delivered into cancer cells and specifically inhibit the expression of anti-apoptosis genes, such as Bcl-2, Bcl-xl, XIAP (Kunze et al., 2012), as well as the genes encoding endothelial growth factor receptors (VEGFR 2 and EGFR), triggering the cell apoptosis and simultaneously improving the sensitivity of cancer cells to chemotherapeutic drugs. mRNA vaccine immunotherapy is a relatively new approach focused on the development of personalized mRNA vaccines for the treatment of various cancers. Broadly, nucleic acid cancer vaccines contain antigens encoded by either DNA or RNA and can be further subdivided into RNA and DNA vaccines that utilize different mechanisms for therapeutic delivery. But the main limitations of RNA therapeutics for the cancer treatment are poor stability of oligonucleotides in blood, low delivery efficiency, rapid renal clearance, and potential systemic toxicity (Li et al., 2024). To overcome these limitations, many RNA therapeutics delivery approaches have been proposed to improve the therapeutic efficacy of tumors.
OVERVIEW OF CONTROL THEORY AND MODELS IN CANCER
Theragnostic platforms that are designed to achieve a particular level of therapeutic control must employ feedback control and are thus subject to the fundamental concepts and principles for understanding and designing engineered control systems (Iglesias and Ingalls, 2010). A control system manages, directs, or regulates the behavior of another system or process to achieve desired goals or performance (LeDuc et al., 2011). In the case of cancer, this is not just targeted delivery of a drug, but targeted therapeutic levels in response to the drug. Control theory underlies the control of dynamic systems, ensuring desired, predictable and stable behavior or performance based on pragmatic models. Such systems (models) may be open-loop, clinician-in-the-loop, or closed-loop systems. Figure 2A provides a schematic illustration of a generalized control system showing the key components and multiple feedback elements.
[image: Figure 2]FIGURE 2 | (A) Block flow diagram illustrating the key components of a closed-loop control system showing multiple possible feedback elements (FE1•••FEn). (B) Sсhematic illustration of a hypothetical RNA theragnostic nano-delivery platform for cancer vaccines and RNA therapeutic drugs. The theragnostic platform shows different therapeutic levels achieved (output) that serve to adjust input via a series of feedback effects that affect the bioavailablity of RNA for any of the various mechanisms summarized in Figure 1.
Control systems or models
An open loop system does not employ feedback to control the output or therapeutic level. Such a drug delivery system operates solely based on the delivered drug and the existing pathophysiology, which serves as a set of preset conditions without regard to monitoring or adjusting based on the desired or achieved therapeutic level. Such drug delivery systems are simple, inexpensive to develop and easy to deploy (relatively) as they do not require an integral sensor to monitor the actual therapeutic level achieved and a validated feedback mechanism. Such systems are inherently inaccurate (may not achieve targeted therapeutic levels), imprecise (e.g., variability arising from polymorphisms. i.e., not personalizable) and unreliable (potential for failing to achieve targeted therapeutic levels) when deployed on their own.
A clinician-in-the-loop system is a hybrid approach that incorporates a human operator into the control loop, blending aspects of both open loop and closed loop control (next). Immortalized by the cultural cliché “take two pills and call me in the morning,” the human operator plays a critical role in the decision-making process, monitoring, and taking control actions, while the automated components execute tasks based on both the operator’s inputs, e.g., predefined dosing, targeting and designed-in drug release characteristics. This approach leverages the strengths of both human intuition, judgment, and adaptability and the precision, speed, and reliability of automated systems. The clinician makes decisions regarding manual inputs, e.g., dose and frequency of dosing, may override automatic controls, or adjust parameters in real-time based on situational awareness. This establishes flexibility in the control environment that can adapt to complex or unpredictable situations where automated systems alone might not suffice. The clinician receives feedback (MRI images, immunology titers, etc.) about the patient’s state and therapeutic performance, which they use to make informed decisions or make adjustments. The effectiveness of the clinician-in-the-loop control system depends on the seamless interaction between the human operator and the automated components, requiring well-designed interfaces and communication protocols. Being asynchronous, clinician-in-the-loop systems are prone to the delays incurred by the clinician schedule, clinician workload and error, and by interfaces, human and technical, that hinder rather than enhance clinician performance and decision-making. This is the basis for today’s theranostics.
Closed loop or feedback control systems use feedback to adjust the system’s output. Integrated sensors monitor the output and make adjustments to maintain the desired therapeutic level, even in the face of disturbances. Such systems are complicated, costly to develop, and costly to implement, in part because of the need for additional molecular recognition components for sensing and feedback via modulatable delivery or modulatable activity of the delivered therapeutic. However, closed loop systems are generally more accurate and reliable than open loop systems. They are intended to adapt to changes in the environment and correct for perturbations/disturbances, while maintaining consistent performance and hence form the basis for highly personalized therapy. This is the premise for and promise of theragnostics. Figure 2B provides a schematic illustration of a generalized control system showing the key components and multiple feedback elements when applied to RNA cancer theragnostics.
Elementary control theory for cancer theragnostics
Control systems consist of the following key elements: i) an input, a reference or setpoint value, that is a target that the control system aims to achieve, ii) the process which the control system seeks to control, iii) a sensor that assess the present state or output of the process and provides feedback to the control system about the actual performance of the process, iv) a controller that processes the feedback information from the sensor and computes the control action necessary to adjust the process to match the desired setpoint, and v) an actuator that executes the control action to bring the controlled system closer to the desired state. In addition to the forgoing, there are: vi) the control signal, which is the output from the controller to the actuator, intended to produce the corrective action, vii) a feedback loop that links the sensor, controller, and actuator, creating an open-loop control (the control input is determined without considering feedback from the system’s output) or a closed-loop control (feedback is used to adjust the control input based on the system’s response) that allows for continual adjustments based on the measured output, viii) the reference or setpoint that serves as the target value that the control system is seeking to attain. The controller uses the difference between the setpoint (e.g., a targeted antibody titer) and the measured output (the actual antibody titer) (the error) to generate the control signal, ix) the mode of response of the controller may be proportional (P) (Equation 1), integrative (I) (Equation 2), or derivative (D) (Equation 3) as shown following.
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In the proportional mode, the controller’s output is directly proportional to the error signal, being based solely on that value, without regard to past or future errors. This may be represented by Equation 4:
[image: image]
Where [image: image] is the output of the proportional controller, [image: image] is the proportional gain, a constant that determines the sensitivity of the controller to the error signal and [image: image] is the error signal at time [image: image]. Such systems are quick to respond but are prone to steady-state errors, failing to reach the desired setpoint. In the integral mode, the controller’s output is proportional to both the magnitude and the duration of the error signal over time. The controller continuously sums up the error signal over time, adjusting its output accordingly. This may be represented by Equation 5:
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Where [image: image] is the output of the integral controller, [image: image] is the integral gain, a proportionality that establishes how aggressively the controller responds to the accumulated error, [image: image] is the error signal at time [image: image] and the integral represents the accumulated contribution of the error signal over time. This approach eliminates the steady-state error of the proportional mode but is slow to update, and depending upon the value of the integral gain, may overshoot the targeted therapeutic level, seek to correct and produce dynamic instability. In the derivative mode, the controller’s output is proportional to the rate of change of the error signal. It predicts the future behavior of the error signal based on its present rate of change. This may be represented by Equation 6:
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Where [image: image] is the output of the derivative controller, [image: image] is the derivative gain, controlling the sensitivity of the controller to the rate of change of the error, and [image: image] is the derivative of the error signal with respect to time. Such a controller dampens oscillations and stabilizes the system by predicting and responding to rapid changes in the error signal. However, such a controller can amplify noise in the system, leading to instability and/or erratic behavior, especially in systems with high-frequency noise.
Finally, there is, x) the output of the process, the controlled variable, which represents the actual result or performance of the system being controlled. The control system aims to maintain this variable as close to the setpoint as possible. When applied to RNA therapy and cancer vaccines, such systems are generally called biologically responsive (bioresponsive) or biosmart and are exemplified by bioresponsive hydrogels (Wilson and Guiseppi-Elie, 2013). When engineered into bioresponsive, adaptive controlled delivery systems they are exemplified by the modulated release of insulin from a chemically synthesized artificial pancreas made responsive to glucose through the action of gluconic acid produced within a pH-responsive hydrogel (Guiseppi-Elie et al., 2002; Bhat et al., 2020). To evaluate the performance of molecular control systems, an engineer-centric view requires that we entertain consideration of such characteristics as rise time, settling time, overshoot, and steady-state error. A theoretical framework allows for modeling, analysis and optimization enabling the design of smart, adaptive, and precise theragnostic systems that can optimize therapeutic outcomes while minimizing side effects, making them especially valuable in personalized cancer care.
Control theory has been applied with varying levels of success to the optimization of chemotherapeutic agents [summarized in (Lecca, 2021)] and radiation [summarized in (Jarrett et al., 2020)] used in the treatment of solid tumors. A general formulation of time varying problems restricted to linear differential equations may be written when the state variables at time, t, are x1(t), x2(t), …, xn(t) and the system inputs at time, t, are u1(t), u2(t), …, nm(t). The system then can be represented by n differential equations, each varying in time, and represented as a matrix (Equation 7),
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where [image: image] is a measurable and modulatable cancer characteristic such as a biomarker associated with efficacy of the therapy, t1 and t2 are time step 1 and time step 2, respectively and dt is an increment of time in the derivative. For solid tumors, the cancer characteristic may be the tumor volume, or more correctly, the surface to volume double integral. The rate of change of the cancer characteristic, [image: image], is a function (f) of chemotherapy dose, [image: image] and seeks to optimize, for example, the drug infusion schedule, [image: image] that most effectively reduces the size of the tumor following a fixed period of treatment. Next-generation theragnostics seek models for closed loop control by employing bio-smart delivery vehicles based on responsive nanoparticles. An example is the work of Annapragada’s group wherein liposomal nanoparticles were aggregated by the use of borate, when upon binding with glucose, disaggregates the nanoparticles allowing their release, loaded with insulin (Karathanasis et al., 2007; Dasgupta et al., 2012).
THERAGNOSTICS IN CANCER VACCINES
In oncology, tumor-specific substrates, receptor ligands, or pro-drugs can serve as constructs for theragnostic development when labeled with specific radionuclides for imaging or therapy. A cursory Google search (04/25/2024) reveals that theranostics (without the “g”) produced 42,900,000 results and theragnostics (with the “g”) produced 106,000 results. Theranostics has become a popular sub-field of nuclear medicine that co-joins imaging with ex-vivo, in-the-loop therapeutic intervention. An illustrative example is the use of 68Ga and 177Lu labeled peptides targeting fibroblast activation protein (FAP) and positron emission tomography (PET) in the development of cancer theranostics (Huang et al., 2023). FAP, a glycoprotein of the dipeptidyl peptidase family, is abundantly expressed in cancer-associated fibroblasts (CAFs) of numerous epithelial tumors (e.g., sarcoma and mesothelioma). Targeting and imaging this glycoprotein provides theranostic insight into the progression of disease (Huang et al., 2023). Theragnostics embodies the broader class of therapeutic agents, e.g., RNA therapy and cancer vaccines, as well as stimuli-responsive drug delivery systems (DDS) that are modulated by the desired level of an induced therapeutic protein or immune response.
Development of novel RNA-based therapeutic treatments for cancer and orphan diseases, including the development of mRNA vaccines and novel RNA-based therapeutic systems to target and modulate/potentiate gene expression and RNA-protein interactions forms one of the basis for cancer vaccine theragnostics (Zhu et al., 2022). One approach, reviewed by Guo et al. (2022), is to synthesize biomimetic nanoparticles conferred with the targeting and immune evasion qualities of cancer cell membranes (CCMs) (Guo et al., 2022). The development of novel strategies for targeting and modulating epigenetic pathways that are involved in the regulation of gene expression and tumorigenesis represents another approach (Cheng et al., 2019). Theragnostics offer a promising solution to the challenges of cancer vaccine development and personalization (Ferrari, 2005). Theragnostic agents combine both diagnostic and therapeutic capabilities in a single platform system, enabling real-time monitoring of treatment response and personalized treatment adjustments. A theragnostic approach accords the following (Figure 3):
I) Diagnosis, stratification, possibly using AI-based multi-modal data fusion, and patient selection.
II) Development of a personalized treatment plan.
II) Personalized patient workup and therapeutic intervention
III) Therapy response monitoring—visualizing where the drug is going and in turn monitoring the efficacy of the treatment. This allows the identification of likely responders leading to faster and cost-efficient clinical trials and increased chances of successful treatment outcomes.
IV) Personalized dosing based on individual imaging data, thus achieving maximal therapeutic effect with minimal unwanted side effects.
V) Patient follow up and survival outcomes (SO) monitoring.
[image: Figure 3]FIGURE 3 | A generalized scheme for the outcomes-driven, patient-centered administration of cancer vaccine theragnostics.
The functional linking of the cancer diagnostic with the therapeutic intervention is what uniquely characterizes a theragnostic system. One approach to theragnostics in cancer vaccines is the use of imaging agents to monitor the migration of immune cells to the tumor site. For example, PET imaging can be used to track the accumulation of immune cells at the tumor site, and MRI can provide information about tumor volume and vasculature. In addition, biomarkers such as circulating tumor cells, circulating tumor DNA, or immune cell profiling can provide valuable information about the patient’s immune response to the vaccine.
Another approach to theragnostics in cancer vaccines is the use of personalized antigen selection based on tumor-specific mutations (Blass and Ott, 2021). The identification of specific mutations in the tumor can guide the selection of antigen targets for the vaccine, enabling a more personalized approach to therapy (Lin et al., 2022). Use of tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) to activate the patient’s immune system, can in principle, induce both specific cellular immunity and humoral immune response to prevent tumor growth and ultimately eradicate tumor cells (Jhunjhunwala et al., 2021; Zhao et al., 2021a).
New and perspective approach to theragnostics based on DNA or mRNA cancer vaccines continue to emerge. In 2023 more than 35 clinical trials were evaluating the safety and efficacy of mRNA cancer vaccines for select cancer types. For example, the embryonic stem cell gene SRY (sex determining region Y)-box 2 (SOX2) is an oncogenic driver in non-small-cell lung cancer and the basis of the promising DNA cancer vaccine coded the fusion protein with the PADRE helper epitope. In mice, a SOX2 vaccine inhibited the growth of the TC-1 lung cancer cell line characterized by high SOX2 production. Both humoral immune responses and T-cell responses against SOX2 correlates with clinical response in patients receiving immunotherapy (Polakova et al., 2014; Spisek et al., 2007). Also, the use of theragnostic agents can help to identify patients who are likely to respond to immunotherapy, and to monitor their response over time.
Many years ago the importance of the critical relationship between the immune system and radiation therapy was demonstrated. Possibly, the radiation therapy can provoke a tumor-specific immune response that not only targets cancer cells locally but can also travel to distant sites of disease and act as an in situ vaccine, resulting in a systemic response. Additional evidence for this proposal is supported by the synergistic effects of radiation and immunotherapies, which have demonstrated improved clinical response, overall survival, and time to recurrence in multiple cancer histologies (Formenti and Demaria, 2012; Tang et al., 2014). mRNA cancer vaccines may encode the immunostimulants proteins, which can modify the tumor microenvironment and thus enhance the efficacy of the main therapy, or serve as an additional component for the diagnostic agent with the therapeutic action. Intratumorally administered mRNA-2416 produced by Moderna and encoded OX40L, demonstrated safety and tolerability and revealed proinflammatory activity with desirable changes in non-small cell lung cancer (Porciuncula et al, 2021). Several other mRNA products have also shown promise, such as ECI-006, a combination of TriMix and melanoma-specific TAAs administered intranodularly and being tested in a phase 1 study of resected melanoma (NCT03394937); and MEDI1191, an immunomodulatory fusion protein containing IL-12α and IL-12β subunits developed for intratumoral injection (Wang et al., 2023).
THERAGNOSTIC DELIVERY VEHICLES
The integrative challenge of targeted delivery, response to biomarker signaling threshold, and delivery of payload places unique challenges on the biophysical and biochemical properties of delivery platforms for cancer theragnostics. In this section, we review possible delivery platforms that may be engineered for cancer vaccine theragnostics (Figure 4).
[image: Figure 4]FIGURE 4 | A schematic representation of the delivery platforms for cancer vaccine theragnostics, including polymeric NPs, silica- and carbon materials, virus-like NPs, inorganic NPs, lipid-based NPs, ligands and antibodies for the targeted delivery.
Targeted drug delivery
Theragnostic delivery vehicles must be delivered to targeted cells within cancerous tissues. Targeted delivery of medications is an important aspect of modern drug delivery technology and also an instrument for the identification and validation of new therapeutic targets and increase of the therapeutic efficacy (Gao et al., 2023). The goal is to deliver medications to specific locations (e.g., sub-cellular organelles, cells, tissue types, organs) in the body, such as to the site of the disease, and to do so in a more efficient and effective manner than traditional systemic drug delivery methods. To overcome the barriers to safe and effective theragnostic drug delivery, viral-vector-based and non-viral delivery systems were developed. The main function is the protection of RNA from degradation, maximize delivery to on-target cells and minimize the off-target effects. Viral gene therapies have generated successful clinical cases but the efficacy was limited by pre-existing immunity, viral-induced immunogenicity (Bryson et al., 2017), unpredictable genomic integration and some difficulties with its production. In parallel, development of synthetic carriers that encapsulate RNA, such as polymers, lipids and lipid nanoparticles (LNPs), ligands, antibodies, liposomes, nanoparticles (NP), and microspheres, which are designed to improve the accuracy and efficiency of drug delivery (Adepu and Ramakrishna, 2021; Tewabe et al., 2021), has led to US Food and Drug Administration (FDA) approval of new therapeutics. The most revolutionary variants of drugs were subcutaneously administered N-acetylgalactosamine (GalNAc)–siRNA conjugates that target hepatocytes (Garrelfs et al., 2021), intravenously administered LNP-based siRNA drugs that target hepatocytes (Adams et al., 2018), and intramuscularly administered LNP-based mRNA COVID vaccines (Baden et al., 2020). Nanoparticle-based drug delivery systems may also be useful for non-viral DNA delivery (Buck et al., 2019). Additional efforts were spent to make the synthetic delivery vehicles biodegradable: inherently biodegradable is defined as > 20% but <60% biodegradability as measured by OECD 301A-F testing, readily biodegradable—the ability of a product to biodegrade quickly and completely (≥60% by OECD 301A-F/ASTM D7373 testing) within 28 days.
Responsive drug delivery
Theragnostic delivery vehicles, once delivered to targeted cells, must respond to stimuli that enables release or activation of the RNA payload. Stimuli-responsive materials undergo a physicochemical (Kocak et al., 2017) or electrical (Samanta et al., 2016) change in response to an external stimulus. Such materials are great candidates for responsive drug delivery platforms that seek to alter drug release profile characteristics in response to the unique physiological condition or activity of a particular biomarker at the site of targeted tissue (Rahim et al., 2021; Sun and Davis, 2021). Bioactive and bioresponsive hydrogels (Wilson and Guiseppi-Elie, 2013) may be suitable candidates for cancer theragnostic platforms. These SMART nanogels possess engineered properties that enable sense and release under feedback control. First described by Kim and Park in 2001, these authors exploited the gel–sol phase transition of a membrane-supported, glucose-sensitive hydrogel composed of PEGylated-Con A and glucose-containing polymers. The gel–sol phase transition was titratable in response to the environmental glucose concentration over the range 1–4 mg/dL glucose (Kim and Park, 2001). In 2002, Guiseppi-Elie et al. (2002) engineered a self-contained, bioresponsive, adaptive controlled delivery system that was exemplified by the modulated release of insulin from a chemically synthesized artificial pancreas made responsive to glucose through the action of gluconic acid produced within a pH-responsive hydrogel (Bhat et al., 2020). Recently, there is renewed interest in stimuli-responsive targeted drug delivery systems (Li et al., 2019) (Majumder and Minko, 2021; Huang et al., 2019; Huang et al., 2021). Such systems are multi-functional, seeking to combine targeting with an endogenous or exogenous stimulus to effect release of the pro-drug or drug payload. Multi-functional systems of this type may be ON-OFF, with release occurring in response to a threshold amount of the stimuli, or may be potentiated, that is, the amount of drug released or the rate at which the drug is released is dependent on the magnitude of the stimuli (e.g., chemical potential of an effector molecule). A recent example is a hydrogel based on the L-arginine (L-Arg)-coupled chitosan and glucose oxidase (GOx)-modified hyaluronic acid, which in the presence of elevated levels of glucose, continuously released hydrogen peroxide (H2O2) and NO by the cascaded consumption of glucose and L-Arg that was shown to be an effective antibacterial in vitro, as well as in vivo wound healing performance on an infected diabetic mice model (Zhou et al., 2023). This concept is readily applied to cancer therapeutics, and eventually to cancer theragnostics.
Liu et al. (2023) exploited the high intracellular glutathione (GSH) levels in tumor tissues (2–10 mmol/L) to trigger the responsive release of lenalidomide from the redox-responsive prodrug of disulfide-lenalidomide-methoxy polyethylene glycol (LND-DSDA-mPEG). When combined with methotrexate (MTX), the resulting LND and MTX nanoparticles (MTX@LND NPs) were delivered via subcutaneous administration at the neck near the deep cervical lymph nodes (dCLNs) and were shown to inhibit the growth of lymphoma and effectively prevent liver metastasis (Liu et al., 2023). A nanocomplex (50 nm; PDI = 0.148) of anti-programmed death ligand-1 peptide (APP), spermidine (SPM) and oxidized dextran (DEXo) expanded with sodium tripolyphosphate (TPP) and FeCl3 was shown to have an inhibitory influence on lymphoma cells (A20) both in vitro and in vivo (mouse model). Spermidine, is a known regulator of the tumor microenvironment (TME) through its depletion of immunosuppressive cells and thereby attenuates immune surveillance in the TME. Iron-induced ferroptosis in cancer cells may trigger the release of immune-stimulative signals that facilitate the recruitment of dendritic cells (DCs), macrophages, or the other immune cells. The strong oxidative stress, consequent mitochondrial dysfunction and subsequent ferroptosis demonstrates a form of pH-responsive, multimodal therapy (Nie et al., 2023). The foregoing are representative examples of responsive systems that take advantage of the unique attributes of the TME. However, none rises to the level of responding to an output of the therapy that then becomes a setpoint for the control of the therapeutic intervention.
Chemical conjugates
Drug conjugates are therapeutic agents formed from the physicochemical combination, predominantly covalent, of two or more actives intended to combine the pharmacological properties of their individual components to achieve specific therapeutic goals (Fu et al., 2022). The pharmacological reasons for synthesizing drug conjugates are as diverse as the conjugates themselves and depend on the specific therapeutic goals and challenges associated with a particular disease or condition being targeted. These conjugates offer a versatile approach to drug development and can address many limitations associated with traditional drug therapies. There are several pharmacological reasons to synthesize drug conjugates: i) Enhanced efficacy—drug conjugates can enhance the overall therapeutic efficacy of a drug by combining two or more mechanisms of action. For example, combining a cytotoxic drug with a targeting molecule can increase the drug’s specificity for cancer cells, reducing off-target effects and improving efficacy, ii) improved targeting—conjugates can be designed to target specific tissues, cells, or molecular markers. This targeted delivery can increase drug concentration at the desired site of action, minimizing exposure to healthy tissues and reducing side effects, iii) Overcoming drug resistance—drug resistance is a common problem in chemotherapy and other treatments. Drug conjugates can help overcome resistance by using alternative pathways or mechanisms to deliver the therapeutic payload to the target site, iv) controlled release-conjugates can be engineered to release the active drug at a controlled rate or in response to specific physiological conditions. This controlled release can optimize drug delivery and minimize toxicity, v) reduced toxicity—by selectively delivering drugs to their targeted cells or tissues, some drug conjugates can reduce the systemic exposure of healthy tissues to the toxic side effects of some drugs, thereby minimizing adverse effects, vi) increased solubility—some drugs have poor aqueous solubility, which can limit their effectiveness; conjugation with solubilizing agents can improve drug solubility and hence bioavailability, vii) prolonged half-life/protection from degradation—conjugation with certain molecules, such as PEG, can extend the circulating half-life of a drug in the body. This extended circulation time can reduce the frequency of dosing, viii) combination therapy—drug conjugates can be designed to deliver multiple drugs simultaneously, allowing for combination therapy, with synergistic effects or drugs that target different aspects of a disease (Zhao et al., 2023) ix) diagnostic applications—conjugates can also be used for diagnostic purposes. For example, radiolabeled antibodies can be used in imaging techniques like PET to detect specific disease markers, x) personalized medicine—drug conjugates can be customized based on a patient’s unique disease profile, allowing for more personalized and targeted treatments, xi) reduced immunogenicity and off-targets—conjugating drugs with certain molecules can reduce their immunogenicity, making them less likely to trigger an immune response, xii) improved pharmacokinetics—conjugation can alter the pharmacokinetic properties of drugs, such as biodistribution, metabolism, and excretion, to optimize their therapeutic profiles. While conjugation may be necessary, it cannot by itself comprise a theragnostic platform.
Conjugation with polymers or specific ligands is widely used for the enhanced delivery of therapeutic RNAs and theragnostic molecules. Direct covalent conjugation of various moieties: lipids (for example, cholesterol that facilitates interactions with lipoprotein particles) (Wolfrum et al., 2007; Lorenz et al., 2004), peptides (Eguchi et al., 2009; Liu et al., 2014), aptamers (McNamara et al., 2006), antibodies (Song et al., 2005) and sugars (for example, N-acetylgalactosamine (GalNAc) (Matsuda et al., 2015), promoted intracellular uptake, targeted the drug to specific cells/tissues or reduced clearance from circulation. Cholesterol conjugated siRNAs was applied for hepatic gene silencing (for example, Apolipoprotein B, Apob) (Soutschek et al., 2004) and, more recently, to silence myostatin (Mstn) in murine skeletal muscle (Khan et al., 2016). Docosahexaenoic acid (DHA), the most abundant polyunsaturated fatty acid in the mammalian brain, has been used as a conjugate to enhance siRNA delivery to the murine brain (Nikan et al., 2016). The most widely clinically validated example of a specific ligand is GalNAc conjugates with RNA therapeutic molecules, which have led to the FDA-approved drugs givosiran (Syed, 2021) and lumasiran (Garrelfs et al., 2021), as well as the EMA-approved drug inclisiran (Lamb, 2021). GalNAc is a carbohydrate-derived trivalent ligand that binds the asialoglycoprotein receptor, which is expressed in hepatocytes and not expressed on other cell types. Conjugation of theragnostic agents with antibodies or antibody fragments leads to extrahepatic delivery, for example, conjugates of siRNA with anti-CD71 antibody fragment had predominantly heart and skeletal distribution (Sugo et al., 2016). Whereas PEG, an FDA-approved polymer, was conjugated with the first RNA aptamer drug, Macugen (now discontinued), approved by FDA (Ng et al., 2006). Many investigations have demonstrated that hydrophobic conjugates accumulate in the liver, whereas less hydrophobic conjugates accumulate in the kidneys. Dichloroacetic acid and dichloroacetic acid with a phosphocholine polar head group improved siRNA delivery to extrahepatic tissues such as the lung and heart and, to a lesser degree, to skeletal muscle and fat in comparison to the cholesterol, which is a well-studied hepatic conjugate (Biscans et al., 2018).
Nanoparticles used in cancer vaccines
Nanoparticles have been extensively studied and employed as cancer vaccine delivery vehicles (Wen et al., 2019). Several hold high promise with potential to serve as theragnostic platforms. For a comprehensive review of engineered nanoparticles with a focus on drug delivery see (Mitchell et al., 2021). These nanoparticles can serve various purposes, including targeting, drug payload delivery, diagnostic imaging, and immunomodulation.
The range of nanoparticles with potential for use in cancer vaccine theragnostics includes:
Lipid nanoparticles (LNPs) composed of natural and synthetic phospholipids, have gained attention for delivering mRNA-based cancer vaccines, such as those used in the development of mRNA COVID-19 vaccines of Pfizer-BioNTech and Moderna (Wilson and Geetha, 2022; Tenchov et al., 2021). LNPs are effective carriers of genetic material, like mRNA ASO, siRNAs, to target cells (Schoenmaker et al., 2021). FDA-approved LNPs contain variations of four basic components: a cationic or ionizable lipid, cholesterol, a helper lipid, and a poly (ethylene glycol) (PEG)-lipid. Typically fashioned from cationic lipids such as 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-dimyristoyl-sn-glycero-3-ethylphosphocholine (EPC) that electrostatically interact with the negatively charged nucleic acids to form stable complexes. Neutral lipids such as 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) often form the core of the LNP and may be solid or liquid at physiological temperature. Supportive lipids such as cholesterol and/or PEGylated lipids are often included to enhance the rigidity and stability of the lipid bilayer to improve the stability, fusion capacity, and encapsulation efficiency and extend LNP circulation time. The main lipids for siRNA delivery included C12-200, cKK-E12, a peptide-like lipid compound, DLin-KC2-DMA, an ionizable lipid identified using rational design and DLin-MC3-DMA123, which was used in patisiran to treat hATTR1 (Adams et al., 2018). LNPs composed from cKK-E12124,125, C12-200126, and DLin-MC3-DMA127 applied for the mRNA delivery to the liver. Two LNPs formulated with an unreported cationic or ionizable lipid, PEG-lipid, cholesterol and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) used for the delivery of mRNA encoding a nickase Cas9 and sgRNA targeting PCSK9 to the liver in the primates (Paunovska et al., 2022).
LNPs protect the genetic material from in vivo sources of degradation and facilitate its uptake by cells. LNPs can also be engineered to carry both the therapeutic payload and serve as diagnostic components when functionalized for imaging. This allows for real-time monitoring of the vaccine’s effectiveness as well as the patient’s response. LNPs are a fixture in modern vaccine development and offer exciting prospects for personalized medicine and theragnostics by enabling targeted delivery, monitoring, and enhanced immune responses in the context of vaccination LNPs typically consist of lipids, cholesterol, a processing surfactant, and solvent in property determining ratio. These lipids form the 3-D structure of the nanoparticle and play a crucial role influencing particle size, surface charge, and stability. Commonly prepared by thin-film hydration, solvent displacement, or microfluidic techniques, LNPs are loaded, homogenized, and purified using example techniques of ultracentrifugation, size-exclusion chromatography, or dialysis (Duan et al., 2020; Roces et al., 2020).
Among the negative features of mRNA are i) the potential for an unintended immune response, with the body recognizing the mRNA or its delivery system (e.g., LNP) as foreign, leading to an inflammatory response, ii) mRNA molecules are inherently unstable, being readily degraded by RNases and thus necessitates low temperature storage and transportation, with costly and complicated logistics, iii) despite its success, efficient delivery of lipid-protected mRNA into the target cells without degradation is challenging (e.g., the distribution of mRNA among all LNPs), iv) the effects of mRNA therapy might be relatively short-lived compared to other types of treatments like DNA-based therapies, necessitating repeated dosing to maintain therapeutic benefits, thereby increasing the cost and complexity of treatment.
Liposomes comprising lipids, including phospholipids (e.g., phosphatidylcholine) and cholesterol, which form the characteristic bi- or more layer 3-D structure, are a specific sub-class of lipid-based nanoparticles that can encapsulate drugs or antigens for targeted delivery (Nel et al., 2023). Fashioned similar to LNP from phosphatidylcholines such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) that form the main structural components of liposomes, they enable the unique bilayer structure and stability to the liposome. Cholesterol, a key component in many liposome formulations, is often included to enhance the stability and rigidity of the liposomal membrane. The cationic lipids, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA), may be included to provide electrostatic binding with the RNA payload. PEGylated lipids, fusogenic lipids, or lipids that enhance endosomal escape, such as ionizable lipids, confer buffering to the pH inside the endosome to facilitate endosomal escape of the payload into the cytoplasm. The oldest known nanoparticle drug delivery system, PEGylated liposome loaded with doxorubicin (DOX), was approved by the USFDA in 1995 for the treatment of AIDS-related Kaposi’s sarcoma (Barenholz, 2012) heralding in the era of nanomedicine. Lipids may be selected to promote specific properties like stability and fusogenicity. PEGylation, no longer favored because of the emergence of PEG antibody profiles (Yang et al., 2016; Chen et al., 2021), has resulted in more functionalities being introduced to the liposome platform, such as, in vivo imaging probes for optical, MRI, PET, and single-photon emission computed tomography (SPECT). The introduction of novel agents for photodynamic and photothermal therapies (PDT, PTT) serve to broaden the therapeutic potential of targeted delivery opportunities for liposomes. However, stimuli-responsive liposomes that possess pH, redox and temperature-sensitive lipid moieties engender the possibility for a theragnostic platform (Lee and Im, 2019).
Polymeric nanoparticles based on a variety synthetic, natural and hybrid biodegradable and biocompatible polymers like PLGA [poly (lactic-co-glycolic acid)], PEG, PEG-methacrylates, and Chitosan can be used to encapsulate antigens and adjuvants for controlled release and enhanced immune responses (Daramola et al., 2022). Polymeric nanoparticles are versatile carriers used for delivering therapeutic payloads and diagnostic agents simultaneously (Zhang et al., 2023a; Thangam et al., 2021). The integration of a conductive polymer, polypyrrole (PPy) and mesoporous iron-based metal–organic frameworks (MOF) allowed hybrid photothermal-chemotherapy with delivery (Zhu et al., 2016). Nanodimensioned hydrogels (nanogels) also may be fashioned as soft, multifunctional and biologically responsive drug carriers (Ali et al., 2022). The polymer and payload may be dissolved in a suitable organic solvent (e.g., antigens, drugs, nucleic acids) to form a homogeneous solution. The payload may become encapsulated within the polymer matrix or adsorbed onto its surface. Generally, an emulsion is created by adding the polymer-payload solution to an aqueous phase containing processing aids, such as surfactants or sizing chemicals. Methods like oil-in-water (o/w) or water-in-oil-in-water (w/o/w) emulsification allow for controlled evaporation, by diffusion or coacervation, of the organic solvent that leads to the formation of nanoparticles. Finally, purification removes unencapsulated payload or residual solvents through techniques like ultracentrifugation, dialysis, or filtration (Wibowo et al., 2021). For example, hydrogel (CAHG) is prepared by in situ crosslinking of L-arginine (L-Arg)-coupled chitosan and glucose oxidase (GOx)-modified hyaluronic acid based on Schiff-base reaction. The system can mediate a continuous release of hydrogen peroxide (H2O2) and NO by the cascaded consumption of glucose and L-Arg in the presence of hyperglycemia environment. CAHG hydrogel have excellent biocompatibility and glucose-responsive NO release characteristic can serve as a highly efficient therapeutic strategy for diabetic wound treatment (Zhou et al., 2023).
Gold nanoparticles (AuNPs) have unique tunable optical properties, relative ease of functionalization, and inherent biocompatibility that make them useful for both imaging (due to their strong absorbance, light scattering, and surface plasmon resonance (Jana et al., 2016)) and as carriers for vaccine components (Giljohann et al., 2010). A wide variety of shapes, including spheres, rods, ellipses, pyramids and intricate structures including core-shell and encapsulated, are commonly synthesized by the reduction of gold salts, such as chloroauric acid (HAuCl4), using a reducing agent such as sodium citrate, sodium borohydride, or ascorbic acid or by nanolithography (Tan et al., 2005). The size and shape of AuNPs determine their optical properties and can be controlled by adjusting factors such as the concentration of gold salts, the type and concentration of reducing agent, and the reaction temperature. Invariably, particles must be stabilized to prevent aggregation and so are often coated with stabilizing agents such as citrate, thiolated ligands, or polymers. Ligands and polymers offer a path to functionalization with molecules that have specific binding properties, such as antibodies, peptides, or aptamers. This allows for the targeted delivery of vaccines and/or diagnostic agents (Paciotti et al., 2006).
Carbon nanomaterials including single walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs), graphene, graphene oxide, and carbon dots have been explored for their ability to transport vaccine components and stimulate immune responses (Ahmadi et al., 2023; Patrick et al., 2023). Amine functionalized SWCNTs [poly (di-allyl-dimethyl-ammonium) chloride and hexamethylene-diamine] allowed for electrostatic conjugation with, for example, extracellular signal-regulated kinase (ERK) siRNA to suppress expression of the ERK target proteins in primary cardiomyocytes (Krajcik et al., 2008). Additionally, these have found favor in thermo-excitable drug release, hybrid photothermal therapy (PTT) (Sobhani et al., 2017; Behnam et al., 2018) and/or photodynamic therapy (PDT) (Wang et al., 2014; Sundaram and Abrahamse, 2020). These materials offer unique properties, including biocompatibility, ease of functionalization, and excellent optical and electronic properties. CNTs may be synthesized by chemical vapor deposition (CVD) wherein a carbon-containing gas, like methane, is decomposed on a catalyst substrate (e.g., iron or nickel) to produce a CNT forest. CNTs may also be synthesized by high-temperature techniques like arc discharge or laser ablation by vaporizing carbon rod electrodes. Graphene is commonly produced by chemical exfoliation of graphite using chemical exfoliation methods, such as the Hummers’ method, which involves oxidizing graphite and then reducing the resulting graphite oxide. Like CNTs, graphite can be produced by CVD wherein single layers of carbon atoms are grown on metallic substrates. Carbon dots may be prepared by hydrothermal/solvothermal methods that involve heating carbon-containing precursors (e.g., citric acid) in the presence of solvents and catalysts under high-pressure conditions. Another path to CDs is via microwave irradiation of organic precursors. Despite the challenging syntheses, purity concerns, and potential toxicities, carbon nanomaterials continue to be pursued as possible platforms for cancer vaccine theragnostics (Asil et al., 2023; Cao et al., 2019; Yin et al., 2022).
Silica nanoparticles can be readily chemically modified, functionalized, and derivatized and so engineered to carry antigens, adjuvants, or imaging agents for cancer diagnostics (Ali et al., 2022; Şen Karaman et al., 2018). Generally regarded as biocompatible, silica nanoparticles may be controllably prepared by the Stöber method that involves the hydrolysis and condensation of silane precursors (e.g., tetraethyl orthosilicate) in the presence of ammonia and water. This produces spherical nanoparticles particles. Silica nanoparticles can be synthesized through a sol-gel process by controlling the hydrolysis and condensation reactions of silane precursors. This method allows for the incorporation of various functional groups during synthesis. A water-in-oil microemulsion method exploits the hydrolysis of silane precursors to occur within nanoscale water droplets. Similar to the microemulsion method, the reverse micelle method allows for synthesis of silica nanoparticles within reverse micelles in an organic solvent. Finally, an emulsion polymerization method, with initiation within the oil droplets, allows the synthesis of silica nanoparticles encapsulated in polymer shells (García-Uriostegui et al., 2022).
Dendrimers are highly branched, organic, polymeric nanoparticles with well defined, tunable, controllable size and structure with capability for convenient surface functionalization (Wang et al., 2022; Lyu et al., 2020). Dendrimers have been used to encapsulate (formulation) or physicochemically conjugate (conjugation) antigens and adjuvants for vaccine delivery (Lyu et al., 2020; Heegaard et al., 2010). When a central core molecule is reacted with a multifunctional monomer (usually containing two or more reactive groups) this forms the first generation of dendrimer. Subsequent generations are created by adding more multifunctional monomers to the existing branches, resulting in a highly branched structure in what is called divergent synthesis. Dendrimer surfaces can be functionalized with various molecules, including antigens, antibodies, or imaging agents, to tailor their properties for vaccine delivery, diagnostics and possibly theragnostics (Abbasi et al., 2014).
Quantum dots (QDs) are semiconductor nanoparticles with unique optical properties that emit fluorescent light (Ekimov, 1981; Rossetti and Brus, 1982; Murray et al., 1993) and can be used for imaging and tracking purposes including imaging, diagnostics, and drug delivery in cancer vaccine development (McHugh et al., 2019). Core-shell QDs possess a core made of a semiconductor material like cadmium selenide (CdSe), cadmium telluride (CdTe), or indium arsenide (InAs), while the shell is usually a wider bandgap semiconductor like zinc sulfide (ZnS). This structure enhances the photostability and fluorescence quantum yield of the QDs. To control size and surface properties, QDs are coated with organic ligands, such as trioctylphosphine oxide (TOPO) or oleic acid. These ligands stabilize the QDs and can be replaced with hydrophilic ligands for aqueous applications. For cancer vaccine diagnostic applications, QDs are often transferred from nonpolar organic solvents to aqueous solutions by exchanging the hydrophobic ligands with hydrophilic ones, like mercaptosuccinic acid or PEG. Smaller QDs emit at shorter wavelengths (blue), while larger QDs emit at longer wavelengths (red). QDs can be functionalized with peptides, antibodies, or aptamers to enable specific targeting of cells or with antigens for diagnostic or therapeutic purposes. If the QDs are intended for vaccine delivery or theranostic applications, they can be further functionalized with vaccine antigens, therapeutic agents, or imaging molecules to create multifunctional QD-based platforms. The potential toxicity of QDs is a relevant consideration (Abdellatif et al., 2022; Le and Kim, 2023).
Virus-like nanoparticles (VLNPs) are self-assembling nanoparticles that are structural mimics of viruses but lack the viral genetic material, thus making them a safe and effective platform for vaccine development (Perotti and Perez, 2019). VLNPs can be engineered to display cancer antigens and stimulate immune responses without causing disease (Nooraei et al., 2021; Arevalo et al., 2016). The gene encoding the viral structural proteins responsible for forming the VLNP is cloned into an expression vector and the chosen expression system transfected with the recombinant expression vector. Protein expression is induced under controlled conditions. The viral structural proteins assemble into VLNPs within the host cells. A benefit of VLNPs is that they can be functionalized with vaccine antigens or epitopes by genetically fusing them to the VLP structural proteins. This allows for the presentation of antigens in their native conformation, enhancing the immune response. VLNPs can be readily labeled with fluorescent dyes or conjugated to other nanoparticles, such as quantum dots, to enable tracking and imaging in vivo. In some instances, the imaging beacon can be encapsulated within the VLPs. Similarly, targeting ligands such as antibodies, antibody fragments, or peptides can be attached to the VLNPs to enhance their specificity for receptors and for specific interactions with targeted cells or tissues (Tornesello et al., 2022; Caldeira et al., 2020). VLNPs hold singular promise as an asset in the arsenal in the development of cancer vaccines (Mohsen and Bachmann, 2022).
Iron oxide nanoparticles (IONPs) (Fe3O4 or γ-Fe2O3), because they are commercially available, easily synthesized, bio-benign (biocompatibility), and readily capped and functionalized are often used in targeted drug delivery to carry antigens or adjuvants (Chung et al., 2021; Naletova et al., 2023). However, when their magnetic properties are also exploited, such superparamagnetic iron oxide nanoparticles (SPIONs) serve as contrast agents in MRI for cancer diagnosis, specifically used in vaccines due to their magnetic properties for targeted delivery and their imaging capabilities for diagnostics (Wu and Huang, 2017). However, other magnetic nanoparticles, such as manganese oxide (MnO) and cobalt ferrite (CoFe2O4) may similarly be used. IONPs may be prepared by a co-precipitation method wherein iron salts (e.g., FeCl3 and FeCl2 or iron sulfate) are mixed with a base (e.g., NaOH or NH4OH) under controlled conditions, resulting in the precipitation of iron oxide nanoparticles. A thermal decomposition route involves heating iron precursors, typically organometallic iron compounds, in the presence of surfactants or stabilizers as an approach to monodisperse IONPs with controlled sizes and shapes (Ajinkya et al., 2020). There is also a hydrothermal/solvothermal process that involves high-temperature and high-pressure reactions within a closed vessel, resulting in MNPs with controlled size and morphology. A surfactant stabilized water-in-oil microemulsion or reverse micelles method in which iron precursors are added to an aqueous phase surrounded by an oil phase containing surfactants produces spherical IONPs with increased monodispersity (Salvador et al., 2021). This method allows for better control over particle size, shape, and distribution. Following synthesis, MNPs are typically coated and/or functionalized to improve their stability (reduce reactivity) and impart biocompatibility (Janko et al., 2019; Halder et al., 2022). Accordingly, IONPs are core-shell particles with a shell that is chemically functionalizable with molecules like citrate, dextran, PEG, or polyethylenimine (PEI) that enhance their suitability for biological applications. MNPs benefit from purification methods that employ magnetic separation (Zhao et al., 2020; Lin et al., 2020).
Polymeric micelles are nanoscale aggregates of amphiphilic block copolymers that can encapsulate hydrophobic drugs or imaging agents, enhance antigen stability, and serve as delivery vehicles for both therapeutic and diagnostic agents (Figueiras et al., 2022; Ghezzi et al., 2021). These are biocompatible and biodegradable amphiphilic polymers that can self-assemble into nano-structured micelles (Patra et al., 2018). Prepared from block co-polymers comprising PEG, PLGA, poly (caprolactone) (PCL), polyethylenimine (PEI), poly (2-oxazoline)s and/or poly (N-vinyl pyrrolidone) (PVP), these polymers may be molecularly engineered to achieve tailored properties (Lee et al., 2019). The choice of polymer can influence the micelle’s properties, including stability, drug loading capacity, and drug release profile (Haider et al., 2020). This modification enables the polymer to form a hydrophobic core within the micelle, capable of encapsulating hydrophobic vaccine components or drugs. Being polymers, these nanoparticles are readily functionalized (have an abundance of reactive chemical functional groups) via chemical covalent conjugation with targeting ligands, antibodies, or diagnostic imaging agents, enabling specific interactions with cells or tissues. An endearing feature of polymeric micelles is the relative ease with which stimuli-responsive properties may be conferred (Wells et al., 2019) allowing them to alter payload delivery in response to changes in pH, temperature, or enzyme activity for the controlled release of drug or diagnostic signal activation (Biswas et al., 2016; Gerardos et al., 2023).
Protein-based nanoparticles such as albumin nanoparticles or virus-derived nanoparticles, can be used to deliver antigens or drugs in cancer vaccines. Compatible proteins such as bovine serum albumin, ovalbumin, or viral coat proteins (e.g., capsid proteins) may form the building blocks for these nanoparticles. They may be formed via self-assembly, exploiting the inherent properties of proteins to aggregate. Alternatively, protein’s amino acid sequence may be modified through genetic engineering techniques to introduce self-assembly motifs, crosslinking sites, or fusion tags that facilitate nanoparticle formation and conjugation. Protein molecules can self-aggregate into nanoparticles due to hydrophobic interactions, electrostatic forces, or promoted by covalent cross-linking using agents such as glutaraldehyde or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide), promoting nanoparticle formation, stability and resistance to degradation. This method allows for precise control over the size and stability of the nanoparticles particularly under controlled pH, ionic strength (salt concentration) and temperature conditions. Another approach, nanoprecipitation, is a technique where a protein solution is mixed with a non-solvent or a precipitating agent to induce nanoparticle formation through the controlled phase separation of the protein. Multifunctional protein nanoparticles that chelate cobalt ions, targets and partitions into mitochondria, induces reactive oxygen species (ROS) production and reduces the mitochondrial membrane potential. The resulting in vivo antitumor activity synergistically suppresses tumors and prolongs survival when covalently conjugated with paclitaxel (Zhu et al., 2019).
Polymer composites and microfabricated carriers are engineered, implantable-based composite systems for anti-cancer drug delivery and represent a general approach to enable cancer theragnostics using RNA therapy. A wide range of natural and synthetic polymers may be fashioned with anti-cancer drugs into composites that serve to enhance delivery or efficiency (Hazra et al., 2021; Bakhshi et al., 2024; Mohebian et al., 2021). Such engineered systems include 3-D printed drug eluting composites (Ullah et al., 2023; Bisht et al., 2024; Wang et al., 2020; Gangrade and Mandal, 2020) but may include e-jet printed (Yang et al., 2020), microfluidics prepared nano-microspheres (Zhang et al., 2023b), coacervates (Kim et al., 2022) and the like of drug-biomaterial composites (Mondal et al., 2023). Such systems hold great potential in closed-loop theragnostics, if they could be rendered active in response to potentiated levels of therapeutically modulated biomarkers. This includes microfabricated systems with multiple drug reservoirs and with multiple response profiles, each engineered to be actuated in response to a particular biomarker level (Koch et al., 2016; Pirmoradi et al., 2013).
Characterization and regulatory considerations in the use of nanoparticles
In the context of cancer vaccine development, the synthesis or preparation of NPs is pursued to address specific performance requirements, is done with rigorous application of statistical experimental design techniques (e.g., Taguchi), and is accompanied by vigorous characterization (Aikins et al., 2020). NPs are generally characterized for i) particle size and distribution using techniques such as dynamic light scattering (DLS) or nanoparticle tracking analysis (NTA), ii) surface charge (Zeta Potential) using electrophoretic mobility techniques, iii) morphology using transmission electron microscopy (TEM) or scanning electron microscopy (SEM) or atomic force microscopy to establish the shape(s) of the nanoparticles, iv) structural analysis using techniques like circular dichroism (CD) or nuclear magnetic resonance (NMR) spectroscopy to analyze the secondary and tertiary structure of proteins in or on the nanoparticles, v) payload encapsulation efficiency using techniques such as gel electrophoresis or UV-visible spectroscopy, vi) Stability using the influence of temperature, pH, and ionic strength to ensure that NPs remain intact during storage and administration, vii) payload release kinetics and modeling under simulated physiological conditions to determine how effectively the NPs deliver their cargo, and viii) in vitro and in vivo studies to assess cytotoxicity and their ability to transfect target cells. In vivo studies in animal models provide insights into biodistribution and immunogenicity. A key feature of theragnostic NPs is their ability to convey diagnostic information via chemically conjugated imaging probes or biomarkers without compromising vaccine efficacy. Process and product scalability are also crucial to ensure that the synthesis process can produce NPs in quantities suitable for pre-clinical characterization, clinical trials, and large-scale vaccine production. Moreover, the distribution of RNA among and within the NPs must result in a minimum number of NPs being unoccupied. Finally, all NP-based cancer vaccines must meet regulatory compliance requirements for safety and efficacy in vaccine development and diagnostics. NPs should be non-cytotoxic and maintain their biocompatibility and safety profiles for clinical applications. The choice of nanoparticle depends on the specific requirements of the cancer vaccine, including the type of antigen, desired release profile, and the diagnostic or imaging modality being used. However, a central dogma of the cancer vaccine theragnostic is the stimuli responsive activation of the payload release in response to some activating signal. These signals should ideally originate from within the targeted cell or tissue and potentiate the release of the RNA payload. However, such activation may also originate from outside of the cells or tissues or even outside of the body when in response to guided diagnostic information from those cells and tissues enabled by the cancer vaccine theragnostic platform. Researchers continue to explore and develop new nanoparticle-based platforms for cancer vaccine theragnostics to improve the effectiveness of cancer diagnosis and treatment.
METHODS OF THERAGNOSTIC ACTIVATION
Theragnostics platforms require an activation step wherein a signal from, or associated with the target, is returned to the delivery platform indicating that it’s suitable to release the payload. This feedback control step we call theragnostic activation. This unique stimuli-responsive characteristic distinguishes a theragnostic platform from a delivery or diagnostic or combination delivery-diagnostic platform. Such systems are subject to the theories and engineering principles of control systems and must comprise the four components of stimulus, sensor or sensory receptor, a control or set point center, and an effector, a concept introduced and expanded in our earlier work (Wilson and Guiseppi-Elie, 2013). Theragnostic activation may be exogenous, arising from outside the body, or endogenous, arising from within the body. Exogenous stimuli include light, magnetic fields, temperature, electric fields, and mechanical (e.g., cavitation via ultrasound) (Pham et al., 2020). Endogenous stimuli include physiologically or pathophysiologically derived physio-chemical stimuli such as chemical potential gradients (e.g., pH and redox gradients) and enzyme or hormone activities. Following are illustrative examples of platform activation using light, redox potential, electric fields, and mechanical forces (ultrasound).
Photo-activatable platforms
Photo-activatable platforms rely upon the application of light (photons) to realize activation of the release of the drug in a stimuli responsive manner (Tao et al., 2020; Rapp and DeForest, 2021). Pan et al. (2021) have reviewed clinical and experimental applications in cancer treatment of photosensitive drug release systems, including nanocarriers such as liposomes, micelles, polymeric nanoparticles, and hydrogels (Pan et al., 2021). Wan et al. (2023) have reported a photoactivatable nanoagonist platform that confers near-infrared (NIR) light-induced cytotoxicity and immunogenic cell death concomitant with NIR light-triggered agonist release for immunotherapy (Wan et al., 2023). Photodegradable hydrogels possessing the photo-labile orhonitrobenzyl moiety within their polymeric backbone have been used to release siRNA. Upon UV irradiation, the siRNA is released to achieve, in this case, knock down expression of model proteins (e.g., green fluorescent protein, luciferase) in cultured HeLa cells (Huynh et al., 2016) and to direct osteogenesis of human mesenchymal stem cells (Huynh et al., 2017). Researchers at the Paul Scherrer Institute have made a film that could give a decisive boost to developing a new type of drug. They made the advance in the field of photopharmacology, where substances can be activated or deactivated with the help of light (Wranik et al., 2023). However, few studies focus on RNA therapeutics and cancer vaccination. A creative combination of gene therapy and photothermal therapy was achieved by using polyetherimide-modified single-wall carbon nanotube (PEI-SWNT) and Hsp70B′-promoter-driven RNAi vector (pHSP-shT). The (PEI-SWNT)/pHSP-shT was responsive to NIR heating that triggered gene knockdown targeting human telomerase reverse transcriptase through RNAi in MCF-7 breast cancer cells (Xueling Ren et al., 2017). Biomimetic nanogels developed by Luo and Shi can be activated by NIR to co-deliver temozolomide and indocyanine green to deep tumor, so that orthotopic glioblastoma can be effectively inhibited (Zhang et al., 2022a). While light-based activation techniques offer excellent spatial and temporal control, versatility via wavelength and intensity selection, and minimum side effects, continued challenges include depth of penetration, costly systems, and safety concerns regarding photo-activatable chemistries and materials.
Redox-activatable platforms
Redox-activatable platform depends upon a change in redox state to serve as a triggering signal to effect a change in the delivery platform, resulting in the release of the drug. Such redox state differences exist within vacuoles, inclusion bodies, within solid tumors, etc. As an example, novel redox-responsive amphiphilic nanoparticles of the disulfide-lenalidomide-methoxy PEG were generated for the non-invasive co-delivery of a conventional chemotherapy drug methotrexate and an anti-angiogenic drug lenalidomide to the brain through the lymphatic vasculature, which may serve as the beginning of the new strategy to treatment of primary central nervous system lymphoma (Liu et al., 2023). ROS, which often elevated in the cancer and stress circumstances, may also serve as effectors in the feedback control that establishes the theragnostic. Self-assembled SPM-based metal-immunopeptide nanocomplexes (APP-Fe NCs; APP is anti-programmed death ligand-1 peptide) with pH- and ROS-responsive release boosted ferroptotic immunotherapy of lymphoma and can be applied as a sensitive theragnostic platform (Nie et al., 2023). ROS-responsive and Raman-traceable hydrogel based on a degradable conjugated polymer poly (deca-4,6-diynedioic acid) (PDDA) has been developed to integrate Raman imaging-guided photodynamic and immune therapy for postsurgical cancer treatment (Zhang et al., 2022b).
Electro-activatable platforms
Electro-activatable delivery platforms rely upon the use of exogenous electric fields to realize activation of the release of the RNA therapeutic (Olvera and Monaghan, 2021). Such electric fields may be produced by implantable electrodes, such as are found in medical devices or topically affixed electrodes, such as are found in wearable electronics. High-intensity exogenous electric fields may be used to directly alter the permeability of cellular membranes, in a form of in vivo electroporation (Muramatsu et al., 1998; Matsuda and Cepko, 2004). Accordingly, such fields may enhance transmembrane permeability of uniquely conjugated RNA. Electric fields may also alter the in vivo release characteristics of RNA-loaded nanomaterials by altering the physico-chemical properties of the nanomaterials or by affecting interactions between the RNA and the carrier nanomaterial. Electric fields can establish electrophoretic forces that move charged molecules, such as RNA, away from the nanocarriers, particularly if they are immobilized by secondary forces. Nanomaterials, particularly those made of electro-responsive hydrogels, may undergo redox or surface conformational changes that induces the release of the RNA payload. Such changes can alter pore size or the structural integrity of the nanomaterial, affecting how the RNA is released over time. Electric fields may also alter the ionic environment around the nanomaterials that influences the electrostatic interactions between chemisorbed RNA and the nanocarrier. This, in turn, might promote or hinder the release of RNA. In some cases, electric fields can induce local electrochemical reactions that alter the surface properties of the nanomaterial, leading to changes in how RNA is bound or released. This area of research is particularly promising for controlled drug delivery, where electric fields could be used to fine-tune the release profiles of RNA. Finally, electric fields may modulate the reactivity of field-responsive reactions that govern the uptake and expression of mRNA (Fried and Boxer, 2017).
Mechano-activatable platforms
Mechano-activatable platforms employ exogenous mechanical forces, typically ultrasound, to realize activation of the release of drugs (Ma et al., 2022; Shi et al., 2024). Ultrasound, because it is noninvasive, highly focused, and affords strong tissue penetration, is a good activation mechanism for RNA theragnostics (Liu et al., 2024; Bravo-Vázquez et al., 2023). The cavitation energy of ultrasound exerts mechanical forces on nanomaterial-loaded RNA. Such mechanical forces may originate from ultrasound devices, such as are found in diagnostic imaging systems (Pan et al., 2024). Wang et al. (2016) developed and applied ultrasound-responsive microbubbles that were loaded with siRNA targeting the X-linked inhibitor of apoptosis protein (XIAP) to serve as a hybrid therapeutic-diagnostic in the treatment of cancer. Real-time monitoring of siRNA drug efficacy and improved penetration was achieved using ultrasound (Wang et al., 2016). PEGylated PLGA nanoparticles loaded with microRNA (miR-122) were delivered in vivo to human colon cancer-bearing mice (xenografts) under ultrasound guidance, achieving an enhanced therapeutic effect (Wang et al., 2015). In the work of Yang et al. (2015), PLGA nanobubbles containing DOX and P-glycoprotein short hairpin RNA (shRNA) were shown to effectively combat tumor drug resistance and to simultaneously enable real-time guidance during treatment using ultrasound (Yang et al., 2015). Ultrasound, via microbubble cavitation, is a useful adjunct for delivery of therapeutic RNA loaded nanocarriers for cancer theragnostics.
THERAGNOSTICS USING RNA THERAPEUTIC AGENTS
Small interfering RNAs (siRNA) and antisense oligonucleotides (ASO) opens a new mechanism for the regulation of post-transcriptional processes. In 2018, siRNA demonstrated its therapeutic efficacy and the first siRNA drug, patisiran, was approved by the USFDA (Friedrich and Aigner, 2022). The major challenges in RNA therapeutics are effective delivery, cellular uptake and endosomal escape, stability, and off-targets (Paul et al., 2022). To address these limitations new chemical modifications of siRNA and ASOs are under investigation. N-alkyl phosphoramidates (mesyl and buzyl) represent new chemical modification of oligonucleotides, which may be applied for the validation of new therapy targets and future application in the therapeutics ASOs for treatment of orphan diseases and cancer (Miroshnichenko et al., 2019; Hammond et al., 2021). Spinal muscular atrophy (SMA) is a leading genetic cause of infant mortality, primarily due to motor neuron degeneration and progressive muscle weakness. In 2016 the USFDA approved nusinersen (Spinraza), a drug based on chemically modified ASO for SMA treatment. Spinraza works by increasing the function of a gene that is defective in people with SMA and is given as an injection into the fluid surrounding the spinal cord. This clinically approved antisense oligonucleotide drug is an 18-mer oligo-2′-O-(2-methoxyethyl) (2′-MOE) ribonucleotide with a phosphorothioate backbone. Phosphorothioate groups (PS) improve cellular uptake, biodistribution and pharmacokinetic properties of the oligonucleotides. However, there are several adverse effects of PS modifications that have since been documented, most notably, in vivo toxicity, particularly liver damage and complement activation (Webb et al., 2001). The concerns over clinical safety of PS oligonucleotides had resulted in the repeated refusals of the European Medicines Agency (EMA) to approve mipomersen (Kynamro), an FDA-approved ASO inhibitor drug targeted to apolipoprotein B-100 (apoB-100) mRNA that is administered via subcutaneous injection to treat homozygous familial hypercholesterolemia (Wong and Goldberg, 2014). Mipomersen causes selective degradation of the apoB-100 mRNA and consequent inhibition of protein translation. There are documented failures of several PS-modified drug candidates to make it through different phases of clinical trials. It was demonstrated that new chemical modifications mesyl (methanesulfonyl) and busyl (1-butanesulfonyl) phosphoramidate groups can be an efficient alternative to phosphorothioate (PS) group in antisense oligonucleotides. The University of Oxford, UK study of mesyl and busyl modifications in splice-switching ASO, which leads to increased stability of antisense oligonucleotide duplexes with RNA and completely abolishes Rnase H activation, was essential for splice-switching activity in SMA patient derived fibroblasts and in vivo in a neonatal mouse model of SMA. This study, with detailed analysis of the application of the new chemically modified ASOs for SMA treatment, additionally validated SMN2 mRNA as a therapeutic target (Hammond et al., 2021). Additionally, Ionis demonstrated that replacing two or more PS near the 5′-side of the gap in ASO gapmer with mesyl groups reduced cytotoxicity and hepatotoxicity in vivo. Replacing PS with mesyl near the 5′-side of the gap was effective at the reduction of the pro-inflammatory profiles, suggesting that ASO interactions with proteins of the immune system may be affected by the chemical modification and that replacing PS with mesyl groups can be a general chemical strategy to mitigate these interactions and reduce pro-inflammatory effects (Anderson et al., 2021). These data demonstrated that chemical modifications of ASO or siRNA influences on its stability and other physicochemical properties, which can be used for the development theragnostics platform. The successful application of siRNA for cancer theragnostics also requires the development and application of suitable, safe and effective delivery systems, like NPs, which are widely applied in therapeutics, diagnostic imaging agents, in vitro diagnostics, and medical devices (Figure 1). Several imaging modalities such as MRI, ultrasound, optical imaging, including bioluminescence and fluorescence imaging, SPECT, and PET are being integrated into siRNA theragnostic nanomedicine by incorporating the relevant imaging reporter into the NP (Massoud and Gambhir, 2003). Contrast agents, such as gadolinium and manganese, that modify relaxation time of the water signal can be used to detect the delivery of theranostic nanoplatforms delivering siRNA (Li et al., 2008). Synthetic polyamines like PEI have been widely applied in siRNA delivery. Incorporation of PEI into a prostate specific membrane antigen (PSMA)-targeted nanoplatform with a poly-L-lysine backbone, carrying multimodality imaging reporters together with siRNA or cDNA and a prodrug enzyme for cancer theragnostic imaging, has been achieved (Chen et al., 2012; Chen et al., 2017a). The prodrug enzyme modified a nontoxic prodrug 5-fluorocytosine to the chemotherapy agent, 5-fluorouracil, which can be detected by 19F MRS while the nanoparticle platform carried siRNA for the downregulation of the oncogene in the cancer cells.
Another illustrated approach is the development and application of redox-activatable theragnostic platform based on the ROS-biodegradable siRNA nanocarrier, which is opened within the cancer cells (Juan et al., 2021). Also, there are several works for the development of targeted liposomes, such as a PEGylated cationic liposome, for the therapeutic delivery of siRNA to cancer cells. For example, PEGylated cationic liposome with an aptamer AS1411 with the selective binding to nucleolin overexpressed on the surface of cancer cells. This nucleolin-targeting liposome was used to deliver anti-BRAF siRNA to treat an A375 melanoma model. Imaging of Cy5.5 labeled siRNA demonstrated tumor specific delivery despite some renal accumulation, and tumor growth inhibition (Li et al., 2014). Novoselova et al. (2023) investigated nanocarriers with DARPin polypeptide scaffold targeting HER2 receptors that are overexpressed in 20%–30% of breast cancers. Select nanocarriers had a rather high sensitivity to low intensity focused ultrasound (LIFU) and primarily interacts with mitochondria within cancer cells (Novoselova et al., 2023). The targeted delivery of therapeutic agents followed by externally applied low intensity focused ultrasound (LIFU) represents a type of “theragnostic” wherein the stimulatory activation is gated via human intervention (Liu et al., 2019).
An approach which comes quite close to a dedicated theragnostic platform is the development of a ROS-responsive siRNAs via chemical modification of therapeutic oligonucleotides with 4-boronobenzyl (4BB) groups. This resulted in an antisense theragnostic for ROS-rich cancer cells. The ROS response produced efficient cleavage of the 5′-4BB-siRNA resulting in activation of siRNA-based prodrugs in cell-free settings, within an immortalized ovarian endometroid adenocarcinoma tumor cell line and murine hepatoma cell line, which are known to have high intracellular ROS levels, as well as in the liver of adult mice after partial hepatectomy (conditions of high oxidative stress). The resulting prodrugs had similar pharmacological properties (e.g., safety, pharmacokinetics, pharmacodynamics, etc.) to classical siRNAs, which promote their preclinical and clinical development (Rühle et al., 2022). In yet another example, Shi and co-workers have reported a 3l-NM@siRNA system, which is responsive to endogenous ROS present in tumors with the effective at-site siRNA release resulting from tumoral ROS-triggered sequential destabilization (Zheng et al., 2019). The platform-based integration of targeting with ROS-activation to produce a theragnostic.
Examples of theragnostics for metastatic castration resistant prostate cancer
Prostate cancer (PC) is the second most common cancer and sixth leading cause of cancer related death among men in the world with 10%–20% patients eventually developing castration resistant prostate cancer (CRPC) and with 84% of patients having metastases at the time of their cancer diagnosis (Andriole et al., 2019). For this type of cancer there is a unique marker—prostate specific membrane antigen (PSMA), which is highly and selectively expressed on prostate cancer cells. The theragnostic concept of PC is based on PSMA overexpression in the cancer cells, which allows the use of PSMA ligands for systemic therapy in patients with metastatic PC. ProstaScint® was an 111In-labeled anti-PSMA monoclonal antibody, which was the first PSMA targeted imaging agent in a SPECT approved by the FDA in 1996. Unfortunately, the antibodies had low tumor penetration and high background and thus represented limited diagnostic potential (delayed target recognition, low tumor-to-background ratios) (Bander, 2006). Small molecule PSMA inhibitors found application as PET agents and demonstrated superior detection rates and accuracy compared to anatomical imaging. Radiolabeled 68Ga-PSMA-11 and 18F-DCFPyL were approved by the FDA in 2020 and 2021 for PC patients at high risk for pelvic nodal metastases and biochemical recurrent prostate cancer (Eder et al., 2012). Next-generation of PSMA theragnostic ligands, like 177Lu-RPS-063, had the albumin-binding moiety and the PSMA-binding moiety, which allowed the relative affinities for PSMA and serum albumin to be fine-tuned (Kelly et al., 2018). Development of new PSMA targeting ligands occurs in parallel with the development of novel chelators that complexes for application in the imaging and therapy. Radioisotopes of copper are re-emerging for theranostic application in prostate cancer. For example, 64Cu-PSMA-ALB-89 with albumin binding groups accumulates in both PC3-PIP xenografts and kidneys (Umbricht et al., 2018), while 64Cu-RPS-085, a sarcophagine chelator, clears more rapidly from kidneys (Kelly et al., 2020). A new radiometal β-emitters for PSMA-targeted radioligand therapy, such as 43/44/47Sc (Vaughn et al., 2021), 67Cu (Kelly et al., 2020; McInnes et al., 2021) and 161Tb (Müller et al., 2019), and α-emitters, such as 149Tb (Umbricht et al., 2019), 212Pb (Stenberg et al., 2021), 227Th (Hammer et al., 2020), and 225Ac are under development and become more widely available, because of their higher in vivo stability.
So far, PSMA-targeted liposome-like lipid nanoparticles with the possibility of the 111In and Lu chelation for simultaneous SPECT/CT imaging and PDT were developed (Cheng et al., 2021b). Lipid nanoparticles enable the encapsulation of both hydrophilic and lipophilic drug molecules, which may be used for the therapy. Nanoparticles conjugated with PSMA enabled the specific accumulation in PSMA + PC3-Pip tumors and reached the peak at the 8 h time point with 2-fold higher uptake in the tumors. Recombinant single-chain antibodies are also highly potent targeting ligands, but may undergo rapid clearance (Muñoz-López et al., 2022).
Combination of the prodrug enzyme therapy strategy with siRNA may improve cancer-selective therapy. Bhujwalla and co-workers demonstrated a PSMA-targeted nanoplex platform for PCa theragnostics by delivering a prodrug enzyme with siRNA (Chen et al., 2012; Bhujwalla et al., 2018). The nanoplexes were designed with a NIR fluorescent probe Cy5.5, a prodrug-activating enzyme, bacterial cytosine deaminase (bCD), and radiometal 111In chelator for SPECT imaging. Сytosine deaminase bCD converted the nontoxic prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) and siRNA targeted choline kinase can enhance the effect of 5-FU. The authors demonstrated the efficient PSMA-targeted tumor accumulation, but unfortunately there was the simultaneous high uptake of the nanoplex in the liver and kidneys. There has been several noteworthy updates since the early work of Bhujwalla (Friedlaender, 2023; Kaewput and Vinjamuri, 2022). The development of the multimodality imaging reporters together with prodrug enzyme and siRNA may be advantageous in the theragnostic application in metastatic PCa and may also be extended to other cancer subtypes and therapeutic targets.
Opportunities and challenges
Theragnostics offer significant opportunities for the development and personalization of cancer vaccines and RNA therapy drugs (Figure 5). By providing real-time monitoring of treatment response, theragnostics can enable personalized treatment adjustments and improve outcomes for patients.
[image: Figure 5]FIGURE 5 | Schematic illustration of a potential theragnostic nano-delivery platform for cancer vaccines and RNA therapeutic drugs. The theragnostic platform shows: different targeting ligands and molecules; drug-loaded nanoparticle core, e.g., lipid nanoparticle with siRNA, ASO or RNA aptamer; imaging reporter or contrast agent to allow diagnostic tracking of the nanoparticles.
In addition, cancer theragnostics can help to identify patients who are likely to respond to immunotherapy, enabling a more targeted and effective approach to therapy. However, there are also significant challenges associated with the development and translation of cancer theragnostic vaccines and new RNA therapy into clinical practice. These include the need for more sensitive and specific diagnostic tools, the optimization of imaging and biomarker protocols, and the integration of theragnostics into clinical workflows. In addition, the high cost of some diagnostic tools may limit their accessibility to patients, highlighting the need for cost-effective approaches to theragnostics.
Circulating tumor cells (CTCs) represent an important target in closed-loop theragnostics. CTCs are cancer cells that have shed from the primary tumor, entered the bloodstream and are a crucial source for cancer metastasis (Chen et al., 2017b). Recently thoroughly reviewed (Lawrence et al., 2023; Allen, 2024), their detection, isolation, and analysis have emerged as a promising approach for the diagnosis, prognostication, and therapeutic monitoring of a wide range of cancers (Ahn et al., 2021; Habli et al., 2020), including breast cancer (Jin et al., 2020), lung cancer (MALY et al., 2019), hepatocellular carcinoma and head and neck cancers (Hazra et al., 2020). Process methods to efficiently capture, concentrate and isolate CTCs are being aggressively pursued (Bankó et al., 2019; Descamps et al., 2022; Singh et al., 2021). Among them magnetic capture appears promising with the use of magnetically-activated, nanostructured cellulose nanocrystals (CNCs) or cellulose nanofibers (CNFs) that trap CTCs allowing magnetic isolation and extraction (Li et al., 2021; Hazra et al., 2024). Most technologies are, however, ex vivo, necessitating “clinician-in-the-loop” theragnostics (Bankó et al., 2019). In vivo technologies that allow closed-loop control of the delivery of associated RNA therapies will be required (Mazidi et al., 2022). Among the many challenges to the use of CTCs in closed-loop theragnostics include low abundance, heterogeneity, and immunological stealth.
Future directions
The development and translation of theragnostics is a rapidly evolving field, with significant opportunities for further innovation and progress. Some potential future directions for theragnostics in the development and personalization of cancer vaccines and RNA therapy include:
1. Integration of multi-modal imaging and biomarker analysis: The combination of multiple imaging modalities and biomarker analysis can provide a more comprehensive view of the patient’s immune response to the vaccine or RNA therapy, enabling more accurate monitoring of treatment response and personalized treatment adjustments (Roelofsen et al., 2022).
2. Development of novel theragnostic agents: The development of novel theragnostic agents that combine diagnostic and therapeutic capabilities in a single molecule or nanoparticle could further improve the specificity and sensitivity of therapy monitoring (Thangam et al., 2022; Cheng et al., 2021a).
3. Incorporation of artificial intelligence (AI) and machine learning (ML) algorithms: The use of AI and ML algorithms can enable more accurate and efficient analysis of imaging and biomarker data and facilitate the identification of new biomarkers and treatment targets (Koh et al., 2022; Hou et al., 2022; Shreve et al., 2022).
4. Development of cost-effective theragnostic approaches: The development of cost-effective theragnostic approaches, such as the use of widely available imaging modalities or non-invasive biomarker analysis, could improve the accessibility and affordability of cancer vaccine monitoring for patients (Kemp and Kwon, 2021).
5. Personalized vaccine design based on patient-specific immune profiles: The use of patient-specific immune profiling to guide the selection of vaccine antigens could further enhance the efficacy and personalization of cancer vaccines (Zhao et al., 2021b).
6. The fusion of biosensor-derived molecular fingerprinting of biomarkers of cancer (Justyna Frączyk et al., 2018) with actuation under engineered feedback control will enable personalized theragnostics (Muluneh and Issadore, 2014).
CONCLUSION
Theragnostics offer significant opportunities for the development and personalization of new therapy approaches and cancer vaccines, including a new focus on achieving targeted levels of immune response to therapy via closed-loop feedback control of the delivered RNA therapeutic. By combining diagnostic and therapeutic capabilities in a single agent, platform or system, theragnostics can enable real-time monitoring of treatment response and automated personalized treatment adjustments. This is achieved through modulating the innate response and by titrating the stimulating factor under endogenous or exogenous adaptive control. However, there are also significant challenges associated with the development and translation of theragnostics into clinical practice, including the need for more sensitive and specific diagnostic tools, the optimization of imaging and biomarker protocols, and the integration of theragnostics into clinical workflows. The molecular engineering of nanoparticles to integrate response to feedback of the modulated immune response continues to be a challenge. Nonetheless, with continued innovation and collaboration across multiple disciplines, cancer vaccine theragnostics hold great promise for improving cancer vaccine efficacy and patient outcomes.
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