


Review Article
Three-Dimensional Bioprinting of Lymphoid Organs: Recent Advances, Current Applications, and Future Directions	Comment by NSB: The current title is somewhat broad and may not fully reflect the specific focus areas of the manuscript. To improve precision and avoid generality, I recommend adopting a more targeted title, such as: “Three-Dimensional Bioprinting of Lymphoid Organs: Bioinks, Vascularization Strategies, and Immunological Applications”


ABSTRACT	Comment by NSB: Please provide the keywords after the abstract.
Three-dimensional (3D) bioprinting has emerged as a transformative technology for engineering lymphoid organs, offering a promising alternative to traditional two-dimensional (2D) cultures and animal models. This technique employs biocompatible natural hydrogels and advanced printing modalities to generate architecturally complex constructs that closely replicate the human immunological microenvironment.
A major advancement in this field is the integration of vascularization strategies, which facilitates the fabrication of thicker and more viable tissues. Bioprinted lymphoid organ models have shown substantial potential in applications such as personalized immunotherapy screening, tumour–immune interaction studies, and vaccine development.
A comprehensive literature survey was conducted using major scientific databases, including PubMed, Web of Science, Scopus, and Google Scholar. Keywords such as “3D bioprinting,” “lymphoid organ engineering,” “lymph node,” “thymus,” “bioinks,” “vascularization,” “immunotherapy,” and “tissue engineering” were used to identify relevant peer-reviewed studies.
Although challenges remain in achieving full functional complexity and long-term tissue stability, the integration of 3D bioprinting with AI-driven design tools and organoid technologies holds significant promise for developing clinically relevant immunological models and future regenerative applications.








1. INTRODUCTION 	Comment by NSB: The manuscript appropriately follows the standards of a review article in terms of source selection and synthesis; however, it lacks a dedicated Methodology of Literature Search section. The topic is only briefly mentioned in the abstract, which is insufficient for transparency and reproducibility. I recommend adding a separate section immediately after the Introduction that clearly outlines the years covered, inclusion and exclusion criteria, and the types of studies considered (e.g., in vivo, in vitro, preclinical). This addition will strengthen the methodological rigor of the review.
The adaptive immune system provides highly specific and long-lasting protection, and its function is centrally coordinated within specialized lymphoid organs. These include the primary lymphoid organs, such as the bone marrow and thymus, where lymphocytes are generated and educated, and the secondary lymphoid organs, including the lymph nodes and spleen, where immune responses are initiated. For the effective execution of these functions, a highly organized three-dimensional (3D) microarchitecture is essential, as it establishes distinct regions for B cells, T cells, and stromal cells and supports the precise cellular interactions required for robust immune responses.
This architectural dependency is particularly evident in the germinal centre reaction within secondary lymphoid organs, which is crucial for the production of high-affinity antibodies. This tightly regulated process, directed by chemokine gradients, relies on specialized stromal networks and vascular structures—features that cannot be replicated using conventional two-dimensional (2D) cell culture systems. Although animal models have been instrumental in shaping our understanding of immunology, significant species-specific differences in immunogenetics and lymphoid tissue organization reduce their translational relevance. As a result, these models often fail to accurately predict human immune responses, contributing to challenges in immunotherapy and vaccine development.
Tissue engineering approaches have begun to address these limitations by bridging the gap between traditional experimental models and human physiology. Among these, 3D bioprinting has emerged as a transformative technology (Murphy & Atala, 2014). This technique enables the fabrication of complex, living tissue constructs through the spatially controlled deposition of bioinks—combinations of cells and biomaterials—allowing the recreation of the intricate architecture of native lymphoid tissues (Groll et al., 2018). The overarching objective is to generate immunocompetent tissues that faithfully replicate the critical microanatomy and cellular organization of lymphoid organs (Kim et al., 2020). These bioprinted lymphoid constructs hold considerable promise for advancing immunological research and supporting the development of novel therapeutics (Jang et al., 2021).
The global shift toward an aging population has further increased scientific interest in immunosenescence, the age-associated decline in immune function that contributes to reduced vaccine efficacy and heightened susceptibility to infections and cancer (Goronzy & Weyand, 2017). Age-related changes in the immune microenvironment—including altered stromal cell function and chronic low-grade inflammation (“inflammaging”)—are not adequately represented in young animal models (Baechle et al., 2023). In addition, chronic inflammatory and immune-mediated disorders have created an urgent need for more human-relevant platforms capable of capturing complex immune cell dynamics within physiologically realistic tissue contexts (Visalakshan et al., 2023).
This review provides an overview of recent progress and future directions in the bioprinting of lymphoid organs, with particular emphasis on advancements in bioink formulation, printing modalities, vascularization strategies, and emerging biomedical applications
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Figure 1: Schematic Overview of 3D Bioprinting of the Thymus
(A native thymus organ (left) is translated into a bioactive tissue construct using a 3D bioprinter (center), producing a printed model (right) that mimics the structural and functional characteristics of lymphoid tissue, created using BioRender.com)
2. BIOINK DEVELOPMENT FOR LYMPHOID TISSUE ENGINEERING	Comment by NSB: The manuscript presents only a limited set of bio-inks. I recommend expanding this section to include a broader range of bio-inks to provide a more comprehensive and informative overview for readers.
2.1 Natural Hydrogel-Based Bioinks
Natural hydrogels derived from biological sources are widely employed in lymphoid tissue engineering because of their inherent bioactivity and excellent biocompatibility. These materials provide native cell-adhesion motifs, such as the arginine–glycine–aspartic acid (Arg-Gly-Asp, RGD) sequence, and can be enzymatically degraded and remodelled by encapsulated cells, thereby supporting dynamic tissue development (Xu et al., 2022; Han et al., 2024; Manferdini et al., 2022)
2.1.1 Collagen-Based Systems:
Collagen type I, a predominant structural component of the stromal extracellular matrix, is widely utilized for engineering lymphoid tissues because it supports the spreading and interconnection of stromal cells. These networks play a critical role in recapitulating the reticular architecture of native lymphoid organs. Experimental studies have reported >90% immune cell viability within collagen-based bioinks and elastic moduli between 0.5–1.5 kPa, which fall within the physiological range of lymph node tissue stiffness. Despite their biological relevance, collagen bioinks often face limitations such as batch-to-batch variability, slow crosslinking, and relatively poor mechanical robustness, which restrict the fabrication of intricate architectural features in three-dimensional constructs (Yue et al., 2015; Antoine et al., 2022)
2.1.2 GelMA-Based Bioinks
Gelatin methacryloyl (GelMA), a photocrosslinkable derivative of gelatin, is one of the most versatile natural hydrogel systems for lymphoid tissue bioprinting. Its mechanical properties can be precisely tuned by adjusting the methacrylation degree, polymer concentration, and UV exposure time, allowing elastic moduli ranging from 0.2–2 kPa, which closely approximate the softness of lymphoid organs. GelMA exhibits shear-thinning and rapid structural recovery, making it ideal for extrusion-based printing involving sensitive immune cells. Multiple studies have consistently demonstrated 85–92% post-printing viability of T cells, dendritic cells, and stromal cells encapsulated in GelMA constructs (Caliari & Burdick, 2016; Zhang et al., 2021).
2.1.3 Alginate and Hyaluronic Acid-Based Systems
Alginate is an ionically crosslinking polysaccharide frequently blended with gelatin or fibrin to improve cellular adhesion while retaining favourable rheological properties. Its rapid gelation and printability have enabled the fabrication of lymphoid-mimetic scaffolds capable of supporting chemokine-driven immune cell migration. Hyaluronic acid, the principal glycosaminoglycan present in lymphoid and connective tissues, is essential for hydration, cell motility, and immune cell trafficking. HA-based and HA-composite bioinks have been shown to enhance stromal–immune cell interactions and facilitate migratory behaviour typical of lymph node microenvironments (Highley et al., 2016; Loebel et al., 2019; Hou et al., 2023).
2.2 Decellularized Extracellular Matrix Bioinks
Decellularized extracellular matrix (dECM) bioinks have emerged as one of the most biomimetic platforms in lymphoid tissue engineering because they retain the native biochemical complexity of the target tissue. Through controlled decellularization, tissue sources are stripped of immunogenic cellular components while preserving structural proteins such as collagens, elastin, and laminins, along with glycosaminoglycans and endogenous growth factors. This unique molecular composition offers signalling cues that cannot be replicated using single-component hydrogels or synthetic polymers (Pati et al., 2014).
In recent years, lymphoid-derived dECM bioinks—including those sourced from spleen and lymph node tissues—have demonstrated enhanced bioactivity, particularly in supporting stromal cell organization and promoting immune cell survival and migration. For example, spleen-derived dECM hydrogels have been shown to upregulate T-cell activation markers in comparison with collagen-only matrices, indicating improved immunomodulatory potential. However, despite their biological richness, dECM materials typically exhibit weak mechanical strength, slow gelation, and complex rheological behavior, all of which reduce print fidelity and limit their use in high-resolution bioprinting (Kasravi et al., 2023).
To overcome these issues, composite formulations have been introduced in which dECM is blended with structurally reinforcing biomaterials such as alginate, gelatin, or polyethylene glycol (PEG). These hybrid systems preserve dECM-derived biochemical signalling while providing more predictable viscoelastic properties. Combined formulations have achieved print fidelities of 88–95%, enabling the fabrication of stable constructs with improved layer stacking and shape retention suitable for lymphoid tissue engineering applications (Jang et al., 2021; Serra et al., 2022).
2.3 Synthetic and Composite Bioinks
Synthetic polymers have become indispensable in advanced lymphoid tissue engineering because they offer precise control over mechanical strength, degradation kinetics, and batch-to-batch reproducibility—features that are often difficult to achieve using natural hydrogels alone. Among these, polyethylene glycol (PEG)-based hydrogels are particularly valued as they provide a chemically defined and biologically inert framework. This “blank-slate” matrix can be readily functionalized with bioactive peptides—such as arginine–glycine–aspartic acid (Arg-Gly-Asp; RGD)—or enzymatically cleavable motifs to direct immune cell adhesion, migration, and matrix remodelling with high specificity (Kharkar et al., 2016; Zhu et al., 2021).
Composite bioinks incorporating both synthetic and natural components are rapidly becoming dominant due to their ability to balance printability with biological functionality. A well-studied example is the PEG–PEG-fibrinogen composite, in which the mechanical stability of PEG is combined with the inherent bioactivity of fibrinogen. These hybrid matrices support cell viabilities exceeding 85% and allow the fabrication of complex, self-supporting architectures with high fidelity (Noh et al., 2019; Chimene et al., 2020). By integrating defined synthetic backbones with ECM-derived biochemical signals, composite bioinks provide the dual advantages of structural precision and enhanced immunological relevance, making them highly suited for the fabrication of next-generation lymphoid tissue constructs.
2.4 Advanced Functionalization Strategies
Advanced functionalization approaches have expanded the capacity of bioinks to instruct immune cell behaviour with high spatial and temporal precision. One emerging strategy involves the incorporation of immobilized chemokines—including CCL19, CCL21, and CXCL13—which play essential roles in guiding the migration and compartmentalization of T cells, B cells, and dendritic cells within lymphoid organs. When these chemokines are embedded within slow-release microparticles or nanocarriers, stable chemical gradients can be established within printed constructs. Such gradients have been shown to direct lymphocyte migration with a level of precision that closely resembles the organization observed in native lymphoid tissues (Li et al., 2020; Xu et al., 2023).
Another major advancement involves the development of organoid-derived bioinks, which capitalize on the complex extracellular matrix and signalling milieu produced by self-organizing organoids. When organoids are dissociated or their matrix is harvested, the resulting bioink contains endogenous ECM proteins, cytokines, and morphogens that retain intrinsic tissue-specific cues. Upon printing, these bioinks promote rapid reorganization, improved stromal–immune interactions, and enhanced functional maturation compared to single-component hydrogels. This strategy is particularly promising for engineering lymphoid tissues where microenvironmental cues play a decisive role in immune cell specialization and activation (Broutier et al., 2018; Kim et al., 2020).
3. BIOPRINTING TECHNOLOGIES AND METHODOLOGIES
3.1 Extrusion-Based Bioprinting
Extrusion-based bioprinting has emerged as the predominant bioprinting approach because it can process a wide range of biomaterials and tolerate substantial variations in viscosity. This modality enables the fabrication of constructs using both low-viscosity hydrogels and highly viscous composite bioinks while maintaining cell densities up to 10⁸ cells/mL, making it suitable for engineering structurally stable and biologically active tissues (Gao et al., 2024). In this technique, bioinks are continuously extruded through microscale nozzles—commonly 100–1000 μm in diameter—using pneumatic, piston-driven, or screw-driven systems, each providing controlled deposition and improved geometric fidelity of printed structures (Malekpour & Chen, 2022).
The layer-by-layer deposition enables printing resolutions of approximately 100 μm, which is sufficient for recreating larger architectural features of lymphoid organs, including follicular boundaries, paracortical regions, and stromal cell networks. Advanced multi-head extrusion systems further enhance functionality by enabling the spatially defined deposition of distinct bioinks loaded with stromal cells, endothelial cells, and lymphocytes. This capability allows the fabrication of compartmentalized constructs that recapitulate the segregated yet functionally interconnected T-cell and B-cell zones characteristic of native lymphoid tissues (Kérourédan et al., 2019; Kim et al., 2020)
3.2 Inkjet and Droplet-Based Bioprinting
Inkjet bioprinting has been widely explored due to its ability to precisely deposit pico-litre-sized droplets through thermal, piezoelectric, or acoustic actuation mechanisms (Gudapati et al., 2016). This non-contact, drop-on-demand strategy facilitates rapid deposition while enabling high spatial accuracy, with resolutions approaching the single-cell scale. Because the bioink undergoes minimal shear stress during droplet formation and release, high post-printing cell viability (often exceeding 85%) is typically achieved (Cui et al., 2012).
Despite these advantages, inkjet bioprinting is limited by the requirement for low-viscosity bioinks (<10 mPa·s), which restricts the use of many natural polymer hydrogels that are preferred for constructing tissue-like microenvironments (Gudapati et al., 2016). As a result, this approach is generally employed for specialized tasks, such as the spatial patterning of bioactive molecules, growth factors, or adhesion proteins onto pre-fabricated scaffolds, rather than for generating larger, volumetric 3D constructs.
3.3 Laser-Assisted Bioprinting
Laser-assisted bioprinting operates through a laser-induced forward transfer (LIFT) mechanism, in which a pulsed laser interacts with an energy-absorbing coating to generate a transient vapor bubble that propels discrete droplets of bioink onto a receiving substrate (Schiele et al., 2010). The absence of a nozzle eliminates shear forces commonly associated with extrusion systems, thereby preserving high levels of cell viability during printing. Furthermore, the precise laser-controlled droplet ejection enables exceptionally high spatial resolution, including single-cell placement, making LIFT one of the most accurate bioprinting modalities available (Guillotin & Guillemot, 2011).
The absence of a nozzle further eliminates clogging issues, thereby permitting the use of highly viscous bioinks and elevated cell concentrations. Owing to these advantages, laser-assisted systems are theoretically capable of arranging intricate stromal cell networks or positioning individual follicular dendritic cells with precise spatial control (Koch et al., 2017). Nevertheless, the need for complex, high-cost instrumentation, along with comparatively slower printing speeds, has limited the widespread adoption of this technology.
3.4 Vat Photopolymerization and Volumetric Bioprinting
Vat photopolymerization techniques, including stereolithography (SLA) and digital light processing (DLP), rely on patterned light exposure to selectively solidify photosensitive bioinks layer by layer. These systems achieve some of the highest resolutions in bioprinting, typically 10–50 μm (Zhu et al., 2016).
Within the context of lymphoid tissue engineering, the primary utility of vat photopolymerization lies in the fabrication of high-resolution sacrificial moulds or acellular scaffolds. Water-soluble scaffolds containing negative impressions of vascular networks can be printed and subsequently infused with cell-laden hydrogels. Upon dissolution of the sacrificial structure, perfusable vascular channels remain, enabling the development of engineered tissues with improved nutrient and oxygen transport (Grigoryan et al., 2019).
4. VASCULARIZATION STRATEGIES FOR BIO-PRINTED LYMPHOID TISSUES	Comment by NSB: The section on Vascularization is well written; however, it lacks an analytical synthesis. While the content is informative, the manuscript does not provide a comparative evaluation of the existing approaches.
Recommendation:
I suggest adding a comparative table summarizing the key characteristics of the main strategies—sacrificial, coaxial, endothelial sprouting, and computational approaches—with respect to cost, complexity, resolution, and cell viability. This addition would significantly enhance clarity and help readers better understand the relative advantages and limitations of each method.
The generation of perfusable and stable vascular networks remains a major hurdle in creating clinically viable bioprinted lymphoid tissues. The high metabolic demand of densely populated lymphoid constructs quickly outpaces oxygen diffusion, which is limited to roughly 100–200 µm in engineered tissues (Lovett et al., 2009). As a consequence, the inner regions of the constructs are susceptible to hypoxia and necrosis unless adequate vascularization is established. Beyond simple nutrient and gas exchange, vascular structures in lymphoid organs perform highly specialized immunological roles. High endothelial venules (HEVs), for example, act as essential gateways for lymphocyte trafficking, sustaining immune surveillance and enabling efficient lymphocyte recirculation (Ager, 2017; Blanchard & Girard, 2021). Therefore, replicating functional vasculature in engineered lymphoid tissues is indispensable not only for tissue viability but also for restoring physiological immune function
4.1 Sacrificial Bioink Channels
Sacrificial bioink–based channel formation is one of the most established techniques for generating perfusable networks within bioprinted constructs. In this strategy, fugitive materials such as Pluronic F127, carbohydrate glass, and gelatin are co-printed to create the negative template of the vascular architecture. After the structural hydrogel is crosslinked, the sacrificial phase is removed by thermal, solvent-based, or aqueous dissolution, resulting in patent, interconnected microchannels suitable for endothelialization and perfusion (Miller et al., 2012; Wu et al., 2021).
These engineered channels allow the creation of well-defined vascular architectures with high spatial precision. Following removal of the sacrificial phase, the resulting lumens are commonly seeded with endothelial cells, which subsequently form confluent, vessel-like linings (Sobrino et al., 2016). Although this method effectively generates larger perfusable vessels, a major limitation persists: achieving hierarchical, multi-scale vascularization. While macrovessels and feeder channels can be fabricated with relative ease, the recreation of capillary-sized networks—critical for efficient oxygen and nutrient exchange—continues to pose a significant challenge (Rouwkema & Khademhosseini, 2016).
4.2 Coaxial Extrusion
Coaxial extrusion is an advanced bioprinting modality that enables the direct fabrication of hollow, vessel-like hydrogel structures in a single, continuous step using concentric nozzle systems. In this technique, a crosslinkable hydrogel precursor is dispensed through the outer nozzle while a core fluid—typically a non-crosslinking or crosslink-inhibiting solution—flows through the inner nozzle. Upon extrusion, the shell phase rapidly crosslinks, resulting in the immediate formation of mechanically stable tubular filaments with well-defined lumens (Gao et al., 2017).
Incorporating endothelial cells directly into the shell bioink promotes uniform embedding of these cells within the walls of the printed tubes, eliminating the need for subsequent luminal seeding and accelerating the development of confluent endothelial linings. Geometry can be precisely tuned by adjusting the flow-rate ratio between the core and shell phases, enabling controlled modulation of lumen diameter and wall thickness to produce physiologically relevant microvascular structures (Zhang et al., 2016). This approach provides a robust platform for engineering perfusable vascular constructs suitable for complex tissue systems.
4.3 Endothelial Co-printing and Angiogenic Gradients
Biologically driven strategies rely on distributing endothelial cells throughout the entire bioink volume to promote spontaneous microvascular formation via angiogenesis. When endothelial cells are pre-mixed into cell-laden bioinks at homogeneous densities, they gradually self-assemble into interconnected capillary-like structures over a period of days to weeks, often in coordination with surrounding parenchymal cells.
[bookmark: _Hlk214109138]Functionalization of these bioinks with immobilized angiogenic growth factors—such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)—establishes stable biochemical gradients that direct endothelial migration, alignment, and tubule formation (Chen et al., 2017). This bottom-up mechanism facilitates the emergence of dense, capillary-scale vascular networks capable of meeting the metabolic demands of the construct while closely recapitulating natural vascular development.
However, notable limitations persist. The time required for complete network maturation (approximately 1–3 weeks) can delay construct readiness, and achieving precise control over the final vascular architecture remains challenging due to the inherently self-organizing nature of angiogenesis.
4.4 Computational Design of Vascular Trees
Computational strategies incorporating algorithmic rules, most notably Murray’s Law, enable the generation of hierarchical vascular trees with optimized branching ratios for efficient fluid flow and oxygen transport. These digitally designed networks can be translated into physical constructs through high-resolution bioprinting approaches, particularly sacrificial molding and vat photopolymerization, which offer the precision required to reproduce intricate multi-scale geometries.
By ensuring that no region of the engineered tissue exceeds the diffusion limits from nearby capillaries, such designs play a critical role in preventing hypoxia-induced necrosis within dense cellular constructs. Hybrid fabrication approaches, where computationally designed sacrificial networks are used to create larger perfusable channels while endothelial cell-laden bioinks drive spontaneous capillary formation, have demonstrated superior outcomes in achieving functional vascularization (Hudson et al., 2025).
5. APPLICATIONS IN IMMUNOLOGY AND THERAPEUTIC DEVELOPMENT
5.1 Tumour-Immune Interaction Models
3D bioprinted tumour–immune models provide a physiologically relevant platform for studying cancer–immune interactions by enabling controlled spatial organization of tumour cells, stromal components, and immune cells. Tumour organoids or patient-derived spheroids are typically positioned at the core, while surrounding regions contain dendritic cells, T cells, and supporting stromal cells, recreating functional lymphoid-like microenvironments.
Compared to conventional 2D co-cultures, these 3D models enhance immune–tumour crosstalk, supporting more realistic T-cell infiltration, cytokine signaling, and immune responses. They also improve prediction of immunotherapy outcomes and facilitate the study of resistance mechanisms to immune checkpoint inhibitors (Nomdedeu-Sancho et al., 2023; Zhang et al., 2024). Such models therefore hold considerable promise for personalized cancer immunology and preclinical therapeutic testing.
5.2 Vaccine and Adjuvant Testing Platforms
Engineered lymphoid tissue models, including 3D bioprinted and organ-on-chip systems, have emerged as powerful platforms for evaluating vaccines and adjuvants under human-relevant conditions. These constructs integrate key immune populations—dendritic cells, T cells, B cells, and stromal cells—to recapitulate essential lymph node functions such as antigen presentation, T–B cell interactions, and germinal center-like organization (Shanti et al., 2022; Riggert et al., 2023).
Exposure to candidate vaccine formulations in these platforms triggers functional immune responses, including cytokine secretion, T-cell activation, and B-cell proliferation. Spatially controlled delivery of antigens and adjuvants within these models can modulate immune activation and improve the prediction of vaccine efficacy (Zhang et al., 2022).
By providing a controlled and human-relevant environment, these systems reduce the reliance on animal models, accelerate early-stage vaccine screening, and support the rational design of novel adjuvants and immunotherapies.
5.3 Modelling Immunosenescence and Chronic Inflammation
[bookmark: _Hlk214109662]Bioprinting offers an advanced platform for modelling age-associated immune decline by enabling the fabrication of lymphoid tissues using cells derived from aged or chronically inflamed donors (Baechle et al., 2023). Constructs generated with immune and stromal cells sourced from elderly individuals reproduce hallmarks of immunosenescence, including a ~58% reduction in germinal centre formation efficiency and a pronounced shift in cytokine secretion profiles toward pro-inflammatory signatures, consistent with observations in aging human lymphoid tissues (Goronzy & Weyand, 2017).
Additionally, preconditioning bioinks with inflammatory cytokines—such as IL-6, TNF-α, and IL-1β—induces “inflammaging-like” phenotypes characterized by chronic immune activation, extracellular matrix remodelling, and stromal cell dysfunction (Gupta et al., 2023). These engineered models have proved valuable in evaluating therapeutic strategies: senolytic compounds have been shown to reduce senescent cell burden by approximately 65%, while JAK pathway inhibitors effectively normalize aberrant cytokine production by stromal cells.
Together, these bioprinted systems enable controlled, human-relevant investigation of the mechanisms underlying immune aging and chronic inflammation, while offering a platform for screening interventions aimed at restoring immune homeostasis.
5.4 Personalized Immunotherapy Testing
Personalized immune-tumour avatars are being developed using 3D organoid or bioprinted constructs that incorporate patient-derived tumour cells, lymphocytes, and stromal components. These systems provide ex vivo platforms for evaluating checkpoint inhibitors and CAR‑T therapies in a patient-specific context.
For example, patient-derived melanoma lymph node organoids correctly predicted clinical responses to PD-1 inhibitors, demonstrating high concordance with patient outcomes (Jenkins et al., 2020). Similarly, lymph node–mimetic scaffolds have been shown to enhance CAR‑T cell activation and expansion, enabling functional testing of adoptive immunotherapies (Zhang et al., 2024).
These personalized platforms offer a promising approach for guiding individualized immunotherapy strategies and reducing ineffective treatments.
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Figure 2. Medical Applications of 3D Printing Across Human Anatomy. (This schematic illustrates diverse medical applications of 3D printing mapped to anatomical regions. created using BioRender.com)
5.5 Autoimmune Disease and Infectious Disease Modelling
Bio-printed lymphoid tissues are increasingly being applied to model autoimmune diseases in which dysregulated immune activation occurs within organized lymphoid microenvironments. Constructs incorporating patient-derived stromal cells, autoreactive B cells, and T cells have been used to mimic tertiary lymphoid structures characteristic of rheumatoid arthritis, enabling controlled investigation of antigen-driven activation pathways and cytokine dysregulation. Similarly, bioprinted platforms modelling systemic lupus erythematosus have been used to study defects in B-cell tolerance and enhanced germinal centre activity, while type 1 diabetes models that co-print pancreatic islet cells with lymphoid components recapitulate early autoimmune targeting processes (Huang et al., 2024).
In infectious disease research, bioprinting allows the creation of physiologically relevant human lymphoid models that capture key pathogen–immune interactions. HIV follicular infection models have been used to study viral persistence and evaluate latency-reversing agents within germinal centre-like environments. Human lymphoid organoids have also supported rapid evaluation of COVID-19 vaccine candidates, enabling analysis of antigen presentation, cytokine induction, and early germinal centre responses in a controlled, human-specific context. Additionally, tuberculosis granuloma–lymphoid interface models recreate the dynamic balance between containment and dissemination of Mycobacterium tuberculosis, offering powerful platforms for testing host-directed therapies (Jang et al., 2023).
6. CHALLENGES AND LIMITATIONS
6.1 Architectural Complexity and Cellular Zonation
[bookmark: _GoBack]Lymphoid organs are characterized by highly organized microanatomy, including B-cell follicles, T-cell zones, and germinal centers, each defined by distinct cellular and extracellular matrix (ECM) features (Willard-Mack, 2006). Current bioprinting technologies lack the microscale resolution needed to reconstruct fragile stromal networks or to position specialized cells such as follicular dendritic cells with native-like spatial fidelity (Murphy & Atala, 2014). Fibroblastic reticular cells generate conduit systems with diameters of 0.2–2 μm that guide lymphocyte migration, yet these structures remain below the achievable resolution of present biofabrication methods (Bajaj et al., 2014). Moreover, maintaining sharp chemokine gradients and establishing discrete immune zones is technically challenging, and the adaptive plasticity of native lymphoid tissues during immune responses is largely absent in bioprinted constructs (Shakya et al., 2020). These limitations underscore the difficulty of replicating the dynamic and zonated architecture essential for lymphoid organ function.
6.2 Lymphocyte Viability and Functional Phenotype Maintenance
Lymphocytes are critically dependent on survival signals, cytokines, and cellular interactions to preserve their functional phenotype ex vivo (Sprent & Surh, 2002). During bioprinting, cells are exposed to mechanical and environmental stressors such as shear forces, ultraviolet exposure, and temperature fluctuations, all of which compromise viability and immune responsiveness (Murphy & Atala, 2014). Post-printing, continuous cytokine support—such as IL-7 for T cells and BAFF for B cells—is essential but difficult to maintain uniformly within 3D constructs (Shakya et al., 2020). These challenges highlight the difficulty of sustaining both viability and immune competence in bioprinted lymphoid tissues.
6.3 Vascular Integration and HEV Functionality
Although progress has been made in fabricating perfusable channels, the generation of fully functional, hierarchical vascular networks with authentic high endothelial venule (HEV) characteristics remains unresolved. Current bioprinting approaches typically produce either large channels without finer capillary branching or disorganized microvasculature formed through slow endothelial self-assembly (Novosel et al., 2011). HEVs, which are specialized postcapillary venules critical for lymphocyte trafficking, are defined by cuboidal endothelial morphology and peripheral node addressin (PNAd) expression (Girard et al., 2012). However, most bioprinted vessels display conventional flat endothelial morphology. In the absence of functional vascularization, construct thickness is restricted, significantly constraining the physiological relevance of engineered lymphoid tissues (Rouwkema & Khademhosseini, 2016).
6.4 Long-Term Stability and Maturation
[bookmark: _Hlk214110088]Bioprinted lymphoid constructs often exhibit limited stability in long-term culture. Hydrogel scaffolds tend to degrade faster than cell-derived extracellular matrix can accumulate, leading to progressive structural loss (Hinton et al., 2015). Even where germinal center-like reactions are achieved, they typically collapse prematurely, reflecting the difficulty of sustaining dynamic immune processes in engineered tissues (Jarjour et al., 2021). Overall, most constructs fail to maintain functional capacity beyond early culture periods, underscoring the challenge of achieving durable maturation and immune competence in bioprinted lymphoid organs (Zhang et al., 2019).
6.5 Standardization and Reproducibility
Bioprinting outcomes remain highly variable, limiting reproducibility across laboratories and hindering clinical translation. Differences in bioink composition, donor cell responses, and printing conditions contribute to inconsistent results, while replication of published protocols often proves unreliable. This lack of standardization poses a major barrier to the development of commercial platforms and regulatory approval pathways (Gupta 2023)	Comment by NSB: et al?
7. FUTURE DIRECTIONS AND EMERGING TECHNOLOGIES
Although three-dimensional bioprinting of lymphoid organs has demonstrated significant progress, several challenges remain that limit its translational potential. The development of bioinks that simultaneously ensure biocompatibility, mechanical stability, and long-term support for immune cell function is still unresolved. Vascularization strategies, while advancing, often fail to achieve complete integration and sustained perfusion, restricting construct viability. Replicating the full immunological complexity of native lymphoid tissues, including stromal–immune interactions and dynamic signaling pathways, remains a major hurdle. Technical constraints such as balancing high-resolution printing with scalability, alongside the absence of standardized protocols, further impede reproducibility. In addition, regulatory and ethical considerations surrounding clinical application of bioprinted immune tissues are yet to be fully addressed. These limitations highlight the need for continued refinement of biomaterials, printing modalities, and integrative approaches to achieve clinically relevant outcomes.
8. SUMMARY AND CONCLUSION
Three-dimensional bioprinting of lymphoid organs represents a transformative platform bridging critical gaps in immunological research and therapeutic development. Progress has advanced from proof-of-concept to functional constructs that replicate key features of native architecture, enabling controlled investigations of human immune responses. Innovations in bioinks, multimodal printing, and vascularization have supported structural complexity and functional validation, with applications ranging from immunotherapy screening to vaccine development.
Persistent challenges include achieving full architectural complexity, long-term stability, and standardized protocols. Nevertheless, integration with organoid technologies, AI-driven optimization, and emerging 4D bioprinting approaches are accelerating progress. Near-term applications in drug screening and personalized medicine are expected, with longer-term prospects for diagnostic platforms and implantable therapeutic tissues. Ultimately, bioprinted lymphoid organs promise to reshape the study of human immunity and advance safer, more effective therapies.
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