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Abstract 

Immunogenicity is a critical consideration in developing therapeutic agents, particularly in large 

molecule-based biologics, CAR T-cell therapies, and gene therapies. This comprehensive review 

delves into the multifaceted landscape of immunogenicity, elucidating its definition and significance 

in drug development. Immunogenicity encompasses the complex interplay between therapeutic agents 

and the immune system, posing opportunities and challenges. It necessitates a nuanced approach to 

assessment, explored in detail, including the methods and tools employed during preclinical 

development and the vital role of predictive immunogenicity assays. Factors contributing to 

immunogenicities, such as protein structure, post-translational modifications, and patient-related 

variables, are dissected, shedding light on the intricate determinants of immune responses. 

 

Moreover, the review explores how immunogenicity can profoundly impact pharmacokinetics and 

pharmacodynamics, substantiated by real-world cases. Risk mitigation strategies are a focal point, 

emphasizing the importance of protein engineering, formulation development, and the judicious use 

of immunosuppressive therapies. The review further addresses the unique challenges posed by CAR 

T-cell therapies and gene therapies, highlighting their distinctive immunogenicity considerations. 

Regulatory guidelines governing immunogenicity assessment and the imperative of addressing this 

aspect in regulatory submissions are also discussed. Finally, the review provides a series of case 

studies, offering tangible examples of how immunogenicity has influenced drug development, 

encompassing successful strategies and encountered challenges. Future directions in immunogenicity 

research promise to shape the landscape of therapeutic effect, with implications for precision medicine 

and patient-centric care. 

 

Introduction: 

The development of innovative therapeutic modalities, including biologics such as monoclonal 

antibodies, cell therapies like CAR T-cells, and gene therapies, has revolutionized the landscape of 

modern medicine. These cutting-edge treatments promise more targeted and effective interventions 
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for a wide array of diseases, ranging from cancer to genetic disorders. However, along with their 

potential, large molecule-based biologics and advanced cellular and gene therapies bring a unique set 

of challenges, one of which is immunogenicity. 

 

Immunogenicity, the propensity of a therapeutic agent to induce an immune response in a patient, has 

emerged as a critical concern during preclinical drug development and clinical trials. While the 

immune system's ability to recognize and neutralize foreign invaders is a fundamental defense 

mechanism, it can acknowledge inadvertently and mount responses against therapeutic molecules, 

leading to safety concerns, altered pharmacokinetics, and diminished efficacy [1,2]. 

 

This review article explores the multifaceted landscape of immunogenicity in preclinical drug 

development, specifically focusing on its strategies, risks, and implications for large molecule-based 

biologics. We delve into the intricate interplay between immunogenicity and 

pharmacokinetics/pharmacodynamics (PK/PD), the challenges posed by immune suppression 

strategies during preclinical phases, and the methods employed to mitigate the risks associated with 

immunogenicity. Furthermore, we provide a comprehensive overview of the preclinical development 

of advanced therapies, including CAR T-cell and gene therapies, and their unique immunogenicity 

considerations. 

 

As researchers and pharmaceutical developers increasingly harness the potential of large molecule-

based biologics and innovative gene and cell therapies, a deeper understanding of immunogenicity is 

paramount [3]. This review aims to equip scientists, clinicians, and stakeholders with the knowledge 

and insights necessary to navigate the complex landscape of immunogenicity during preclinical drug 

development, fostering the development of safer and more efficacious therapies for patients 

worldwide. 

 

Immunogenicity in Drug Development 

In therapeutic agents, immunogenicity is a critical aspect of drug development that plays a pivotal 

role in determining the safety and efficacy of biological drugs, including monoclonal antibodies, bi-

specific antibodies, CAR T-cell therapies, and gene therapies, as shown in Figure 1. It refers to the 

ability of a therapeutic agent to provoke an immune response in the patient's body, leading to the 

production of anti-drug antibodies (ADAs) or neutralizing antibodies. This immune response can 

impact the drug's safety, efficacy, and success in the market[4]. 

 

 
Figure 1: Utilizing Model-Informed Approaches for the Assessment of Immunogenicity in 

Drug Development 
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Therapeutic agents, particularly large molecule-based biologics, are designed to target specific disease 

mechanisms, such as cancer cells or inflammatory pathways. These agents are often complex 

molecules with unique structures, and when introduced into a patient's body, they may be perceived 

as foreign by the immune system. This perception of foreignness can trigger an immune response, 

producing antibodies against the therapeutic agent. The development of ADAs can have profound 

consequences for the patient and the drug[5]. 

 

The Significance of Immunogenicity in Drug Development [4,6] 

Immunogenicity is of paramount importance in drug development for several compelling reasons: 

➢ Efficacy: The presence of ADAs can reduce the efficacy of the therapeutic agent. ADAs may 

neutralize the drug's activity, preventing it from effectively targeting the disease. This can result in 

treatment failure, diminished clinical responses, and disease progression. 

➢ Safety: Immunogenicity can lead to safety concerns. When ADAs bind to the drug, they can form 

immune complexes, which may cause adverse reactions, including hypersensitivity reactions, 

infusion-related reactions, and autoimmune responses. These safety issues can lead to patient harm 

and regulatory scrutiny. 

➢ Dose Adjustments: To counteract the impact of ADAs on drug efficacy, clinicians may need to 

increase the drug dosage. This escalates treatment costs and raises the risk of adverse events. 

➢ Treatment Discontinuation: In some cases, severe immunogenicity can lead to a promising drug 

candidate discontinuing. This represents a substantial loss in research and development 

investments and delays in delivering potentially life-saving treatments to patients. 

➢ Market Approval: Regulatory agencies, such as the US Food and Drug Administration (FDA) and 

the European Medicines Agency (EMA), closely scrutinize immunogenicity data during the drug 

approval. Demonstrating a clear understanding of the immunogenicity profile and implementing 

strategies to manage it is crucial for obtaining regulatory approval. 

➢ Patient Variability: Not all patients develop ADAs in response to therapeutic agents. Patient-

specific factors, such as genetics and previous exposure to similar molecules, can influence the 

likelihood of an immune response. Understanding these factors is essential for personalized 

medicine approaches. 

 

Immunogenicity is a central consideration in the development of biological drugs and therapies. Its 

impact on drug efficacy, safety, and market approval cannot be overstated. Drug developers employ 

various strategies to address immunogenicity effectively, including protein engineering, formulation 

optimization, and immunosuppressive therapies. As the field of immunogenicity continues to evolve, 

researchers and pharmaceutical companies must remain vigilant in assessing and mitigating its effects 

to ensure that innovative treatments reach the patients who need them while maintaining the highest 

standards of safety and efficacy [4]. 

 

Types of Therapeutic Agents [7–10] 

Therapeutic agents have revolutionized medicine, offering innovative approaches to treat various 

diseases. Large molecule-based biologics and cutting-edge therapies like CAR T-cell and gene 

therapies have emerged as transformative modalities within this landscape. This section will provide 

an overview of these therapeutic agents, shedding light on their mechanisms and significance in 

modern medicine. 

 

Large Molecule-Based Biologics: Monoclonal Antibodies and Bi-specific Antibodies 

Monoclonal Antibodies (mAbs): Monoclonal antibodies are large protein molecules that target 

specific antigens, such as cell surface proteins or soluble factors involved in disease processes. They 

are concrete and exhibit low toxicity, making them valuable tools in precision medicine. mAbs can 

work through several mechanisms, including: 
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Neutralization: mAbs can block the activity of a specific molecule, inhibiting its role in disease 

progression. For example, monoclonal antibodies like trastuzumab target HER2 receptors in breast 

cancer cells, hindering their growth. 

 

Immune Activation: Some mAbs, known as immune checkpoint inhibitors (e.g., pembrolizumab and 

nivolumab), activate the immune system to recognize and attack cancer cells.  

 

Drug Delivery: mAbs can serve as drug carriers, delivering toxic payloads specifically to disease 

sites. This approach is used in antibody-drug conjugates (ADCs). 

 

Bi-specific Antibodies: Bi-specific antibodies are engineered molecules simultaneously binding to 

two antigens. They bridge immune cells and target cells, enhancing the immune system's ability to 

recognize and eliminate abnormal cells. Bi-specific antibodies have shown promise in cancer 

immunotherapy by redirecting T-cells to tumor cells. 

 

CAR T-Cell Therapies: Chimeric Antigen Receptor T-cell (CAR T-cell) therapy is a groundbreaking 

immunotherapy approach. It involves genetically modifying a patient's T-cells to express a chimeric 

antigen receptor—a synthetic receptor that recognizes a specific antigen on the surface of cancer cells. 

CAR T-cells are designed to: 

 

Target-Specific Antigens: CAR T-cells are engineered to recognize unique antigens expressed on 

cancer cells, ensuring precision in targeting. 

 

Activate the Immune Response: Once infused into the patient, CAR T-cells bind to cancer cells, 

activating the immune system to attack and destroy the tumors. 

 

Persistence: CAR T-cells can persist in the body, providing long-term surveillance against cancer 

recurrence. CAR T-cell therapies have shown remarkable success in treating hematologic 

malignancies, such as certain types of leukemia and lymphoma. However, challenges remain, 

including managing severe side effects and expanding their application to solid tumors. 

 

Gene Therapies: Gene therapy is a transformative approach aimed at treating or preventing diseases 

by altering the genetic makeup of a patient's cells. It involves introducing, removing, or modifying 

genes within a patient's cells to correct congenital abnormalities or enhance therapeutic effects. Gene 

therapies can be categorized into two main types: 

 

Somatic Gene Therapy: This targets non-reproductive cells and aims to treat diseases in the patient 

without altering their germ line. For example, Luxturna, an FDA-approved gene therapy, addresses 

inherited retinal dystrophy by delivering a functional gene copy to retinal cells. 

 

Germline Gene Therapy: This involves modifying the genes in reproductive cells, impacting future 

generations. It is a subject of significant ethical and safety concerns and is not widely practiced. Gene 

therapies hold tremendous potential for treating genetic disorders, rare diseases, and even some 

acquired conditions. They offer the prospect of long-lasting or curative treatments, but challenges 

such as vector safety, immune responses, and long-term monitoring must be addressed. 

 

Large molecule-based biologics, CAR T-cell therapies, and gene therapies represent cutting-edge 

therapeutic modalities that are reshaping the landscape of medicine. Their specific mechanisms and 

applications continue to expand, offering new hope for patients with previously untreatable 

conditions. However, with these innovations come complex challenges regarding safety, affordability, 
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and accessibility, which researchers, clinicians, and policymakers must navigate to maximize their 

benefits for global healthcare. 

 

Immunogenicity Assessment: Immunogenicity assessment plays a crucial role in developing 

therapeutic agents, particularly large molecule-based biologics, CAR T-cell therapies, and gene 

therapies. It involves evaluating the potential of these treatments to trigger an immune response in 

patients, which can have significant clinical implications. This section will delve into the methods and 

tools used for immunogenicity assessment during preclinical development and discuss the importance 

of predictive immunogenicity assays. 

 

Methods and Tools for Immunogenicity Assessment during Preclinical Development[4,7,11]: 

 

ELISA (Enzyme-Linked Immunosorbent Assay): ELISA is widely used for detecting and quantifying 

antibodies against therapeutic proteins. In preclinical studies, researchers can expose animal models 

to the investigational agent and monitor the development of anti-drug antibodies (ADAs) using 

ELISA. This helps assess the potential immunogenicity of the therapeutic[11]. 

 

Cell-based assays expose immune cells to the therapeutic agent to evaluate their response. For 

example, lymphocyte proliferation assays can measure the proliferation of immune cells in response 

to the therapeutic. Such assays provide insights into how the immune system reacts to the 

treatment[12]. 

 

Surface Plasmon Resonance (SPR): SPR is a powerful tool for studying the binding interactions 

between therapeutic agents and antibodies. It can reveal the kinetics and affinity of these interactions, 

helping assess the likelihood of immunogenicity[13]. 

 

Mass Spectrometry: Mass spectrometry can be used to identify and quantify peptides generated from 

the therapeutic protein's degradation. Any changes in the peptide profile can indicate potential 

immunogenicity concerns. 

 

In Silico Predictive Models: Computational models can predict the potential immunogenicity of 

therapeutic agents by analyzing factors such as protein sequence, post-translational modifications, 

and HLA binding affinity. These models assist in early screening and risk assessment. 

 

Importance of Predictive Immunogenicity Assays[6,10]: 

Predictive immunogenicity assays are instrumental in guiding the development of therapeutic agents 

for several reasons: 

 

Early Risk Assessment: Predictive assays allow researchers to identify immunogenicity risks early in 

drug development. This information is invaluable in making critical decisions about the continued 

development of a candidate drug. 

 

Optimizing Therapeutics: By understanding the factors contributing to immunogenicity, researchers 

can modify the therapeutic agent's structure or formulation to reduce its potential to elicit an immune 

response. This optimization can enhance drug safety and efficacy. 

 

Patient Safety: Predictive assays contribute to patient safety by minimizing the chances of adverse 

events related to immunogenicity. If a therapeutic is likely to induce antibodies that neutralize its 

effects or cause adverse reactions, it can be further evaluated or modified to mitigate these risks. 
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Regulatory Compliance: Regulatory agencies like the FDA and EMA require comprehensive 

immunogenicity assessments during drug development. Predictive assays help sponsors meet these 

regulatory requirements, facilitating approval [7]. 

 

Cost-Efficiency: Identifying potential immunogenicity issues early in development can save 

substantial resources. It allows for strategic decisions to be made, preventing costly late-stage failures 

or post-marketing complications. Immunogenicity assessment during preclinical development is 

critical to drug development, especially for large molecule-based biologics, CAR T-cell therapies, and 

gene therapies. Employing a combination of experimental methods and predictive assays ensures that 

potential immunogenicity concerns are addressed proactively. This enhances the safety and efficacy 

of therapeutic agents and streamlines the drug development pipeline, bringing innovative treatments 

to patients more efficiently. 

 

Factors Influencing Immunogenicity [14,15] 

Understanding the factors contributing to therapeutic agents' immunogenicity is essential for 

developing safe and effective treatments. Immunogenicity refers to the ability of a therapeutic agent 

to induce an immune response in the patient, typically involving the production of antibodies against 

the agent. Several factors can influence the immunogenicity of therapeutic agents, and these factors 

play a crucial role in shaping drug development strategies. In this section, we will explore the key 

factors that contribute to immunogenicity: 

1. Protein Structure: 

Primary Structure: The amino acid sequence of the therapeutic protein is a fundamental determinant 

of immunogenicity. Specific lines may be more likely to trigger an immune response. 

 

Secondary and Tertiary Structure: Changes in a protein's secondary and tertiary structures, which 

can occur due to manufacturing processes or storage conditions, can affect its immunogenicity. 

Misfolding or aggregation can make the protein more immunogenic. 

 

2. Post-Translational Modifications (PTMs): 

Glycosylation: The addition of carbohydrate chains to proteins can significantly influence 

immunogenicity. The type and pattern of glycosylation can impact the protein's stability and potential 

to induce an immune response. 

 

Deamidation: Converting asparagine or glutamine residues to aspartic or glutamic acid can lead to 

changes in the protein's structure and affect its immunogenicity. 

 

3. Patient-Related Factors: 

Genetics: Genetic factors, particularly human leukocyte antigen (HLA) genotypes, play a crucial role 

in determining an individual's propensity to mount an immune response against a therapeutic agent. 

Specific HLA alleles may present peptides from the therapeutic protein more effectively to the 

immune system. 

 

Immune Status: Patients with compromised immune systems, such as those undergoing 

chemotherapy or organ transplantation, may have altered immunogenic responses to therapeutic 

agents. Conversely, patients with autoimmune diseases may be more prone to develop antibodies 

against biologics. 

 

Prior Exposure: If a patient has been exposed to a similar therapeutic agent or developed antibodies 

against related antigens (e.g., due to a previous infection), they may be more likely to exhibit an 

immune response to the new therapeutic. 
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4. Formulation and Delivery: 

Formulation Components: Excipients, stabilizers, and preservatives used in the formulation of a 

therapeutic can impact immunogenicity. Some additives may trigger an immune response or affect 

the stability of the protein. 

 

Route of Administration: The route through which a therapeutic agent is administered can influence 

its immunogenicity. Subcutaneous or intramuscular injections may have different immunogenic 

profiles than intravenous administration. 

 

5. Manufacturing Processes: 

Cell Lines: The choice of cell lines for protein expression can affect the presence of host cell proteins 

and residual DNA in the final product, potentially impacting immunogenicity. 

 

Purification Methods: The purification processes to isolate the therapeutic protein can introduce 

contaminants or induce structural changes that influence immunogenicity. 

 

Understanding these factors is crucial for designing therapeutic agents with reduced immunogenic 

potential. It allows for developing strategies to mitigate immunogenicity risks, such as modifying the 

protein's structure or formulation, conducting preclinical studies in relevant animal models, and 

employing predictive immunogenicity assays. By addressing these factors, researchers and developers 

can improve the safety and efficacy of therapeutic agents, ultimately benefiting patients and advancing 

the field of biopharmaceuticals. 

 

Immunogenicity and PK/PD: Impact on Pharmacokinetics and Pharmacodynamics [16,17] 

 

Immunogenicity, the propensity of therapeutic agents to induce immune responses, is critical in drug 

development and clinical outcomes. It can have significant implications for pharmacokinetics (PK) 

and pharmacodynamics (PD), influencing how drugs are absorbed, distributed, metabolized, and 

eliminated and their interactions with target molecules. This section will delve into the intricate 

relationship between immunogenicity and PK/PD and provide real-world examples of cases where 

immunogenicity affected drug efficacy. 

 

Impact on Pharmacokinetics (PK): 

Altered Drug Absorption: Immunogenicity can influence the absorption of therapeutic agents. For 

example, neutralizing antibodies can reduce the bioavailability of biologics administered orally or 

subcutaneously. Higher doses may be required to achieve the desired drug levels in such cases. 

 

Altered Distribution: Immunogenicity can impact the distribution of drugs within the body. When 

antibodies bind to the drug, they can change its distribution profile. This can affect the drug's tissue 

penetration and lead to suboptimal therapeutic concentrations at the target site. 

 

Metabolism and Elimination: Anti-drug antibodies (ADAs) can interfere with the drug's metabolism 

and elimination processes. ADAs can increase the drug's clearance rate, leading to a shorter half-life 

and necessitating more frequent dosing. 

 

Impact on Pharmacodynamics (PD): Reduced Drug Efficacy: Immunogenicity can neutralize the 

therapeutic effect of a drug by binding to it and preventing it from interacting with its target. This 

neutralization can render the drug ineffective, even at high concentrations. 

 

Induction of Immune Responses: Some drugs can induce immune responses, leading to undesirable 

PD effects. For instance, cytokine release syndrome (CRS) is a known side effect of CAR T-cell 
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therapies, where the activation of immune cells triggers an excessive release of cytokines, potentially 

leading to severe adverse events. 

 

Real-World Examples [9,10]: 

Infliximab and ADAs: Infliximab, a monoclonal antibody used to treat autoimmune diseases like 

rheumatoid arthritis and Crohn's disease, can induce ADAs. These antibodies can reduce the drug's 

efficacy and lead to treatment failure in some patients. 

 

Erythropoietin (EPO) and Neutralizing Antibodies: EPO, a hormone used to stimulate red blood 

cell production, can induce neutralizing antibodies in some patients. These antibodies reduce the 

drug's effectiveness, leading to a decreased response to treatment. 

 

CAR T-Cell Therapies: CAR T-cell therapies have shown remarkable efficacy in treating certain 

cancers. However, they can also induce severe immune responses, including CRS and neurotoxicity, 

which can be life-threatening if not managed promptly [Figure 2]. 

 

Understanding the complex interplay between immunogenicity and PK/PD is crucial for drug 

development and clinical practice. Developers must assess and mitigate immunogenicity risks during 

preclinical and clinical phases to ensure the safety and efficacy of therapeutic agents. Real-world 

examples emphasize the need for vigilant monitoring and individualized treatment strategies to 

address immunogenicity-related challenges in patient care. Effective management of immunogenicity 

can ultimately enhance the therapeutic benefits of large molecule-based biologics, including CAR T-

cell and gene therapies [18,19]. 

 
Figure 2: CAR T-cell therapy: A "living drug"[19] 
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Risk Mitigation Strategies: Addressing Immunogenicity [6,20,21] 

Immunogenicity, the potential of therapeutic agents to trigger immune responses, presents a 

significant challenge in drug development and clinical applications. Various risk mitigation strategies 

have been developed to minimize the impact of immunogenicity. In this section, we will explore these 

strategies, focusing on protein engineering, formulation development, and the role of 

immunosuppressive therapies. 

 

Protein Engineering: 

Deimmunization: Protein engineering techniques aim to modify the structure of therapeutic proteins 

to reduce their immunogenicity. Deimmunization involves altering specific regions of the protein that 

are prone to immune recognition. This can be achieved through site-directed mutagenesis, where 

amino acids are replaced to eliminate T-cell epitopes, primary immune response triggers. 

 

Humanization: Humanization of therapeutic antibodies involves replacing non-human sequences 

with human counterparts while retaining the antibody's therapeutic activity. This reduces the 

likelihood of an immune response against non-human epitopes. 

 

Fusion Proteins: Creating fusion proteins by combining therapeutic proteins with non-immunogenic 

domains or antibodies can reduce immunogenicity. These fusion proteins can shield against the 

immune system's detection mechanisms. 

 

Formulation Development: 

Stabilization: Formulation development focuses on stabilizing therapeutic agents to prevent 

aggregation or degradation, which can trigger immune responses. Proper formulation can maintain 

the structural integrity of the drug, reducing the exposure of immunogenic epitopes. 

 

Excipient Selection: Excipients play a vital role in drug formulations. Careful selection of excipients 

can minimize immunogenicity by preventing protein aggregation and enhancing stability. Excipients 

can also modulate the drug's release profile, reducing the likelihood of immune recognition. 

 

Immunosuppressive Therapies: 

Co-Administration of Immunosuppressants: In some cases, co-administering immunosuppressive 

drugs alongside therapeutic agents can mitigate immune responses. This approach is particularly 

relevant in organ transplantation and gene therapies. Immunosuppressants like corticosteroids or 

calcineurin inhibitors can dampen the immune system's activity, reducing the risk of rejection. 

 

Tolerance Induction: Tolerance induction strategies aim to induce immunological tolerance to the 

therapeutic agent. This can be achieved through various mechanisms, including oral or nasal tolerance 

induction and regulatory T-cell (Treg) therapy. These approaches aim to educate the immune system 

to tolerate the therapeutic protein. 

 

Corticosteroid Prophylaxis: In some clinical settings, prophylactic use of corticosteroids is employed 

to mitigate potential immune reactions when administering highly immunogenic therapeutics. 

 

Managing immunogenicity is essential for ensuring the safety and efficacy of therapeutic agents, 

especially large molecule-based biologics like monoclonal antibodies, CAR T-cell therapies, and gene 

therapies. Risk mitigation strategies encompass protein engineering to reduce immunogenic epitopes, 

formulation development to enhance stability, and immunosuppressive therapies when necessary. 

When applied thoughtfully, these strategies can significantly improve the success and safety of large 

molecule-based biologics, paving the way for more effective treatments in various disease areas. 
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However, the choice of mitigation strategy should be tailored to the specific characteristics of the 

therapeutic agent and the clinical context. 

 

CAR T-Cell Therapies: Navigating Immunogenicity Challenges [6,18,19]  

 

CAR T-cell therapies represent a groundbreaking approach to cancer treatment, harnessing the 

patient's immune system to target and destroy cancer cells. However, they come with their own set of 

immunogenicity challenges. In this section, we will delve into these challenges and discuss how the 

design of CAR T-cells can influence their immunogenicity. 

 

Unique Immunogenicity Challenges: 

Allogenic CAR T-Cells: CAR T-cells can be derived from the patient's own cells (autologous) or 

donor (allogeneic) cells. Allogenic CAR T-cells introduce the risk of graft-versus-host disease 

(GVHD), where the donor T-cells recognize the patient's tissues as foreign. This can trigger an 

immune response against the CAR T-cells or host tissues. 

 

Cytokine Release Syndrome (CRS): CAR T-cell activation often leads to a rapid release of 

proinflammatory cytokines, causing CRS. Severe CRS can provoke an intense immune response, 

potentially leading to immunogenicity concerns. 

 

B-Cell Aplasia: CAR T-cells are designed to target antigens on B-cells, which can lead to long-lasting 

B-cell aplasia. This loss of normal B-cell function can affect the patient's immune system and increase 

infection susceptibility. 

 

CAR T-Cell Design and Immunogenicity: 

Choice of Target Antigen: The target antigen selection for CAR T-cells can influence their 

immunogenicity. If the selected antigen is also expressed in normal tissues, it may lead to off-target 

effects and immune responses against healthy cells. 

 

CAR Construct: The design of the CAR itself plays a crucial role. CARs typically consist of an 

extracellular antigen-binding, transmembrane, and intracellular signaling domains. Alterations in the 

CAR's structure, such as including co-stimulatory domains like CD28 or 4-1BB, can affect the 

persistence and activity of CAR T-cells. 

 

Epitope Spreading: During CAR T-cell therapy, epitope spreading can occur. This means the immune 

system may recognize epitopes from other proteins besides the target antigen. This phenomenon can 

lead to immune responses against unexpected antigens. 

 

Pre-Existing Immunity: Patients may have pre-existing immunity against viral vectors to deliver 

CARs. This can neutralize antibodies against the vector, reducing the therapy's effectiveness. 

To address these challenges, ongoing research focuses on improving CAR T-cell designs, including 

optimizing the choice of target antigens, enhancing CAR structure for improved persistence and 

safety, and developing strategies to mitigate CRS and off-target effects. Additionally, approaches like 

gene editing techniques to reduce the potential for GVHD in allogeneic CAR T-cell therapies are 

being explored. 

 

In conclusion, CAR T-cell therapies have demonstrated remarkable potential in treating cancer, but 

their immunogenicity challenges must be carefully managed. Understanding the unique 

immunogenicity issues associated with CAR T-cells and tailoring their design and administration are 

essential steps in improving the safety and effectiveness of these promising therapies. Researchers 
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and clinicians continue to work collaboratively to enhance the clinical outcomes of CAR T-cell 

treatments while minimizing immunogenicity-related risks. 

 

Gene Therapies: Navigating Immunogenicity Considerations [22,23] 

Gene therapies hold immense promise for treating a wide range of genetic and acquired diseases by 

introducing, modifying, or silencing specific genes. However, like other large molecule-based 

biologics, gene therapies are not immune to immunogenicity concerns. This section will explore the 

unique immunogenicity considerations associated with gene therapies and delve into the immune 

responses triggered by viral vectors commonly employed in gene therapy. 

 

Immunogenicity in Gene Therapies: 

Viral Vector-Mediated Delivery: Many gene therapies utilize viral vectors, such as adeno-associated 

viruses (AAVs) or lentiviruses, to deliver therapeutic genes into target cells. While these vectors 

efficiently transfer genes, they can also stimulate immune responses. 

 

Host Immune Recognition: Upon administration, viral vectors may be recognized as foreign invaders 

by the host's immune system. This recognition can lead to the activation of both innate and adaptive 

immune responses. 

 

Neutralizing Antibodies: Pre-existing or treatment-induced neutralizing antibodies against viral 

vectors can hinder the effectiveness of gene therapy. Neutralization prevents the vector from 

delivering the therapeutic gene to the target cells. 

 

Cell-Mediated Immune Responses: T-cell responses can be triggered against vector proteins or 

vector-infected cells. This cellular immune response can limit the duration of gene expression and 

may pose safety concerns. 

 

 
Figure 3: Immunogenicity of AAV Vectors in Human Subjects: A Prolonged Expedition Towards 

Effective Gene Transfer in Molecular Therapy [22] 
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Mitigating Immunogenicity in Gene Therapies: 

Capsid Engineering: Researchers are actively working on capsid engineering, modifying the viral 

vector's outer shell to reduce its immunogenicity. This involves altering the capsid's surface properties 

to evade immune recognition. 

 

Immunosuppressive Strategies: Immunosuppressive drugs may be co-administered with gene 

therapies to dampen immune responses. However, careful management is required to balance immune 

suppression with preserving therapeutic effects and patient safety. 

 

Alternate Vector Types: Non-viral delivery methods like lipid nanoparticles or direct genome editing 

techniques like CRISPR-Cas9 are being explored as alternatives to viral vectors. These methods aim 

to minimize immune responses associated with viral vectors. 

 

Patient Monitoring: Regular monitoring of patients receiving gene therapy is essential to detect and 

manage any immune-related adverse events promptly. Gene therapies offer groundbreaking treatment 

options, but immunogenicity remains a critical consideration. The choice of viral vector, capsid 

engineering, and immunosuppressive strategies all play roles in managing immunogenicity. As 

research in this field continues to advance, the goal is to develop gene therapies that are both highly 

effective and minimally immunogenic, ensuring their safe and successful integration into clinical 

practice. 

 

Navigating the Regulatory Landscape for Immunogenicity Assessment [11,20,24] 

The regulatory landscape governing immunogenicity assessment is crucial to drug development, 

particularly for large molecule-based biologics, gene therapies, and CAR T-cell therapies. Regulatory 

agencies, such as the US Food and Drug Administration (FDA), the European Medicines Agency 

(EMA), and others worldwide, have established stringent guidelines to ensure the safety and efficacy 

of these innovative therapies. Here, we provide a brief overview of the regulatory framework and 

emphasize the significance of addressing immunogenicity in regulatory submissions. 

 

Key Regulatory Guidelines: 

ICH Guidelines: The International Council for Harmonisation of Technical Requirements for 

Pharmaceuticals for Human Use (ICH) has developed guidelines (e.g., ICH S6R1 and ICH S6R2) that 

outline requirements for assessing the immunogenicity of biologics. These guidelines provide a 

framework for evaluating immune responses and their potential impact on patient safety and 

therapeutic efficacy [24]. 

 

FDA Guidance: The FDA issues documents specific to immunogenicity assessment, offering 

recommendations for study design, assay development, and data interpretation. These guidelines 

assist drug developers in addressing immunogenicity concerns during preclinical and clinical 

outcomes. 

 

EMA Requirements: The EMA also provides guidance on immunogenicity assessment for biologics 

seeking marketing authorization in Europe. These requirements align with international standards and 

emphasize the need to evaluate immunogenicity risks[7] comprehensively. 

 

Importance of Addressing Immunogenicity in Regulatory Submissions[20]: 

 

Safety Assurance: Regulatory agencies prioritize patient safety. Understanding and addressing 

immunogenicity risks is fundamental to ensuring that therapeutic agents do not trigger harmful 

immune responses that could compromise patient well-being. 
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Efficacy Assessment: Immunogenicity can impact the efficacy of therapeutic agents. Regulatory 

submissions must include data demonstrating that the drug's intended effect is achieved despite 

potential immune responses. This requires robust assays and a thorough understanding of the 

immunogenicity profile. 

 

Risk Mitigation: Regulatory bodies expect drug developers to implement strategies to mitigate 

immunogenicity risks. This may include designing biologics with reduced immunogenic potential, 

using appropriate immunosuppressive therapies, and monitoring patients for immune-related adverse 

events. 

 

Patient-Centric Approach: Regulatory agencies recognize the importance of patient-centric care. By 

assessing and managing immunogenicity, drug developers can contribute to treatment strategies 

tailored to individual patient needs, ensuring the therapy's effectiveness and safety. Regulatory 

guidelines and requirements for immunogenicity assessment are integral to developing and approving 

large molecule-based biologics, gene therapies, and CAR T-cell therapies. Compliance with these 

guidelines not only enhances the likelihood of regulatory approval but, more importantly, safeguards 

patient health and ensures the therapeutic agent's clinical utility. Drug developers must engage with 

regulatory agencies early in development and rigorously address immunogenicity concerns 

throughout the product lifecycle. 

 

Indeed, here are some brief case studies that illustrate the role of immunogenicity in drug 

development, featuring both successful strategies and challenges: 

 

Infliximab (Remicade)[25]: 

Challenge: Infliximab, a monoclonal antibody used to treat autoimmune diseases like rheumatoid 

arthritis, faced challenges with immunogenicity. Some patients developed anti-drug antibodies 

(ADAs) that reduced drug efficacy. 

 

Successful Strategy: Manufacturers developed biosimilar versions of infliximab with reduced 

immunogenicity. Additionally, combination therapy with immunosuppressants was used to manage 

ADAs and improve treatment outcomes. 

 

Adalimumab (Humira)[26]: 

 

Challenge: Adalimumab, another monoclonal antibody for autoimmune diseases, faced similar 

immunogenicity issues. Patients developed ADAs that compromised treatment effectiveness. 

Successful Strategy: Careful formulation and manufacturing improvements led to reduced 

immunogenicity. Additionally, healthcare providers monitored patients for ADAs and adjusted 

treatment plans accordingly. 

 

Eculizumab (Soliris)[27]: 

Challenge: Eculizumab, used to treat rare blood disorders like paroxysmal nocturnal hemoglobinuria 

(PNH), faced challenges related to immunogenicity. 

 

Successful Strategy: Developing an enzyme-linked immunosorbent assay (ELISA) enabled precise 

ADA monitoring. Early detection of ADAs allowed for prompt intervention with immunosuppressants 

to maintain treatment efficacy. 

 

Pegloticase (Krystexxa)[28]: 

Challenge: Pegloticase, indicated for severe gout, encountered significant immunogenicity concerns. 

Many patients developed ADAs that neutralized the drug. 
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Successful Strategy: Developers used a pegylation technology to reduce immunogenicity. In this case, 

understanding the impact of protein structure on immunogenicity was critical. However, managing 

immunogenicity remains a challenge. 

 

CAR T-Cell Therapies (e.g., Kymriah and Yescarta) [18,19]: 

Challenge: CAR T-cell therapies have unique immunogenicity challenges. Engineered T-cells can 

elicit immune responses, potentially reducing the therapy's persistence and efficacy. 

 

Successful Strategy: Researchers are exploring various strategies to mitigate CAR T-cell 

immunogenicity, such as gene editing techniques to reduce immunogenic epitopes. Additionally, 

immunosuppressive regimens are employed post-infusion to manage immune reactions. These case 

studies highlight the diverse nature of immunogenicity challenges in drug development. Successful 

strategies often involve a combination of drug design, manufacturing improvements, 

immunosuppressive therapies, and close patient monitoring. Understanding and managing 

immunogenicity is critical to ensuring therapeutic agents' safety and effectiveness. 

 

Factor VIII (Hemophilia A Treatment): Patients with hemophilia A can develop antibodies against 

factor VIII treatments, limiting their effectiveness. Successful strategies involved developing 

modified versions of factor VIII with reduced immunogenicity. 

 

PEGylated Therapeutics[29]: Polyethylene glycol (PEG) is often used to extend drug half-lives but 

can trigger immune responses. Case studies demonstrated the need for careful PEGylation design and 

assessing its immunogenicity. 

 

Etanercept (Enbrel)[30]: Etanercept, used for autoimmune diseases, faced challenges with 

immunogenicity. Strategies included dose optimization and alternative treatment options in cases of 

significant antibody development. 

 

Intravenous Immunoglobulin (IVIg) Therapy: IVIg therapy can lead to immunogenicity due to 

differences in donor antibodies. Strategies included selecting donors carefully and using advanced 

purification techniques. 

 

Gene Therapies (e.g., AAV-based): Adeno-associated virus (AAV) vectors used in gene therapies can 

trigger immune responses. Successful strategies involved capsid engineering to reduce 

immunogenicity and improve therapeutic outcomes. 

 

Anti-Drug Antibodies (ADAs) in Biosimilars: Biosimilar development involves addressing the 

potential immunogenicity of these drugs compared to reference biologics. Successful strategies 

include rigorous comparative immunogenicity testing to demonstrate similarity. 

 

Future Directions in Immunogenicity Research and Drug Development [4,31]: 

Immunogenicity remains a dynamic and evolving field within drug development, promising 

numerous future directions and innovations. Here are some key areas that researchers and 

pharmaceutical companies are likely to explore in the coming years: 

➢ Precision Medicine in Immunogenicity: Advancements in genomics and proteomics are enabling 

personalized approaches to immunogenicity management. Tailoring treatments based on individual 

patient profiles and genetic predispositions to immunogenic responses will be a significant focus. 

➢ Advanced Analytics and Big Data: The use of big data analytics and artificial intelligence in 

immunogenicity prediction and monitoring is set to expand. Predictive algorithms can help identify 

patients at higher risk of developing anti-drug antibodies. 

https://jptcp.com/index.php/jptcp/issue/view/79


Immunogenicity In Preclinical Drug Development: Strategies, Risks, And Implications For Large Molecule-Based 

Biologics Including Car T-Cell And Gene Therapies 
 

Vol. 30 No. 3 (2022): JPTCP (786-802)  Page | 800 

➢ Biosimilar Development: As biosimilars become more prevalent, understanding their 

immunogenicity profiles compared to reference biologics will continue to be a key area of 

investigation. Strategies to demonstrate biosimilarity while minimizing immunogenicity 

differences will be essential. 

➢ Next-Generation Biologics: The development of next-generation biologics with improved protein 

engineering, reduced immunogenicity, and enhanced therapeutic efficacy will continue. 

Innovations may involve novel delivery systems, alternative scaffolds, and enhanced targeting 

mechanisms. 

➢ Cell and Gene Therapies: Developing methods to mitigate immunogenic responses against 

engineered cells and vectors is crucial for CAR T-cell and gene therapies. This includes designing 

synthetic biology approaches to minimize host immune reactions. 

➢ Advanced Assay Techniques: Developing more sensitive and specific assays for immunogenicity 

assessment will be essential. This includes using microfluidics, single-cell analysis, and high-

throughput techniques to gain deeper insights into immune responses. 

➢ Immunomodulation Strategies: Investigating innovative immunomodulation techniques, such as 

immune checkpoint inhibitors or immune tolerance induction, to manage immunogenicity will be 

a promising avenue. 

➢ Regulatory Evolutions: Regulatory agencies will likely continue to refine guidelines and 

expectations regarding immunogenicity assessment, especially for novel modalities. Alignment 

between regulators globally will remain important. 

➢ Patient-Centric Approaches: Engaging patients in the monitoring and management of 

immunogenicity is gaining traction. Patient-reported outcomes and feedback can provide valuable 

data and enhance treatment decisions. 

➢ Long-Term Safety Monitoring: Post-marketing surveillance and long-term safety monitoring of 

biologics, including assessing the potential for late-onset immunogenicity, will be increasingly 

important. 

 

Immunogenicity assessment and management are pivotal in ensuring the safety and efficacy of 

therapeutic agents, especially large molecule-based biologics, CAR T-cell therapies, and gene 

therapies. Future directions in this field will revolve around precision medicine, advanced analytics, 

biosimilar development, next-generation biologics, and innovative immunomodulation strategies. 

Collaboration between academia, industry, and regulatory bodies will continue to drive progress in 

understanding and addressing immunogenicity challenges in drug development. 

 

CONCLUSION 

In conclusion, immunogenicity is indispensable in developing therapeutic agents, particularly large 

molecule-based biologics, CAR T-cell therapies, and gene therapies. This comprehensive review has 

illuminated the multifaceted nature of immunogenicity, highlighting its significance, assessment 

methodologies, and implications for pharmacokinetics, pharmacodynamics, and patient safety. 

Immunogenicity. However, a complex phenomenon can be predicted and managed through 

sophisticated tools, predictive assays, and risk mitigation strategies. The evolving landscape of 

precision medicine offers promising avenues to tailor treatments and minimize immunogenic 

responses, ushering in an era of personalized therapeutics. As the pharmaceutical industry continues 

to innovate, regulatory agencies play a pivotal role in ensuring rigorous standards for immunogenicity 

assessment. Collaboration between stakeholders, including researchers, clinicians, regulatory bodies, 

and patients, will remain essential in advancing our understanding of immunogenicity and its 

management. The case studies underscore the real-world impact of immunogenicity on drug 

development, offering valuable insights into both successful strategies and challenges. Future 

directions in immunogenicity research promise exciting results, such as advanced analytics, next-

generation biologics, and patient-centric approaches, which collectively hold the potential to 

revolutionize the field and enhance patient outcomes. In this ever-evolving landscape, a more 
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profound comprehension of immunogenicity will continue to be a cornerstone of safe and effective 

drug development, ultimately benefitting patients and advancing the frontiers of modern medicine. 
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