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บทคัดย่อ 
ภูมิคุ ้มกันบำบัดสังเคราะห์ (Synthetic immunotherapy) ถือเป็นความก้าวหน้าทางการแพทย์ที่

ปฏิวัติการรักษาโรคภูมิคุ้มกันทำลายตนเอง โดยการบูรณาการชีววิทยาสังเคราะห์  การแก้ไขยีนส์เทคโนโลยี 
ขั้นสูงนาโน และปัญญาประดิษฐ์ (AI) เพื่อพัฒนากลยุทธ์การรักษาที่มีความแม่นยำและมีประสิทธิภาพสูง  
โรคภูมิคุ้มกันทำลายตนเองมักเกิดจากความผิดปกติในการทนทานของระบบภูมิคุ้มกัน ส่งผลให้เกิดการอักเสบ
เรื้อรังและการทำลายเนื้อเยื่อจากการทำงานที่ผิดปกติของลิมโฟไซต์ที่เกิดจากตนเอง การควบคุมไซโตไคน์  
ที่ผิดปกติ และพันธุกรรมที่มีแนวโน้มทางโรค แม้ว่าการรักษาด้วยยาแบบดั้งเดิม เช่น สเตียรอยด์และยาชีวภาพ
จะช่วยพัฒนาการจัดการโรคได้ แต่ก็มีผลข้างเคียงและประสิทธิภาพระยะยาวที่จำกัด 

บทความนี้สำรวจนวัตกรรมล่าสุดในภูมิคุ้มกันบำบัดสังเคราะห์ รวมถึงการแก้ไขจีโนมด้วยเทคนิค
CRISPR/Cas9 การรักษาด้วยเซลล์ CAR-T เซลล์นำเสนอน้ำตาลสังเคราะห์ (Synthetic antigen-presenting cells 
หรือ APCs) และระบบการส่งยาแบบนาโนเทคโนโลยี การบูรณาการข้อมูลหลายมิติ (Multi-omics) และปัญญา 
ประดิษฐ์ช ่วยเพิ ่มความแม่นยำและการปรับการรักษา โดยการระบุเครื ่องหมายทางชีวภาพและเพ่ิม
ประสิทธิภาพการตอบสนองการรักษา แม้จะมีความก้าวหน้าดังกล่าวแต่ยังคงมีอุปสรรคที่ท้าทาย เช่น 
ผลกระทบที ่ไม่เจาะจง (off-target effects) ความเป็นพิษทางระบบ ความสามารถในการผลิตในปริมาณมาก 
และข้อกังวลทางจริยธรรม ซึ่งยังคงเป็นอุปสรรคสำคัญต่อการแปลผลทางคลินิก การพิจารณาด้านกฎระเบยีบ
และปัจจัยทางเศรษฐกิจยังทำให้การนำไปใช้ในวงกว้างและการเข้าถึงยากข้ึน 

ทบทวนความก้าวหน้าของภูมิคุ ้มกันบำบัดสังเคราะห์ในปัจจุบัน โดยเน้นถึงศักยภาพในการเปลี่ยนแปลง 
ในขณะที่คำนึงถึงอุปสรรคหลักที่ต้องดำเนินการเพื่อให้การนำไปใช้ทางคลินิกประสบความสำเร็จ แนวทางการวิจัย
ในอนาคตจะเน้นไปที่การปรับปรุงกลไกความปลอดภัย กรอบระเบียบข้อบังคับ และการทำงานร่วมกันระหว่าง
สาขาวิชาต่างๆ เพ่ือให้ได้ผลทางการรักษาสูงสุด เมื่อชีววิทยาสังเคราะห์ยังคงพัฒนานวัตกรรมเหล่านี้มีศักยภาพ
ในการพัฒนาการรักษาโรคภูมิคุ้มกันทำลายตนเองผ่านการออกแบบตามความถูกต้อง ซึ่งให้ทางเลือกการรักษา 
ที่ปลอดภัยกว่ามีประสิทธิภาพมากขึ้น และสามารถปรับแต่งได้ตามผู้ป่วยแต่ละราย 
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Abstract 
Synthetic immunotherapy represents a transformative advancement in the treatment 

of autoimmune diseases, by integrating synthetic biology, gene editing, nanotechnology,  
and artificial intelligence to develop highly targeted and effective therapeutic strategies. 
Autoimmune diseases are characterized by a breakdown in immune tolerance, resulting in 
chronic inflammation and progressive tissue damage driven by autoreactive lymphocytes, 
cytokine dysregulation, and genetic predispositions. Although conventional therapies such as 
corticosteroids and biologics have improved disease management, they are frequently 
associated with adverse effects and limited long-term efficacy. 
  This review explores the latest innovations in synthetic immunotherapy, including 
CRISPR/Cas9-mediated genome editing, chimeric antigen receptor (CAR) T-cell therapies, 
synthetic antigen-presenting cells (APCs), and nanotechnology-based drug delivery systems. 
The integration of multi-omics technologies and artificial intelligence further enhances the 
precision and personalization of these therapies by identifying biomarker and optimizing 
therapeutic responses. Despite these advances, challenges such as off-target effects, systemic 
toxicity, manufacturing scalability, and ethical concerns remain significant barriers to clinical 
translation. Regulatory considerations and economic factors further complicate widespread 
adoption and accessibility. 
  We critically assess the current landscape of synthetic immunotherapy, highlighting its 
transformative potential while addressing key obstacles that must be overcome for successful 
clinical implementation. Future research directions emphasize the need for improved safety 
mechanisms, regulatory frameworks, and interdisciplinary collaboration to maximize therapeutic 
impact. As synthetic biology continues to evolve, these innovations hold the promise of 
revolutionizing autoimmune disease treatment through precision-engineered interventions, 
that enable safer, more effective, and personalized therapeutic solutions. 
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Introduction 
Autoimmune diseases comprise a heterogeneous group of chronic conditions characterized 

by a breakdown of immune tolerance, leading to persistent inflammation and progressive tissue 
damage. These disorders including rheumatoid arthritis, systemic lupus erythematosus, multiple 
sclerosis, and inflammatory bowel disease impose a substantial global health burden due to 
lifelong disease courses, reduced quality of life, and significant healthcare costs (1). Despite 
advances in immunology, the complex and multifactorial nature of autoimmune disease 
pathogenesis continues to pose major challenges to effective and durable disease management. 

Conventional therapeutic strategies for autoimmune diseases have traditionally relied 
on broad immunosuppression using corticosteroids, non-steroidal anti-inflammatory drugs, and 
conventional disease-modifying antirheumatic drugs. While these approaches can alleviate 
symptoms and control inflammation, their lack of specificity frequently results in systemic 
adverse effects, increased risk of infection, and incomplete disease control(1). The introduction 
of biologic therapies targeting specific cytokines or immune cell populations has improved 
clinical outcomes for many patients; however, therapeutic resistance, long-term safety concerns, 
high costs, and interindividual variability in treatment responses remain significant limitations(2). 

In recent years, the convergence of synthetic biology, immune engineering, and computational 
technologies has given rise to synthetic immunotherapy as a transformative therapeutic 
paradigm aimed at reprogramming immune responses with high precision. Rather than broadly 
suppressing immune activity, synthetic immunotherapy seeks to selectively modulate 
pathogenic pathways, restore immune tolerance, and achieve durable disease control. 
Advances in genome editing, cellular engineering, biomaterials, and data-driven therapeutic 
design have accelerated the development of innovative immunomodulatory strategies with  
the potential to overcome the limitations of existing treatments(3-6). 

Despite its promise, the rapidly expanding field of synthetic immunotherapy remains 
fragmented across diverse preclinical and early-stage clinical studies. Critical questions persist 
regarding safety, scalability, regulatory oversight, ethical considerations, and long-term efficacy. 
A comprehensive synthesis of the current evidence is therefore essential to clarify the therapeutic 
potential, limitations, and translational readiness of synthetic immunotherapy approaches  
for the management of autoimmune diseases. 

Accordingly, this review aims to synthesize and critically evaluate recent advances in 
synthetic immunotherapy for autoimmune diseases. Specifically, it examines (i) the evolution 
of immunotherapeutic strategies, (ii) emerging synthetic biology -based interventions, (iii) 
technological innovations enabling precision immune modulation, and (iv) key challenges and 
future research directions necessary for successful clinical translation. 

Literature Review  
Evolution of immunotherapy in autoimmune diseases 
The therapeutic management of autoimmune diseases has evolved substantially  

over the past several decades. Early treatment paradigms were dominated by nonspecific 
immunosuppressive agents, including corticosteroids and NSAIDs, which effectively reduced 
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inflammation but failed to address the underlying immune dysregulation driving disease 
progression(1). Conventional synthetic disease-modifying antirheumatic drugs further improved 
disease control; however, their delayed onset of action and systemic toxici ty limited long-
term clinical utility. 

The development of biologic therapies marked a pivotal shift toward targeted 
immunomodulation. Monoclonal antibodies and fusion proteins targeting tumor necrosis 
factor, interleukin-6, interleukin-17, interleukin-23, and B-cell surface antigens demonstrated 
improved efficacy and specificity across multiple autoimmune conditions (2,7). Nevertheless, 
accumulating evidence revealed persistent challenges, including immunogenicity, secondary 
loss of response, increased risk of infection, and financial burden, underscoring the need for 
more adaptable and durable therapeutic approaches. 

Targeted synthetic DMARDs, particularly Janus kinase and tyrosine kinase 2 inhibitors, 
further expanded therapeutic options by modulating intracellular cytokine signaling pathways(8,9). 
While these agents offer oral administration and rapid efficacy, post -marketing data have 
raised concerns regarding cardiovascular risk, malignancy, and long -term safety, highlighting 
persistent limitations within current immunotherapeutic frameworks. 

Emergence of synthetic immunotherapy 
Synthetic immunotherapy has emerged as a novel paradigm that integrates synthetic 

biology, immune engineering, and systems-level design to actively reprogram immune responses 
rather than merely inhibiting inflammatory mediators. This approach leverages advances in 
genome editing, cellular engineering, and synthetic gene circuits to achieve precise, programmable,  
and context-dependent immune modulation(3). 

Genome-editing technologies, particularly CRISPR/Cas9, have enabled targeted 
modification of immune cell genomes with unprecedented precision. Studies demonstrate 
the feasibility of disrupting autoreactive signaling pathways, enhancing regulatory immune 
functions, and improving therapeutic specificity through controlled genetic interventions (3,10). 
Compared with earlier genome-editing platforms such as TALENs and zinc finger nucleases, 
CRISPR-based systems offer improved efficiency and scalability, thereby accelerating 
translational research in autoimmune immunotherapy. 

Cellular engineering and synthetic immune modulation 
Adoptive cellular therapies represent a central component of synthetic immunotherapy. 

Chimeric antigen receptor T-cell therapies, originally developed for oncology, have been 
repurposed for autoimmune diseases with promising early results. Preclinical and early 
clinical studies in systemic lupus erythematosus indicate that CD19 -targeted CAR-T cells  
can effectively eliminate autoreactive B-cell populations and induce sustained remission in 
selected patients(4,5). 

Beyond CAR-T cells, recent advances in synthetic suppressor T cells and engineered 
regulatory T cells have expanded the scope of immune tolerance induction. Synthetic gene 
circuits enable immune cells to sense inflammatory cues and respond dynamically through 
controlled cytokine release or immunosuppressive signaling, thereby minimizing systemic 



วารสารสถาบันราชประชาสมาสยั ปีที่ 10 ฉบบัที่ 2 พฤษภาคม - สิงหาคม 2569  J Raj Pracha Samasai Institute Vol. 10 No.2 May - Aug 2026 
 

50 
 

toxicity while preserving protective immunity (6,11). These approaches represent a shift toward 
programmable and self-regulating immunotherapies. 

Synthetic antigen presentation and Tolerance Induction 
Antigen-specific tolerance remains a critical goal in autoimmune disease treatment. 

Synthetic antigen-presenting cells have been developed to mimic dendritic cell functions using 
engineered biomaterials and major histocompatibility complex molecules. By delivering defined 
antigenic signals and costimulatory cues, synthetic APCs selectively engage autoreactive  
T cells and promote regulatory immune responses (12). Experimental models suggest that this 
strategy reduces off-target immune activation and may enable long-term immune tolerance 
without chronic immunosuppression. 

Nanotechnology-enabled immunotherapy 
Nanotechnology has emerged as a key enabling platform for synthetic immunotherapy 

by enhancing drug delivery precision, bioavailability, and safety. Polymeric nanoparticles, 
liposomes, and hydrogel-based systems have demonstrated improved targeting of inflamed 
tissues, controlled drug release, and reduced systemic exposure in autoimmune disease 
models(13-15). These delivery platforms are particularly advantageous for localized autoimmune 
pathologies and for protecting sensitive biologic or nucleic-acid-based therapeutics. 

Multi-omics integration and computational advances 
The integration of multi-omics technologies has significantly advanced the understanding  

of autoimmune disease heterogeneity and therapeutic responsiveness. Single -cell RNA 
sequencing and spatial transcriptomics have revealed previously unrecognized immune  
cell subsets and pathogenic signaling networks, thereby facilitating the identification of novel 
therapeutic targets(16). Artificial intelligence and machine learning approaches are increasingly 
employed to analyze complex biological datasets, optimize synthetic construct design, and 
predict patient-specific therapeutic responses, supporting the development of precision 
immunotherapy strategies(17,18). 

Gaps and limitations in current literature 
Despite rapid progress, the literature consistently identifies unresolved challenges that 

limit clinical translation. These include off-target genetic effects, the durability of immune 
reprogramming, manufacturing scalability, regulatory uncertainty, and ethical considerations 
related to permanent immune modification(8,19,20). Moreover, most evidence remains confined 
to preclinical or early-phase clinical studies, emphasizing the need for long-term safety data, 
standardized evaluation frameworks, and cost-effective production strategies to ensure 
equitable global access(21).  

Findings 
  This study employed a systematic literature review to evaluate the integration of 
synthetic biology in advancing immunotherapy for autoimmune diseases. Searches were 
conducted across major electronic databases, including MEDLINE®, Springer, ACS Publications, 
Google Scholar, and ScienceDirect, without restrictions on publication dates but limited to 
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English-language articles. Specific keywords and Medical Subject Headings (MeSH) terms were 
used, including "synthetic biology," "immunotherapy," "autoimmune diseases," "gene therapy," 
"immune engineering," "synthetic circuits," "immune modulation," "biotherapeutics," and 
"genome editing." 

The inclusion criteria emphasized studies that explored the molecular mechanisms of 
synthetic constructs in immune modulation, investigated preclinical and clinical outcomes of 
synthetic immunotherapies, and addressed the safety and scalability of these approaches.  
In addition to primary research articles, the bibliographies of key studies were manually 
reviewed to capture broader insights. Abstracts from international conferences on synthetic 
biology and immunotherapy were incorporated to ensure coverage of cutting-edge research. 
This comprehensive methodology provided a robust framework for analyzing how synthetic 
biology can revolutionize the treatment of autoimmune disease. 

This review adhered to stringent criteria for evaluating study quality, including  
reproducibility of experimental designs, the robustness of reported outcomes, and 
comprehensive reporting of safety and efficacy data. By synthesizing these insights, the  
review delivers an in-depth understanding of the potential of synthetic medicine to address 
the unmet needs in the management of autoimmune disease. 

Detailed mechanistic insights into autoimmune pathogenesis 
 Autoimmune diseases result from a fundamental breakdown in immune tolerance, 
whereby the immune system erroneously recognizes self-tissues as foreign invaders, leading 
to chronic inflammation, progressive tissue damage, and impaired organ function(2). Central to 
autoimmune pathology are autoreactive T and B lymphocytes that escape mechanisms of 
immune tolerance, persistently targeting self-tissues. Genetic factors significantly influence 
autoimmune susceptibility, particularly polymorphisms in immune-regulatory genes such as 
HLA, CTLA4, and PTPN22, strongly associated with rheumatoid arthritis and multiple sclerosis(22). 
Environmental triggers, including infections, dietary factors, and toxins, further modulate 
disease risk and may precipitate autoimmune conditions through mechanisms such as 
molecular mimicry, where microbial antigens resemble self -antigens, leading to immune 
cross-reactivity and autoimmunity. 
  A critical aspect of autoimmune pathogenesis involves cytokine dysregulation, 
characterized by an imbalance between pro-inflammatory cytokines such as tumor necrosis 
factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-17 (IL-17), and regulatory cytokines, 
including interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β). This imbalance 
promotes chronic inflammation and tissue destruction, exemplified by IL-17-driven pathology 
in multiple sclerosis, which disrupts the blood-brain barrier and leads to neuronal damage(22). 
In addition, abnormal antigen presentation by dendr itic cells exacerbates autoimmune 
responses, significantly enhancing T-cell activation against self-antigens(23). 
  Emerging insights into autoimmune mechanisms have highlighted aberrant signaling 
pathways as critical contributors to inflammatory processes. These include the Janus kinase-
signal transducer and activator of transcription (JAK-STAT) pathway, nuclear factor-kappa B 
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(NF-κB) signaling, and Toll-like receptor (TLR) pathways, all of which significantly amplify 
autoimmune responses. Furthermore, autoantibodies, such as anti -citrullinated protein 
antibodies (ACPAs) in rheumatoid arthritis and anti-nuclear antibodies (ANAs) in systemic lupus 
erythematosus, produced by dysregulated B cells, actively target specific self-antigens, thereby 
perpetuating inflammation and tissue damage(2). 
  A detailed understanding of these molecular mechanisms provides critical targets for 
the development of innovative therapeutic strategies aimed at restoring immune homeostasis 
and promoting sustained immune tolerance(24).   

Discussion 
Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases 

Year Development Details 
1950-2015 Traditional 

immunosuppressive 
therapies 

Corticosteroids (e.g., prednisone) and NSAIDs (e.g., ibuprofen) remain 
first-line treatments despite adverse effects like osteoporosis and 
gastrointestinal complications. 
Corticosteroids will suppress inflammatory genes that are found to 
be active, causing it to be effective in reducing inflammation. It is, 
however, limited by their lack of specificity and side effects, both 
mentally and physically. 
NSAIDs, similarly, also work by inhibiting the synthesis of prostaglandins, 
substances that cause inflammation. However, while useful for pain 
relief, do not address the underlying autoimmune pathology(1). 

2015-2018 Biologics and 
monoclonal 
antibodies 

TNF inhibitors (e.g., infliximab, adalimumab), IL-6 inhibitors  
(e.g., tocilizumab), and B-cell depleting therapies (e.g., rituximab) 
are experiencing rapid growth and is gaining prominence.  
They are more complicated in structure than the previous small 
molecule drugs and target specific immune pathways, offering 
improved efficacy and reduced off-target effects compared to 
traditional therapies. From observation, they also showed that it is 
well tolerated with lower risk in patients. However, there are still 
drawbacks and adverse effects including immunogenicity(2). 

2015 First JAK Inhibitor 
Approval 

Tofacitinib, a selective Janus kinase (JAK) inhibitor, showed signs of 
effectiveness in most of its preclinical trials in diseases, both as a 
monotherapy and in conjunction with another drug. This led to it 
being the first JAK to be tested and approved by FDA for rheumatoid 
arthritis, marking a shift towards targeted small-molecule therapies. 
JAK inhibitors modulate cytokine signaling which is crucial in 
inflammation and autoimmune diseases, offering a new avenue for 
autoimmune disease management(9). 
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Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases (continued) 
Year Development Details 

2016-2020 Expansion of 
Biologics 

IL-17 inhibitors (e.g., secukinumab) and IL-23 inhibitors  
(e.g., guselkumab), which work by disrupting the inflammatory 
cascade, are introduced for psoriasis and psoriatic arthritis, providing 
more targeted treatment options. These therapies demonstrate 
significant efficacy in clinical trials, showing notable signs of remission 
of the disease in most patients. However, there are still adverse 
effects present during the trials including nasopharyngitis, infections, 
headaches, and depression(7). 

2018 Targeted Synthetic 
DMARDs (tsDMARDs) 

Baricitinib, a JAK1/JAK2 inhibitor, is approved for moderate-to-severe 
rheumatoid arthritis. tsDMARDs represent a new class of drugs that 
target intracellular signaling pathways with high specificity and when 
tested, it appears superior to csDMARDs in reducing mortality.  
This then improves the clinical symptoms and increases the patients 
quality of life(8). 

2020 Small molecule 
inhibitors 

PDE4 inhibitors (e.g., apremilast) and TYK2 inhibitors  
(e.g., deucravacitinib), both of which suppress the function of 
inflammatory cells, are approved or under investigation for psoriatic 
arthritis and psoriasis, respectively. These inhibitors target specific enzymes 
involved in immune signaling. They, however, still have side effects 
including nausea, diarrhea, and headaches which can limit its utility(19). 

2020 CAR T-Cell therapy 
enters autoimmune 

research 

Preclinical studies explore CD19-targeted CAR T cells for lupus 
treatment, showing promising early results which will then counter 
the problems of efficiency and patients not responding to previous 
treatments.  CAR T-cell therapy, originally developed for cancer, 
is repurposed for autoimmune diseases after it appears to be safe 
and efficient in trials(4). 

2021 First clinical success 
of CAR T-cell Therapy 

in autoimmune 
disease 

A breakthrough study demonstrates effective and sustained 
remission in systemic lupus erythematosus (SLE) patients treated 
with CAR T-cell therapy, marking a significant milestone in 
autoimmune disease treatment since there have been problems  
of patients not responding to the treatments(5). 

2022-2025 CRISPR/Cas9 in 
Autoimmune Disease 

Research 

Advances in gene editing enable precision modifications in immune 
cells, targeting autoreactive pathways. CRISPR/Cas9 technology is 
used to engineer immune cells for enhanced specificity and reduced 
off-target effects(3). 

2023 Synthetic 
Immunology and 

Engineered T Cells 

Development of synthetic receptors and engineered T cells to 
modulate autoimmune responses with high specificity.  
These therapies are designed to reprogram immune cells to 
recognize and suppress autoreactive immune responses(6). 
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Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases (continued) 
Year Development Details 

2023 Next-Generation JAK 
and TYK Inhibitors 

FDA approves deucravacitinib, a first-in-class TYK2 inhibitor, for 
psoriasis. These next-generation inhibitors offer enhanced precision  
in targeting immune signaling pathways(17). 

2024-2025 Gene Therapy  
and Cellular 

Reprogramming 

Research into regulatory T cell (Treg) reprogramming and engineered 
immune tolerance for treating autoimmunity. Gene therapy 
approaches aim to restore immune balance by reprogramming 
autoreactive T cells(13). 

Advanced synthetic biology tools for autoimmune diseases 
  Recent advancements in synthetic biology have significantly impacted the treatment 
landscape of autoimmune diseases by integrating sophisticated genetic engineering and 
molecular tools to enable for precise modulation of immune responses. 

CRISPR/Cas9, TALEN, and ZFN systems 
  Gene-editing technologies such as CRISPR/Cas9, TALEN, and Zinc finger nucleases (ZFNs) 
offer unprecedented precision in modifying immune cell functions. The CRISPR/Cas9 system 
enables highly specific genetic edits by creating double-strand breaks at targeted DNA sequences, 
which are repaired through Homology-Directed Repair (HDR) or Non-Homologous End Joining 
(NHEJ). This technology facilitates targeted disruptions of genes involved in autoreactive 
pathways, significantly advancing therapeutic strategies for autoimmune diseases by  
reducing off-target effects and improving specificity(3,10). 
  TALENs and ZFNs, employing DNA-binding domains combined with nuclease domains, further 
enhance genome-editing capabilities. These nucleases have demonstrated effectiveness in 
modifying T-cell receptors (TCRs), enabling the reprogramming of T cells to specifically recognize  
and suppress pathogenic immune responses, thereby promoting immune tolerance  
in autoimmune diseases(10). 

Synthetic gene circuits and engineered receptors 
  Synthetic gene circuits represent an innovative approach for precise immune 
modulation. Recent developments include synthetic T -cell receptors engineered to 
selectively recognize and regulate pathogenic immune responses while preserving normal 
immune functions. These engineered T-cells mediate targeted immunosuppression through 
the secretion of anti-inflammatory cytokines such as IL-10 and TGF-β as well as through the 
neutralization of pro-inflammatory cytokines at sites of inflammation. This programmable  
and targeted immunosuppression significantly reduces systemic side ef fects compared to 
conventional immunosuppressive therapies(6). 

Synthetic Antigen-Presenting Cells (APCs) 
  Advances in biomaterials and genome-editing technologies have enabled the 
development of synthetic antigen-presenting cells (APCs) that recapitulate key functions of 
natural dendritic cells. These synthetic APCs are engineered to present tailored antigenic  
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peptides via modified major histocompatibility complex (MHC) molecules, optimizing their 
interaction with autoreactive T cells and promoting immune tolerance. Clinical trials 
investigating synthetic APCs in rheumatoid arthritis and multiple sclerosis have demonstrated 
improved therapeutic outcomes, reduced inflammation, and minimized systemic toxicity(12). 

Nanotechnology-Based Delivery Systems 
  Nanoparticle-based drug delivery platforms have transformed synthetic immunotherapy,  
by enabling the precise targeting of immunosuppressive agents to localized sites of 
inflammation. Polymeric and liposomal nanoparticles effectively encapsulate therapeutic 
agents, facilitating controlled and sustained release while significantly reducing s ystemic 
adverse effects. Clinical studies in psoriasis, rheumatoid arthritis, and inflammatory bowel 
diseases have demonstrated improved efficacy and safety profiles of nanoparticle -mediated 
delivery systems(14,15). 

Synthetic Regulatory T-Cells (Tregs) 
  Synthetic Tregs have been engineered to exhibit enhanced stability and suppressive 
functions, enabling the selective targeting of autoreactive immune responses. Advances in 
CRISPR-Cas9 technology have facilitated precise modifications of Treg receptors, the reby 
significantly enhancing their therapeutic potential and specificity. Clinical applications in 
autoimmune diseases, including type 1 diabetes and inflammatory bowel disease, have 
demonstrated improved outcomes, reduced inflammation, and prolonged remission(11). 
  Collectively, these advanced synthetic biology tools represent a paradigm shift in the 
treatment of autoimmune diseases, providing highly targeted and effective interventions with 
reduced adverse effects. Continued research and development in these areas are expected 
to further enhance therapeutic precision, patient safety, and clinical outcomes. 

Innovations in nanotechnology and drug delivery 
  Nanotechnology-based drug delivery systems have significantly improved synthetic 
immunotherapy by enabling highly precise targeting, enhanced pharmacokinetics, and 
reduced systemic toxicity (13,14). Polymeric nanoparticles, especially those derived from poly 
(lactic-co-glycolic acid) (PLGA), provide biocompatible platforms tailored for the targeted 
delivery of immunosuppressive agents directly to inflammatory sites, thereby minimizing  
off-target effects and systemic adverse reactions(15). Liposomal nanoparticles further enhance 
the stability and bioavailability of encapsulated therapeutics, optimizing thei r controlled 
release and therapeutic efficacy (13). In addition, advances in hydrogel and scaffold-based 
delivery systems facilitate the sustained release of tolerance-inducing molecules, significantly 
improving patient outcomes in autoimmune diseases(14). 

Multi-omics integration and computational advances 
  The integration of multi-omics technologies including genomics, transcriptomics, 
proteomics, and metabolomics has dramatically enhanced our understanding of autoimmune 
diseases(17). Techniques such as single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics 
have revealed distinct cellular states and interactions within disease microenvironments, 
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enabling more precise therapeutic targeting (16). High-resolution mass spectrometry-based 
proteomic and metabolomic analyses have identified novel biomarke rs for early disease 
detection and treatment monitoring. Additionally, advanced computational tools, notably 
machine learning and artificial intelligence (AI), have revolutionized therapeutic design  
by facilitating the rapid development and optimization of synthetic immunotherapies through 
accurate prediction of immune responses and therapeutic efficacy. 

Comprehensive ethical and regulatory considerations 
  Synthetic immunotherapies pose significant ethical and regulatory challenges, including 
patient safety, informed consent, and long-term monitoring. Ensuring patient autonomy 
through transparent communication regarding potential genetic modifications and associated 
risks is paramount. Regulatory frameworks must evolve to address the unique challenges 
posed by synthetic biology, incorporating rigorous safety assessments, iterative testing 
protocols, and transparent reporting practices (20). Global regulatory authorities, including the 
FDA and EMA, continue refining guidelines to balance innovation with patient protection, 
emphasizing harmonized standards across jurisdictions. Public engagement and education 
remain essential for fostering societal trust and acceptance of these advanced therapies. 

Economic challenges and accessibility issues 
  Despite substantial clinical promise, synthetic immunotherapies face significant 
economic challenges, primarily due to high manufacturing costs, limitations in production 
scalability, and disparities in global healthcare accessibility (21). Overcoming these barriers 
requires strategic partnerships among academia, industry, healthcare providers, and 
governmental agencies. Innovations focused on reducing production costs through 
technological advancements, standardization, and robust public -private partnerships are 
critical to improving the affordability and accessibility of these cutting-edge treatments. 

Clinical translation: current challenges and opportunities 
  The clinical translation of synthetic immunotherapies involves navigating complex 
challenges, including the inherent heterogeneity of autoimmune disease presentations, the 
scalability of therapeutic manufacturing, and the need to ensure patient -specific immune 
compatibility (20). Significant challenges include mitigating off -target effects, effectively 
managing the risks of cytokine release syndrome associated with cellular therapies, and 
maintaining the durability of therapeutic responses (8,19). Rigorous clinical trials, standardized 
manufacturing protocols, and comprehensive regulatory oversight are criti cal to addressing 
these issues. Moreover, interdisciplinary collaboration among scientific, clinical, and regulatory 
stakeholders is essential for streamlining the translational pipeline, enhancing therapeutic 
efficacy, and ensuring patient safety.  
  Despite their promising potential, synthetic immunotherapies face significant obstacles 
that hinder their widespread clinical adoption. These challenges include severe adverse 
effects, limited efficacy in certain indications, such as solid tumors and complex autoimmune 
diseases, and substantial complexities associated with therapeutic manufacturing (25,26). 
Systemic toxicity and immune tolerance represent major hurdles, particularly for small 
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molecule-based therapies like Toll-like receptor agonists. Furthermore, variability in the 
quality of autologous cell products and the requirement for specialized manufacturing 
facilities add layers of complexity to broad clinical implementation(27). 

Innovative strategies and solutions 
  To overcome these clinical translation challenges, researchers are developing cutting-
edge strategies, including the use of synthetic molecules and engineered cells to precisely 
regulate immune functions, thereby enhancing therapeutic outcomes while minimi zing 
adverse effects. Dynamic immunomodulation strategies, including prodrug-like molecules and 
nanoliposome delivery systems, have been specifically designed to reduce systemic toxicity 
and significantly improve the targeted efficacy of synthetic immunotherapies(28,29). Additionally, 
innovative constructs such as synthetic dendritic cells and multifunctional polymers are  
being explored to effectively recapitulate natural immune cell functions, offering  
potential off-the-shelf therapeutic solutions while substantially simplifying manufacturing  
and scalability challenges (27). These advances highlight the transformative potential  
of synthetic immunotherapies to achieve safer, more effective, and broadly accessible  
clinical applications. 

Future research directions 
  Future advancements in synthetic immunotherapy are expected to further leverage 
precision medicine by integrating patient-specific genetic profiling with synthetic therapeutic 
design(18). Innovations such as engineered synthetic regulatory T-cells (Tregs) and the development  
of synthetic immunological memory represent promising strategies for achieving sustained 
immune tolerance(11). Artificial intelligence-driven synthetic therapeutic design is anticipated 
to accelerate drug development and enhance personalized medicine approaches. Continued 
collaboration among interdisciplinary research teams, regulatory authorities, and clinical 
practitioners will be critical for realizing the full potential of synthetic immunotherapy, ultimately 
transforming treatment paradigms for autoimmune disease management. 

Conclusion 
  Synthetic immunotherapy presents a transformative advancement in the treatment of 
autoimmune diseases integrating mechanistic precision, personalized therapeutic design, and 
innovative drug delivery systems. Prioritizing safety, efficacy, ethical responsibility, and global 
accessibility will be essential to fully realize the clinical and societal benefits of synthetic 
immunotherapy. 
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