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Crosstalk between dendritic cells and T cells plays a crucial role in modulating immune responses in natural and pathological conditions. DC-T cell crosstalk is achieved through contact-dependent (i.e., immunological synapse) and contact-independent mechanisms (i.e., cytokines). Activated DCs upregulate co-stimulatory signals and secrete proinflammatory cytokines to orchestrate T cell activation and differentiation. Conversely, activated T helper cells “license” DCs towards maturation, while regulatory T cells (Tregs) silence DCs to elicit tolerogenic immunity. Strategies to efficiently modulate the DC-T cell crosstalk can be harnessed to promote immune activation for cancer immunotherapy or immune tolerance for the treatment of autoimmune diseases. Here, we review the natural crosstalk mechanisms between DC and T cells. We highlight bioengineering approaches to modulate DC-T cell crosstalk, including conventional vaccines, synthetic vaccines, and DC-mimics, and key seminal studies leveraging these approaches to steer immune response for the treatment of cancer and autoimmune diseases.
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1 INTRODUCTION
As a specialized subset of antigen-presenting cells (APCs), DCs play a critical role in bridging the innate and adaptive immune response to initiate protective immunity against pathogens as well as to maintain tissue immune homeostasis (Rescigno and Sabatino, 2009; Møller et al., 2022). DCs exhibit remarkable functional diversity, underscored by their classification into two primary types: conventional DC1 (cDC1) and conventional DC2 (cDC2), possessing plasticity and the ability to respond to cues from various tissue microenvironments (Sigmundsdottir and Butcher, 2008; Cabeza-Cabrerizo et al., 2021). The crosstalk between DCs and effector immune cells, especially T cells, is a critical determinant of the immune response towards activation or tolerance (Fucikova et al., 2019).
DC-T cell crosstalk, crucial for immune responses, occurs through mechanisms that include immunological synapses and cytokine signaling (Hivroz et al., 2012). The immunological synapse is a specialized contact zone formed between DCs and T cells (Dustin, 2014). The initial contact zones on the surface of DCs are known as central supramolecular activation clusters (cSMAC), characterized by a coordinated array of antigen-presenting and co-stimulatory molecules (Dustin, 2014). Encircling the cSMAC are adhesion molecules like LFA-1, while the distal SMAC is composed of proteins with extensive extracellular domains, such as the phosphatases CD43 and CD45, which transmit suppressive signals (Alarcón et al., 2011). Within the cSMAC, major histocompatibility complexes (MHCs) present antigenic peptides to the T cell receptor (TCR) (Dustin, 2014), and the co-stimulatory molecules on DCs engage their cognate receptors on T cells (Frauwirth and Thompson, 2002). Notably, the quality of the immunological synapse is a critical determinant of T cell differentiation. A synapse formed from activated DCs are rich for co-stimulatory molecules, and their optimal clustering and strong TCR signaling collectively promote robust T cell activation and effector function (Snook et al., 2018; Solouki et al., 2019). Conversely, the absence or insufficient expression of co-stimulatory molecules on immature DCs, reduced secretion of proinflammatory cytokines, and weaker TCR signaling during antigen presentation can result in T cell anergy or the promotion of antigen-specific induced T regulatory cells (iTregs) (Schmitt and Williams, 2013; Li and Rudensky, 2016). These iTregs possess suppressive properties to further silence DCs, preventing naïve T cell activation in the immune response and promoting immune tolerance (Lafaille and Lafaille, 2009). The balance between activation and tolerance-inducing signals is critical for maintaining immune homeostasis. Finally, DCs secreted a myriad of cytokines such as interleukins, interferons, and tumor necrosis factors as key mediators in the orchestration of immune responses (Blanco et al., 2008). These soluble factors influence the differentiation, proliferation, effector functions, and polarization of T cells in a contact-independent manner (Dong, 2021).
In this review, we first discuss the natural crosstalk and bidirectional signaling events between DCs and T cells. Further, we cover the innovative bioengineering approaches to modulate the cellular crosstalk between DCs and T cells. In particular, we focus on vaccine engineering, a classical approach to tailor DC-T cell crosstalk, genetically modified DCs, and DC-mimicking nanostructures for controlled intervention of T cell differentiation, aiming at innovations in cancer and autoimmune therapeutics.
2 NATURAL DC-T CELL CROSSTALK MECHANISMS
The natural crosstalk between DC and naïve T cells leads to antigen-specific T cells priming and differentiation (Hivroz et al., 2012) (Figure 1). Co-stimulatory molecules, such as CD80 and CD86, on DCs engage with their cognate receptors, such as CD28 on T cells, providing additional signals for optimal T cell activation and effector differentiation (Frauwirth and Thompson, 2002). DCs can also crosstalk with antigen-experienced T cells or engineered T cells such as CAR T cells during antigen recall or vaccination (Zammit et al., 2005; Ma et al., 2019; Reinhard et al., 2020). Three signals from DCs are essential for optimal activation of naïve T cells: the first signal being the antigen, the second signal providing co-stimulation, and the third signal offering cytokine support (Curtsinger and Mescher, 2010).
[image: Figure 1]FIGURE 1 | Dual role of dendritic cells in crosstalking with T cells. DCs can be modified and targeted by entities such as amph-ligands, polymeric nanoparticles, viruses, and antibodies. DCs processes and presents antigens derived from proteins, recombinant DNA and mRNA. DCs interface with both immune activation and tolerance pathways. On the immune activation side, DCs promote the differentiation of Th cells through upregulating surface proteins like MHCII, CD80, and CD86, and proinflammatory cytokines like IL-12. Conversely, activated Th cells upregulate CD40L and promotes DC maturation through the CD40L-CD40 axis. On the immune tolerance side, pMHC nanoparticles promotes Treg development. DCs engage with Treg cells, fostering an immunosuppressive milieu marked by Treg-associated cytokine production (IL-10 and TGF-β). This juxtaposition underscores the central role of DCs in orchestrating the balance between immune activation and tolerance.
2.1 Antigen presentation and recognition
DCs are specialized in sensing and processing antigens, initiating a cascade of molecular events through the recognition of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) via pattern recognition receptors (PRRs) (Mogensen, 2009). DCs utilize mechanisms such as phagocytosis, macropinocytosis, or receptor-mediated endocytosis to capture PAMPs upon antigen encounter (Platt et al., 2010). Upon activation by pathogens, DCs initiate a maturation process. In this process, DCs upregulate their expression of costimulatory molecules and cytokines, reduce their phagocytic capability, and increase the transportation of MHC class II molecules from lysosomes to the DC surface (Platt et al., 2010; Dalod et al., 2014), which collectively make DCs more proficient in stimulating T cells (Platt et al., 2010).
Furthermore, captured antigens are processed into small peptides within endosomes and lysosomes (Blum et al., 2013; Embgenbroich and Burgdorf, 2018). These peptides are loaded onto MHC class I and II molecules on the DC surface and presented as trimeric peptide MHC complexes (pMHCs) to CD8+ T cells and CD4+ T helper (Th) cells, respectively (Blum et al., 2013). Notably, most of antigens presented on MHCs have an affinity of 1–100 µM toward the cognate TCR (Zhong et al., 2013). Therefore, efficient triggering of T cell activation is heavily dependent on co-receptors such as CD8 that stabilized interaction via an avidity effect (Laugel et al., 2007; Campillo-Davo et al., 2020), or CD4 that promotes signaling accumulation (Roh et al., 2015). It was found that weaker TCR signaling is prone to trigger memory development while stronger signaling can shift T cells differentiation toward effectors (Snook et al., 2018). However, during recall responses, memory T cells recognize antigens presented on DCs in a much more sensitive manner, with lower activation threshold than naïve T cells (Liu et al., 2020). This increased sensitivity or reduced activation threshold is likely due to the pre-formed TCR clusters on memory T cell surface (Kumar et al., 2011).
2.2 Co-stimulatory, co-inhibitory signals and cytokines
Among the key mechanisms of DC - T cell crosstalk are co-stimulatory and co-inhibitory signals (Cabeza-Cabrerizo et al., 2021). These co-regulatory signals, influenced by the DCs’ heterogeneity, lineage, maturation stage, and the tissue environment as well as the nature of the infectious agent play a pivotal role in tailoring immune responses (Hilligan and Ronchese, 2020). Co-stimulatory signals are transmitted through cell surface molecules, including members of both, the B7 family (e.g., CD80 and CD86) and the TNF receptor family (e.g., CD40) (Sharpe and Freeman, 2002). These molecules act as binding partners for receptors expressed on T cells such as CD28 and CTLA4 to modulate T cell activation and effector function (Sharpe and Freeman, 2002). CD28 is the most important co-stimulatory receptor due to its constitutive expression on naïve T cells, and engagement of CD28 with CD80/CD86 is the first co-stimulatory signal required for priming naïve T cells (Esensten et al., 2016). Upon T cell activation, CTLA4 expression will be induced and CD28 expression is concomitantly downregulated by endocytosis (Alegre et al., 2001). CTLA4 further competes for binding with CD80 and CD86 to relay inhibitory signals to T cells, limiting T cell activation by APCs (Alegre et al., 2001). A few other co-stimulatory and co-inhibitory receptors such as 41BB, ICOS, OX40, and PD-1 will also be rapidly induced within 24 h (Chen and Flies, 2013). These additional co-signaling receptors engage their cognate ligands on activated DCs, such as 41BBL, ICOSL, OX40L, and PD-L1/L2 respectively, promoting T cell expansion and differentiation or attenuating T cell activation (Chen and Flies, 2013).
In addition to co-regulatory receptors, cytokines play an indispensable role in supporting T cell activation as well as modulating T cell differentiation. IL-2 is the crucial cytokine supporting the activation of naïve T cells (Ross and Cantrell, 2018). DCs were found to produce IL-2 after bacteria uptake and this early time-point IL-2 production making DCs perfectly equipped to prime CD4 T cells (Granucci et al., 2001; Zelante et al., 2012). The remarkable plasticity of CD4 T cells allows them to respond to environmental stimuli and differentiate into a numerous Th cell subsets in a context-dependent manner (DuPage and Bluestone, 2016). For example, in the presence of a stronger TCR signaling, proinflammatory cytokines such as DC-derived IL-12 and natural killer cells-secreted IFN-γ will induce CD4 T cell differentiation to Th1 cells (Luckheeram et al., 2012). In the presence of suppressive cytokines, such as IL-4, CD4 T cell are prone to differentiate into Th2 cells (Luckheeram et al., 2012). IL-6 and IL-21 regulate Th17 cell development (Zhou et al., 2007; Luckheeram et al., 2012), and IL-10, TGF-β will induce Treg differentiation (Chen et al., 2003; Luckheeram et al., 2012).
Notably, this fundamental understanding of the DC-T cell crosstalk led to the development of chimeric antigen receptor (CAR) T cells that were engineered to recognize non-MHC-restricted antigens on diseased tissues such as cancer (Labanieh and Mackall, 2022; Neeser et al., 2023). This technique involves genetically modifying a patient’s T cells to express a CAR that specifically recognize a protein antigen on cancer cell surface. Once infused back into the patient, these engineered CAR T cells can effectively recognize and kill cancer cells. The innovation lies in its ability to bypass the conventional antigen presentation pathway, offering a potent and personalized therapeutic option against cancers previously deemed untreatable. Building on the various co-signaling domains and cytokines involved DC-T cell crosstalk, researchers have designed functionally enhanced next-generation CAR designs and armed CARs with significantly improved anti-tumor efficacy (Labanieh and Mackall, 2022). CAR T cell therapy has made remarkable stride in the treatment of relapsed B cell leukemia, lymphoma, and multiple myeloma (Mitra et al., 2023). Six different CAR T products have received FDA-approval since 2017 (Mitra et al., 2023), and many more preclinical and clinical CAR T trials are under way in various disease models, such as multiple solid tumors, type 1 diabetes, HIV infection, cardiac fibrosis, marking a new era of immunotherapy (extensively reviewed elsewhere (Baker et al., 2023; Neeser et al., 2023)).
2.3 T cell modulation of DCs
Activated T cells especially CD4 T cells upregulate CD40L which reversely signals to DCs through the CD40L-CD40 axis to activate DCs, a process known as “DC licensing” (Figure 1) (Elgueta et al., 2009; Ma and Clark, 2009). Licensed DCs enhance their expression of MHCII as well as co-stimulatory molecules including CD80/CD86, and increase the production of proinflammatory cytokines such as TNF-α, interferon-γ (IFN-γ), and interleukin-6 (IL-6) (Elgueta et al., 2009). This improvement in function makes them more effective as APCs, enabling them to more efficiently guide the differentiation of CD4 T cells towards Th1 cells and to prime CD8 T cells through the process of cross-presentation (Tay et al., 2017). Activated CD8 T cells acquire cytotoxic effector functions, with high expression level of cytotoxic molecules, such as granzymes, perforin and IFN-γ, poised to become professional killer cells for eradicating infected or malignant cells (Zhang and Bevan, 2011). Interestingly, a subset (30%–50%) of effector and memory CD8 T cells also upregulate CD40L (Frentsch et al., 2013; Tay et al., 2017). CD40L + CD8 T cells, in contrast to CD40L- CD8 T cells, share functional features with CD4 T helper cells as shown by their abilities to induce the maturation of monocyte-derived DCs. The presence of CD40L on CD8 T cells allows CD8 T cells to directly crosstalk with DCs such as in tumors without the need of CD4 T cells and to develop tissue-resident memory CD103+ CD8 T cells with enhanced anti-tumor immunity (Medler et al., 2023). Interestingly, CD19 CAR T cells equipped with CD40L “licensed” splenic DCs and macrophages as well as DCs in celiac and portal lymph nodes (LNs) in an A20 lymphoma model (Kuhn et al., 2019). The CD40L + CD19 CAR T cell therapy enhanced IL-12 production by splenic DCs and increased effector functions of endogenous non-CAR T cells (Kuhn et al., 2019). Despite the independent role of CD40L on CD4 or CD8 T cells during their crosstalk with DCs, a recent study from Schietinger’s group revealed a complex crosstalk mechanism among CD4+ T cells, CD8+ T cells, and DCs within the solid tumor microenvironment (Espinosa-Carrasco et al., 2023). The tricellular complex (i.e., triad) formed among CD4+ and CD8+ T cells and intratumoral DCs was demonstrated to promote functional reprogramming of adoptive transferred CD8 T cells, preventing or reversing exhaustion. The triad formation was found to be the most effective predictive marker of responses to immune checkpoint blockade (ICB) in mesothelioma (Espinosa-Carrasco et al., 2023).
Likewise, Tregs crosstalk with DCs in the periphery using both MHC-dependent or -independent mechanisms (Figure 1). Tregs have constitutive expression of CTLA4 which have higher affinity toward CD80/CD86 and tend to cluster around DCs (Maldonado and Andrian, 2010; Hasegawa and Matsumoto, 2018). Upon conjugation with DCs, Tregs sequester CD80/CD86 via CTLA4 molecules and deplete the complex from the DC surface, potentially by trogocytosis (Tekguc et al., 2021). Furthermore, Tregs constitutively express CD25 a high-affinity receptor subunit of IL-2 (Rudensky, 2011), making them highly efficient in consuming surrounding IL-2 molecules (Létourneau et al., 2009). In addition, Tregs-derived cytokines such as TGF-β and IL-10 suppress the maturation of DCs (Taylor et al., 2006). Collectively, these mechanisms make Tregs highly efficient in tolerizing DCs and preventing DCs from priming conventional T cells.
2.4 The spacing requirement of productive DC-T cell crosstalk
The synapse is differentially spaced depending on the functional zone. Following recognition of the cognate pMHC on DCs by the TCR, adhesion molecules such as LFA-1 and co-signaling receptors such as CD28 often co-localize with TCR molecules at the immunological synapse (Dustin, 2014). The distance between DC and T cell membranes is found to be generally 25–55 nm (Leithner et al., 2021), and the shorter TCR-pMHC pair translates to a closer contact ∼15 nM (Dustin and Depoil, 2011). This close contact within the synapse excluded inhibitory proteins such as phosphatase CD45 and CD148, which have a large extracellular domain of ∼50 nm (Cordoba et al., 2013). Without the need of de novo upregulation of positive signals or downregulation of negative signals, the biophysical segregation of signaling proteins into distinct domains enables local concentration of signaling molecules, favoring TCR activation in a highly precise and rapid manner. Dustin and colleagues dissected the impact of differential spacing on T cell activation by using CD45 or CD148 with truncated extracellular domains and observed diminished to complete abolishment of T cell activation, likely due to insufficient exclusion of the phosphatase activities of CD45 or CD148 (Cordoba et al., 2013). Inspired by the genetic approaches to modulate intermembrane spacing by altering the length of pMHC and other membrane proteins (James and Vale, 2012), Du et al. leveraged highly programmable DNA molecules to create membrane-anchored DNA nanojunctions. These DNA nanojunctions are capable of extending to desired sizes, maintaining or shortening the DC-T-cell interface down to as low as 10 nm, which enhances T cell activation (Du et al., 2023) and further supports the role of intermembrane spacing in the regulation of T cell activation by DCs.
Unlike the well-organized SMAC structure found in the immune synapse formed from the natural interaction between the TCR and pMHC, the synapse created when a CAR interacts with its target is a more disorganized, punctate-like structure. Yet, the same spacing requirement applies to CAR T cell activation. Increasing the length of the hinge in a CAR leads to less exclusion of CD45, reduced phosphorylation of CD3ζ and Erk, and consequently, lower cytokine production and T cell activation (Xiao et al., 2022). As a result, the antitumor efficacy is significantly reduced when the CAR possesses an extended hinge (Xiao et al., 2022).
3 MODULATING DC-T CELL CROSSTALK FOR THERAPEUTIC DEVELOPMENT
3.1 Customize the DC-T cell crosstalk via vaccination
Vaccines, from conventional attenuated vaccines to subunit vaccines and the most advanced nucleic acid-based vaccines (Figure 1), stand as a cornerstone in public health, aiming at disease prevention and control (Rémy et al., 2015; Pardi et al., 2018; Heidary et al., 2022). Vaccination is a classic and widely used tool to modulate DC crosstalk with other effector immune cells such as T and B cells and prime these against foreign antigens (Clem, 2011). Vaccines are usually formulated with an antigen and an immune-stimulating molecule, termed adjuvant (Facciolà et al., 2022). The traditional adjuvant alum selectively triggers a Th2 response and is inclined to more efficiently elicit a humoral response during vaccination (HogenEsch, 2013). Peptide or nucleic acid vaccines that are well-designed and combined with an effective adjuvant promoting Th1 responses can more effectively induce the preferred type of cellular immunity (Korsholm et al., 2010; Rapaka et al., 2021).
To enable efficient vaccine delivery to the LNs, vaccines are often developed in form of nanoparticles (NPs), LN-targeting polymers, or DC-directed antibody-antigen conjugates (Figure 1) (Macri et al., 2016; Irvine et al., 2020). After encountering vaccine antigens and adjuvants, DCs become activated and process the vaccine antigen intracellularly into small peptides of defined lengths which, subsequently, are complexed with MHC class I and MHC class II (Wieczorek et al., 2017). Hereafter, pMHCs are transported to the DC surface to elicit antigen-specific T cell responses via pMHC-TCR interaction, the key axis of DC-T cell crosstalk (Hivroz et al., 2012). Of note, both cDC1 and cDC2 can present exogenous antigens in complex with MHCII to prime CD4 T helper cells (Ferris et al., 2020; Cabeza-Cabrerizo et al., 2021). However, only cDC1 cells have the distinct ability, known as cross-presentation (Joffre et al., 2012), which enables antigen escape from the endosome into the cytoplasm for proteasome processing. This process allows peptide transportation into the endoplasmic reticulum for complexing with MHCI, leading to the priming of antigen-specific cytotoxic CD8 T cells (Embgenbroich and Burgdorf, 2018). This unique cross-presentation property is intrinsic to cDC1 cells, largely owing to their high-level expression of MHCI pathway genes (e.g., TAP1, TAP2, calreticulin) (Dudziak et al., 2007).
In contrast to traditional vaccines, ex vivo engineering of DCs optimizes their crosstalk with T cells, offering another promising alternative to prime T cell responses. Immature DCs exhibit a pronounced phagocytic ability, which decreases upon maturation (Kim and Kim, 2019). This characteristic enables ex vivo loading of antigens onto patient-derived DCs and reinfusion of these cells as cell-based vaccines (Tacken et al., 2007). The FDA-approved Provenge, composed of GM-CSF and prostatic acid phosphatase (PAP) fusion protein, exemplifies this approach (Cheever and Higano, 2011). For vaccine preparation, monocytes were differentiated into immature DCs (moDCs), matured with pro-inflammatory cytokines, and loaded with antigens through electroporation, viruses, or peptide incubation (Santos and Butterfield, 2018). The effectiveness of DC vaccines varies with maturation and antigen-loading methods (Santos and Butterfield, 2018). Autologous moDCs electroporated with TriMixDC-MEL mRNA (encoding TLR4, CD40L, CD70) show rapid maturation and antitumor activity in a Phase-II study in patients with pretreated advanced melanoma (Wilgenhof et al., 2016). Equadrito et al. developed a chimeric extracellular vesicle (EV)-internalizing receptor (EVIR) technology to enhance DC’s ability to capture cancer-derived extracellular vesicles (Squadrito et al., 2018). EVIR-expressing DCs efficiently deposited OVA+MC38 tumor-derived EVs on their surface via cross-dressing and enhanced priming of SIINFEKL-specific OT1 CD8 T cells (Squadrito et al., 2018). In addition, genetically introducing chemokine receptor-7 gene (CCR7) into DCs with a RGD fiber-mutant adenovirus vector (AdRGD) endowed DCs with improved capacity of migrating into regional lymphoid tissues. Upon intradermal injection in mice, these CCR7/DCs accumulate in draining lymph nodes approximately 5.5 times more efficiently than control DCs (Okada et al., 2005). A preclinical study (Yang et al., 2006) and a phase I clinical trial (Lee et al., 2017) of in situ administrated DCs, which were genetically modified to overexpress CCL21 (CCL21-DC), demonstrated increased tumor antigen presentation, leading to systemic antitumor immunity.
3.2 CAR-T vaccines: an MHC-independent approach crosstalk
Although conventional vaccines and immunotherapies rely on the presentation of antigens by MHC molecules to initiate an immune response, MHC-independent vaccines make it possible to boost engineered T cells, like CAR T cells, in the context of adoptive cell therapy. A CAR T-boosting amphiphile vaccine (amph-vax) was created by conjugating the cognate ligand of the CAR to an albumin-binding lipid polymer (Ma et al., 2019). Following parenteral injection, the amph-vax molecules “hitchhike” serum albumin and are concentrated in the draining LNs where the vaccine takes effect (Liu et al., 2014). Upon arrival, amph-vax molecules directly incorporate into the APC membrane and are subsequently presented to CAR T cells together with co-stimulatory and supporting cytokines, leading to marked enhancement of CAR T expansion, polyfunctionality, memory development, tumor infiltration, and anti-tumor efficacy (Ma et al., 2019). This CAR-dependent vaccination approach represents a novel paradigm for engineering DC-T cell crosstalk, independent of MHCs. In a subsequent study, Ma and colleagues demonstrate the capacity of the vaccine-boosted CAR T cells to crosstalk with the host immune system to effectively reject tumors with antigen heterogeneity (Ma et al., 2023a). Amph-vax boosting of CAR T cells trigger potent priming of endogenous anti-tumor T cells via a process known as antigen spreading which is critically dependent on CAR T cell-derived IFN-γ. Amph-vax augmented CAR T cell therapy effectively shrinks malignant brain tumors that have up to 20% antigen-negative tumor cells, offering a clinically applicable approach for treating solid tumors with pre-existing antigen heterogeneity.
A similar vaccination approach was developed using lipoplexes to deliver modified mRNA molecules (RNA-LPX) encoding the cognate CAR ligand (Reinhard et al., 2020). Using a CAR targeting claudin 6 (CLDN6), a tight junction protein, as a model, Sahin and colleagues demonstrate that intravenous administration of CLDN6 RNA-LPX can efficiently transfect APCs in the spleen and amplify adoptively transferred CLDN6 CAR T cells in both NSG mice and immunocompetent mice (Reinhard et al., 2020), resulting in marked control of CLDN6-expressing tumor progression. Notably, CLDN6 RNA-LPX showed some promises in boosting CLDN6-directed CAR T cells without overt toxicity in a recent phase 1 clinical trial (Mackensen et al., 2023), highlighting the potential of combining vaccines and CAR T cell therapy against solid tumors.
3.3 Modulating DC-T cell crosstalk with DC-mimics
Motivated by the natural DC-T cell crosstalk mechanisms, NPs and biomaterials have been engineered to mimic the functions of DCs (DC-mimics) and create synthetic crosstalk with T cells for therapeutic applications. DC-mimic therapy holds huge potential in various medical applications, including vaccination, cancer immunotherapy, and the treatment of autoimmune diseases, by effectively directing the immune system’s response in a controlled manner. We discuss examples from a few major categories of DC-mimics, including membrane-coated NPs, DC-derived nanovesicles and DC-mimicking polymers (Figure 1).
NPs coated with DC-derived membranes (MCNPs) have gained significant attention due to their ability to effectively preserve surface markers and functional proteins from DCs (Liu et al., 2019; Cao et al., 2023; Mackensen et al., 2023). MNCPs manufactured with cell membranes from DCs in BALB/C mice were shown to efficiently trigger activation and proliferation of CD4 T cells from C57BL/6 mice, which was not observed with MCNPs generated using a syngeneic C57BL/6 DC membrane (Li et al., 2023). Coating poly (lactic-co-glycolic acid) (PLGA)-NPs with membranes from BMDCs pretreated with murine ID8 ovarian tumor cell lysate demonstrated enhanced capability of activating T cells both in vitro and in vivo in mice bearing ID8 ovarian cancer (Cheng et al., 2020). An activated mature dendritic cell membrane (aDCM)-coated nanoplatform with rapamycin (RAPA)-loaded poly (lactic-glycolic acid), named aDCM@PLGA/RAPA, efficiently crossed the blood-brain barrier (BBB) and promoted the activation of tumor-infiltrating T cells and NK cells against glioma in situ (Ma et al., 2023b). Recently, MCNPs with modularity were developed using membranes from genetically modified DCs (Krishnan et al., 2023). Membranes engineered to express SpyCatcher quickly create a covalent bond with a ligand that carries a SpyTag. This method allows for the customization of cell membranes with particular ligands, receptors, and signaling molecules, thereby granting NPs improved abilities for targeting, modulating the immune system, and homing to specific tissues (Krishnan et al., 2023). Instead of solely relying on natural DC membrane proteins, an orthogonal bioreactive azide group can be metabolically added onto the membrane glycoporteins for further modification of the DC membrane (Xiao et al., 2021). Imiquimod-loaded and azide-DC membrane coated NPs can be readily modified with anti-CD3ε antibody via click chemistry. These NPs exhibited enhanced distribution in LNs to effective stimulated T cells and LN-resident APCs (Xiao et al., 2021). Similarly, biomimetic magnetosomes with dual functions, created by coating magnetic nanoclusters with azide-engineered leukocyte membranes and then decorating them with T-cell stimuli through click chemistry, not only enhance antigen-specific cytotoxic T-cell (CTL) expansion but also direct CTL infiltration into tumors using magnetic resonance imaging and magnetic control (Zhang et al., 2017). Nanovesicles (NVs) such as exosomes derived from antigen-loaded DCs are also an efficient platform to recreate synthetic DC-T cell crosstalk given their retention of MHC-antigen complexes and co-stimulating molecules that are required for stimulating T cells. Exosomes derived from DCs pulsed with tumor antigens (tDC-Exo) induce the activation of tumor-reactive endogenous T cells, leading to improved therapy against solid tumors (Fan et al., 2022). Another example is the recently developed ASPIRE (antigen self-presentation and immunosuppression reversal) NV platform (Liu et al., 2022). ASPIRE NVs are derived from recombinant adenovirus-infected dendritic cells that simultaneously present antigen-specific pMHCIs, anti-PD1 antibodies, and B7 costimulatory molecules. ASPIRE NVs significantly enhance antigen delivery to lymphoid organs, promoting a broad-spectrum T-cell response capable of eradicating established tumors (Liu et al., 2022).
In addition to NPs or NVs bearing DC membranes, engineered NPs or polymers carrying DC-related ligands represent another approach to bridge synthetic DC-T cell crosstalk. These biomaterials were designed to mimic the interactions between DCs and T cells by incorporating well-defined ligands. A range of bioactive materials is presently under development to enhance the ex vivo expansion of T cells for adoptive T cell immunotherapy, commonly referred to as artificial antigen-presenting cells (aAPCs) (Eggermont et al., 2014; Wauters et al., 2022; Kang et al., 2023). These aAPCs have been instrumental in improving the ex vivo manufacturing of engineered T cells. Examples include conventional dynabeads decorated with anti-CD3 and anti-CD28/41BB antibodies (Eggermont et al., 2014), biocompatible dendritic poly (N-isopropylacrylamide) (PNIPAM) microspheres with surface morphology that mimics natural DCs (Yang et al., 2023), or a recently engineered nanosized immunofilament presenting anti-CD3/pMHC, CD28, and IL-2 (Weiss et al., 2023). Furthermore, NPs can be engineered to mimic the immunoregulatory function of DCs for the treatment of autoimmune diseases. Santamaria and colleagues modified iron oxide NPs with type 1 diabetes (T1D)-specific pMHCs (Tsai et al., 2010). They found that administering these pMHC-NPs into wild-type mice and humanized non-obese diabetic mice can convert naive low-avidity autoreactive CD8+ T cells into memory-like autoregulatory T cells that effectively prevent the onset of T1D and restore normoglycemia in diabetic animals (Tsai et al., 2010). Additionally, they note that the induction of autoregulatory T cells is strongly dependent on the density of pMHCs (Singha et al., 2017).
4 CONCLUSION AND FUTURE PERSPECTIVES
The Crosstalk between DCs and T cells are central to the establishment of protective immunity or maintaining immune homeostasis. Ample research has revealed the critical signaling molecules, downstream pathways and unique biophysical features involved in the DC-T cell crosstalk. In this review article, we not only covered the natural crosstalk mechanisms between DCs and T cells but also discussed classical and advanced engineering approaches that leveraged these crosstalk mechanisms for tailoring T cell responses for therapeutic interventions.
The comprehensive understanding of DC-T cell crosstalk from decades’ work offers a perfect test ground for modulating T cell responses by indirectly targeting DCs. A myriad of technologies including biomaterials, NPs and genetically engineered immune cells, have been developed to modulate DC-T cell crosstalk to achieve temporospatial regulation. These were exemplified by novel vaccines with preferential lymphoid organ homing ability and various DC-mimics simulating the characteristics of defined DC subsets. In addition to targeting DCs in the lymphoid organs, the recent discovery of complex crosstalk between intratumoral DCs and both CD4 and CD8 T cells during effective immunotherapy highlighted the need for targeted modulation of the DC-T cell crosstalk within the tumor microenvironment in order to achieve superior therapeutic responses. Furthermore, biomaterials such as synthetic vaccines designed to bridge genetically engineered CAR T cells with lymph node-resident DCs offer a possibility to integrate powerful genetic engineering approaches which further tailor DC-T cell crosstalk for desired therapeutic applications. Finally, given that immune cells interact within a highly intricate network, strategies that target the crosstalk between DCs and T cells in the lymph node are likely to affect the wider immune system via signals from cytokines and chemokines. The development of effective immunotherapies is leveraging both technological advancements and a deeper comprehension of the crosstalk mechanisms between DCs and T cells. These investigations have the potential to pioneer novel avenues in immunotherapy research.
AUTHOR CONTRIBUTIONS
SS: Writing–original draft, Writing–review and editing. KC: Writing–original draft. LM: Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported in part by the Cell and Gene Therapy Collaborative at CHOP, NIAID New Innovators Award [1DP2AI164319-01], the Institute for Translational Medicine and Therapeutics of the Perelman School of Medicine at the University of Pennsylvania, the Mesothelioma Applied Research Foundation award, and Melanoma Research Alliance-Young Investigator Award.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alarcón, B., Mestre, D., and Martínez-Martín, N. (2011). The immunological synapse: a cause or consequence of T-cell receptor triggering?Immunology 133, 420–425. doi:10.1111/j.1365-2567.2011.03458.x
 Alegre, M.-L., Frauwirth, K. A., and Thompson, C. B. (2001). T-cell regulation by CD28 and CTLA-4. Nat. Rev. Immunol. 1, 220–228. doi:10.1038/35105024
 Baker, D. J., Arany, Z., Baur, J. A., Epstein, J. A., and June, C. H. (2023). CAR T therapy beyond cancer: the evolution of a living drug. Nature 619, 707–715. doi:10.1038/s41586-023-06243-w
 Blanco, P., Palucka, A. K., Pascual, V., and Banchereau, J. (2008). Dendritic cells and cytokines in human inflammatory and autoimmune diseases. Cytokine Growth Factor Rev. 19, 41–52. doi:10.1016/j.cytogfr.2007.10.004
 Blum, J. S., Wearsch, P. A., and Cresswell, P. (2013). Pathways of antigen processing. Annu. Rev. Immunol. 31, 443–473. doi:10.1146/annurev-immunol-032712-095910
 Cabeza-Cabrerizo, M., Cardoso, A., Minutti, C. M., Costa, M. P. da, and Sousa, C. R. e. (2021). Dendritic cells revisited. Annu. Rev. Immunol. 39, 131–166. doi:10.1146/annurev-immunol-061020-053707
 Campillo-Davo, D., Flumens, D., and Lion, E. (2020). The quest for the best: how TCR affinity, avidity, and functional avidity affect TCR-engineered T-cell antitumor responses. Cells 9, 1720. doi:10.3390/cells9071720
 Cao, Y., Long, J., Sun, H., Miao, Y., Sang, Y., Lu, H., et al. (2023). Dendritic cell-mimicking nanoparticles promote mRNA delivery to lymphoid organs. Adv. Sci. 10, 2302423. doi:10.1002/advs.202302423
 Cheever, M. A., and Higano, C. S. (2011). PROVENGE (Sipuleucel-T) in prostate cancer: the first FDA-approved therapeutic cancer vaccine. Clin. Cancer Res. 17, 3520–3526. doi:10.1158/1078-0432.ccr-10-3126
 Chen, L., and Flies, D. B. (2013). Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol. 13, 227–242. doi:10.1038/nri3405
 Chen, Z., O’Shaughnessy, M. J., Gramaglia, I., Panoskaltsis-Mortari, A., Murphy, W. J., Narula, S., et al. (2003). IL-10 and TGF-beta induce alloreactive CD4+CD25- T cells to acquire regulatory cell function. Blood 101, 5076–5083. doi:10.1182/blood-2002-09-2798
 Cheng, S., Xu, C., Jin, Y., Li, Y., Zhong, C., Ma, J., et al. (2020). Artificial mini dendritic cells boost T cell–based immunotherapy for ovarian cancer. Adv. Sci. 7, 1903301. doi:10.1002/advs.201903301
 Clem, A. S. (2011). Fundamentals of vaccine Immunology. J. Glob. Infect. Dis. 3, 73–78. doi:10.4103/0974-777x.77299
 Cordoba, S.-P., Choudhuri, K., Zhang, H., Bridge, M., Basat, A. B., Dustin, M. L., et al. (2013). The large ectodomains of CD45 and CD148 regulate their segregation from and inhibition of ligated T-cell receptor. Blood 121, 4295–4302. doi:10.1182/blood-2012-07-442251
 Curtsinger, J. M., and Mescher, M. F. (2010). Inflammatory cytokines as a third signal for T cell activation. Curr. Opin. Immunol. 22, 333–340. doi:10.1016/j.coi.2010.02.013
 Dalod, M., Chelbi, R., Malissen, B., and Lawrence, T. (2014). Dendritic cell maturation: functional specialization through signaling specificity and transcriptional programming. EMBO J. 33, 1104–1116. doi:10.1002/embj.201488027
 Dong, C. (2021). Cytokine regulation and function in T cells. Annu. Rev. Immunol. 39, 51–76. doi:10.1146/annurev-immunol-061020-053702
 Du, Y., Qiu, L., and Tan, W. (2023). DNA nanostructure-programmed intermembrane spacing to modulate T-cell immunity. Clin. Transl. Med. 13, e1379. doi:10.1002/ctm2.1379
 Dudziak, D., Kamphorst, A. O., Heidkamp, G. F., Buchholz, V. R., Trumpfheller, C., Yamazaki, S., et al. (2007). Differential antigen processing by dendritic cell subsets in vivo. Science 315, 107–111. doi:10.1126/science.1136080
 DuPage, M., and Bluestone, J. A. (2016). Harnessing the plasticity of CD4+ T cells to treat immune-mediated disease. Nat. Rev. Immunol. 16, 149–163. doi:10.1038/nri.2015.18
 Dustin, M. L. (2014). The immunological synapse. Cancer Immunol. Res. 2, 1023–1033. doi:10.1158/2326-6066.cir-14-0161
 Dustin, M. L., and Depoil, D. (2011). New insights into the T cell synapse from single molecule techniques. Nat. Rev. Immunol. 11, 672–684. doi:10.1038/nri3066
 Eggermont, L. J., Paulis, L. E., Tel, J., and Figdor, C. G. (2014). Towards efficient cancer immunotherapy: advances in developing artificial antigen-presenting cells. Trends Biotechnol. 32, 456–465. doi:10.1016/j.tibtech.2014.06.007
 Elgueta, R., Benson, M. J., Vries, V. C. D., Wasiuk, A., Guo, Y., and Noelle, R. J. (2009). Molecular mechanism and function of CD40/CD40L engagement in the immune system. Immunol. Rev. 229, 152–172. doi:10.1111/j.1600-065x.2009.00782.x
 Embgenbroich, M., and Burgdorf, S. (2018). Current concepts of antigen cross-presentation. Front. Immunol. 9, 1643. doi:10.3389/fimmu.2018.01643
 Esensten, J. H., Helou, Y. A., Chopra, G., Weiss, A., and Bluestone, J. A. (2016). CD28 costimulation: from mechanism to therapy. Immunity 44, 973–988. doi:10.1016/j.immuni.2016.04.020
 Espinosa-Carrasco, G., Scrivo, A., Zumbo, P., Dave, A., Betel, D., Hellmann, M., et al. (2023). Intratumoral immune triads are required for adoptive T cell therapy-mediated elimination of solid tumors. bioRxiv 2023, 547423. doi:10.1101/2023.07.03.547423
 Facciolà, A., Visalli, G., Laganà, A., and Pietro, A. D. (2022). An overview of vaccine adjuvants: current evidence and future perspectives. Vaccines 10, 819. doi:10.3390/vaccines10050819
 Fan, M., Liu, H., Yan, H., Che, R., Jin, Y., Yang, X., et al. (2022). A CAR T-inspiring platform based on antibody-engineered exosomes from antigen-feeding dendritic cells for precise solid tumor therapy. Biomaterials 282, 121424. doi:10.1016/j.biomaterials.2022.121424
 Ferris, S. T., Durai, V., Wu, R., Theisen, D. J., Ward, J. P., Bern, M. D., et al. (2020). cDC1 prime and are licensed by CD4+ T cells to induce anti-tumour immunity. Nature 584, 624–629. doi:10.1038/s41586-020-2611-3
 Frauwirth, K. A., and Thompson, C. B. (2002). Activation and inhibition of lymphocytes by costimulation. J. Clin. Investig. 109, 295–299. doi:10.1172/jci14941
 Frentsch, M., Stark, R., Matzmohr, N., Meier, S., Durlanik, S., Schulz, A. R., et al. (2013). CD40L expression permits CD8+ T cells to execute immunologic helper functions. Blood 122, 405–412. doi:10.1182/blood-2013-02-483586
 Fucikova, J., Palova-Jelinkova, L., Bartunkova, J., and Spisek, R. (2019). Induction of tolerance and immunity by dendritic cells: mechanisms and clinical applications. Front. Immunol. 10, 2393. doi:10.3389/fimmu.2019.02393
 Granucci, F., Vizzardelli, C., Pavelka, N., Feau, S., Persico, M., Virzi, E., et al. (2001). Inducible IL-2 production by dendritic cells revealed by global gene expression analysis. Nat. Immunol. 2, 882–888. doi:10.1038/ni0901-882
 Hasegawa, H., and Matsumoto, T. (2018). Mechanisms of tolerance induction by dendritic cells in vivo. Front. Immunol. 9, 350. doi:10.3389/fimmu.2018.00350
 Heidary, M., Kaviar, V. H., Shirani, M., Ghanavati, R., Motahar, M., Sholeh, M., et al. (2022). A comprehensive review of the protein subunit vaccines against COVID-19. Front. Microbiol. 13, 927306. doi:10.3389/fmicb.2022.927306
 Hilligan, K. L., and Ronchese, F. (2020). Antigen presentation by dendritic cells and their instruction of CD4+ T helper cell responses. Cell. Mol. Immunol. 17, 587–599. doi:10.1038/s41423-020-0465-0
 Hivroz, C., Chemin, K., Tourret, M., and Bohineust, A. (2012). Crosstalk between T Lymphocytes and dendritic cells. Crit. Rev. Immunol. 32, 139–155. doi:10.1615/critrevimmunol.v32.i2.30
 HogenEsch, H. (2013). Mechanism of immunopotentiation and safety of aluminum adjuvants. Front. Immunol. 3, 406. doi:10.3389/fimmu.2012.00406
 Irvine, D. J., Aung, A., and Silva, M. (2020). Controlling timing and location in vaccines. Adv. Drug Deliv. Rev. 158, 91–115. doi:10.1016/j.addr.2020.06.019
 James, J. R., and Vale, R. D. (2012). Biophysical mechanism of T-cell receptor triggering in a reconstituted system. Nature 487, 64–69. doi:10.1038/nature11220
 Joffre, O. P., Segura, E., Savina, A., and Amigorena, S. (2012). Cross-presentation by dendritic cells. Nat. Rev. Immunol. 12, 557–569. doi:10.1038/nri3254
 Kang, S.-S., Isser, A., and Schneck, J. P. (2023). Using nanoparticles as artificial antigen presenting cells to mobilize CD4 T cells for immunotherapy. J. Immunol. 210 (250), 250.12. doi:10.4049/jimmunol.210.supp.250.12
 Kim, M. K., and Kim, J. (2019). Properties of immature and mature dendritic cells: phenotype, morphology, phagocytosis, and migration. RSC Adv. 9, 11230–11238. doi:10.1039/c9ra00818g
 Korsholm, K. S., Petersen, R. V., Agger, E. M., and Andersen, P. (2010). T-helper 1 and T-helper 2 adjuvants induce distinct differences in the magnitude, quality and kinetics of the early inflammatory response at the site of injection. Immunology 129, 75–86. doi:10.1111/j.1365-2567.2009.03164.x
 Krishnan, N., Jiang, Y., Zhou, J., Mohapatra, A., Peng, F.-X., Duan, Y., et al. (2023). A modular approach to enhancing cell membrane-coated nanoparticle functionality using genetic engineering. Nat. Nanotechnol. 19, 345–353. doi:10.1038/s41565-023-01533-w
 Kuhn, N. F., Purdon, T. J., Leeuwen, D. G. van, Lopez, A. V., Curran, K. J., Daniyan, A. F., et al. (2019). CD40 ligand-modified chimeric antigen receptor T cells enhance antitumor function by eliciting an endogenous antitumor response. Cancer Cell. 35, 473–488.e6. doi:10.1016/j.ccell.2019.02.006
 Kumar, R., Ferez, M., Swamy, M., Arechaga, I., Rejas, M. T., Valpuesta, J. M., et al. (2011). Increased sensitivity of antigen-experienced T cells through the enrichment of oligomeric T cell receptor complexes. Immunity 35, 375–387. doi:10.1016/j.immuni.2011.08.010
 Labanieh, L., and Mackall, C. L. (2022). CAR immune cells: design principles, resistance and the next generation. Nature 614, 635–648. doi:10.1038/s41586-023-05707-3
 Lafaille, M. A. C. de, and Lafaille, J. J. (2009). Natural and adaptive Foxp3+ regulatory T cells: more of the same or a division of labor?Immunity 30, 626–635. doi:10.1016/j.immuni.2009.05.002
 Laugel, B., Berg, H. A. van den, Gostick, E., Cole, D. K., Wooldridge, L., Boulter, J., et al. (2007). Different T cell receptor affinity thresholds and CD8 coreceptor dependence govern cytotoxic T lymphocyte activation and tetramer binding properties. J. Biol. Chem. 282, 23799–23810. doi:10.1074/jbc.m700976200
 Lee, J. M., Lee, M.-H., Garon, E., Goldman, J. W., Salehi-Rad, R., Baratelli, F. E., et al. (2017). Phase I trial of intratumoral injection of CCL21 gene–modified dendritic cells in lung cancer elicits tumor-specific immune responses and CD8+ T-cell infiltration. Clin. Cancer Res. 23, 4556–4568. doi:10.1158/1078-0432.ccr-16-2821
 Leithner, A., Altenburger, L. M., Hauschild, R., Assen, F. P., Rottner, K., Stradal, T. E. B., et al. (2021). Dendritic cell actin dynamics control contact duration and priming efficiency at the immunological synapse. J. Cell. Biol. 220, e202006081. doi:10.1083/jcb.202006081
 Létourneau, S., Krieg, C., Pantaleo, G., and Boyman, O. (2009). IL-2– and CD25-dependent immunoregulatory mechanisms in the homeostasis of T-cell subsets. J. Allergy Clin. Immunol. 123, 758–762. doi:10.1016/j.jaci.2009.02.011
 Li, F., Li, F., Urie, R., Bealer, E., Ruiz, R. O., Saito, E., et al. (2023). Membrane-coated nanoparticles for direct recognition by T cells. Biotechnol. Bioeng. 120, 767–777. doi:10.1002/bit.28304
 Li, M. O., and Rudensky, A. Y. (2016). T cell receptor signalling in the control of regulatory T cell differentiation and function. Nat. Rev. Immunol. 16, 220–233. doi:10.1038/nri.2016.26
 Liu, C., Liu, X., Xiang, X., Pang, X., Chen, S., Zhang, Y., et al. (2022). A nanovaccine for antigen self-presentation and immunosuppression reversal as a personalized cancer immunotherapy strategy. Nat. Nanotechnol. 17, 531–540. doi:10.1038/s41565-022-01098-0
 Liu, H., Moynihan, K. D., Zheng, Y., Szeto, G. L., Li, A. V., Huang, B., et al. (2014). Structure-based programming of lymph-node targeting in molecular vaccines. Nature 507, 519–522. doi:10.1038/nature12978
 Liu, Q., Sun, Z., and Chen, L. (2020). Memory T cells: strategies for optimizing tumor immunotherapy. Protein Cell. 11, 549–564. doi:10.1007/s13238-020-00707-9
 Liu, W.-L., Zou, M.-Z., Liu, T., Zeng, J.-Y., Li, X., Yu, W.-Y., et al. (2019). Cytomembrane nanovaccines show therapeutic effects by mimicking tumor cells and antigen presenting cells. Nat. Commun. 10, 3199. doi:10.1038/s41467-019-11157-1
 Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4⁺T cells: differentiation and functions. Clin. Dev. Immunol. 2012, 925135. doi:10.1155/2012/925135
 Ma, D. Y., and Clark, E. A. (2009). The role of CD40 and CD154/CD40L in dendritic cells. Semin. Immunol. 21, 265–272. doi:10.1016/j.smim.2009.05.010
 Ma, L., Dichwalkar, T., Chang, J. Y. H., Cossette, B., Garafola, D., Zhang, A. Q., et al. (2019). Enhanced CAR–T cell activity against solid tumors by vaccine boosting through the chimeric receptor. Science 365, 162–168. doi:10.1126/science.aav8692
 Ma, L., Hostetler, A., Morgan, D. M., Maiorino, L., Sulkaj, I., Whittaker, C. A., et al. (2023a). Vaccine-boosted CAR T crosstalk with host immunity to reject tumors with antigen heterogeneity. Cell. 186, 3148–3165.e20. doi:10.1016/j.cell.2023.06.002
 Ma, X., Kuang, L., Yin, Y., Tang, L., Zhang, Y., Fan, Q., et al. (2023b). Tumor–antigen activated dendritic cell membrane-coated biomimetic nanoparticles with orchestrating immune responses promote therapeutic efficacy against glioma. ACS Nano 17, 2341–2355. doi:10.1021/acsnano.2c09033
 Mackensen, A., Haanen, J. B. A. G., Koenecke, C., Alsdorf, W., Wagner-Drouet, E., Borchmann, P., et al. (2023). CLDN6-specific CAR-T cells plus amplifying RNA vaccine in relapsed or refractory solid tumors: the phase 1 BNT211-01 trial. Nat. Med. 29, 2844–2853. doi:10.1038/s41591-023-02612-0
 Macri, C., Dumont, C., Johnston, A. P., and Mintern, J. D. (2016). Targeting dendritic cells: a promising strategy to improve vaccine effectiveness. Clin. Transl. Immunol. 5, e66. doi:10.1038/cti.2016.6
 Maldonado, R. A., and Andrian, U. H. von (2010). How tolerogenic dendritic cells induce regulatory T cells. Adv. Immunol. 108, 111–165. doi:10.1016/b978-0-12-380995-7.00004-5
 Medler, T. R., Kramer, G., Bambina, S., Gunderson, A. J., Alice, A., Blair, T., et al. (2023). Tumor resident memory CD8 T cells and concomitant tumor immunity develop independently of CD4 help. Sci. Rep. 13, 6277. doi:10.1038/s41598-023-33508-1
 Mitra, A., Barua, A., Huang, L., Ganguly, S., Feng, Q., and He, B. (2023). From bench to bedside: the history and progress of CAR T cell therapy. Front. Immunol. 14, 1188049. doi:10.3389/fimmu.2023.1188049
 Mogensen, T. H. (2009). Pathogen recognition and inflammatory signaling in innate immune defenses. Clin. Microbiol. Rev. 22, 240–273. Table of Contents. doi:10.1128/cmr.00046-08
 Møller, S. H., Wang, L., and Ho, P.-C. (2022). Metabolic programming in dendritic cells tailors immune responses and homeostasis. Cell. Mol. Immunol. 19, 370–383. doi:10.1038/s41423-021-00753-1
 Neeser, A., Ramasubramanian, R., Wang, C., and Ma, L. (2023). Engineering enhanced chimeric antigen receptor-T cell therapy for solid tumors. Immuno-Oncol. Technol. 19, 100385. doi:10.1016/j.iotech.2023.100385
 Okada, N., Mori, N., Koretomo, R., Okada, Y., Nakayama, T., Yoshie, O., et al. (2005). Augmentation of the migratory ability of DC-based vaccine into regional lymph nodes by efficient CCR7 gene transduction. Gene Ther. 12, 129–139. doi:10.1038/sj.gt.3302358
 Pardi, N., Hogan, M. J., Porter, F. W., and Weissman, D. (2018). mRNA vaccines — a new era in vaccinology. Nat. Rev. Drug Discov. 17, 261–279. doi:10.1038/nrd.2017.243
 Platt, C. D., Ma, J. K., Chalouni, C., Ebersold, M., Bou-Reslan, H., Carano, R. A. D., et al. (2010). Mature dendritic cells use endocytic receptors to capture and present antigens. Proc. Natl. Acad. Sci. 107, 4287–4292. doi:10.1073/pnas.0910609107
 Rapaka, R. R., Cross, A. S., and McArthur, M. A. (2021). Using adjuvants to drive T cell responses for next-generation infectious disease vaccines. Vaccines 9, 820. doi:10.3390/vaccines9080820
 Reinhard, K., Rengstl, B., Oehm, P., Michel, K., Billmeier, A., Hayduk, N., et al. (2020). An RNA vaccine drives expansion and efficacy of claudin-CAR-T cells against solid tumors. Science 367, 446–453. doi:10.1126/science.aay5967
 Rémy, V., Zöllner, Y., and Heckmann, U. (2015). Vaccination: the cornerstone of an efficient healthcare system. J. Mark. Access Heal. Polic. 3, 27041. doi:10.3402/jmahp.v3.27041
 Rescigno, M., and Sabatino, A. D. (2009). Dendritic cells in intestinal homeostasis and disease. J. Clin. Investig. 119, 2441–2450. doi:10.1172/jci39134
 Roh, K.-H., Lillemeier, B. F., Wang, F., and Davis, M. M. (2015). The coreceptor CD4 is expressed in distinct nanoclusters and does not colocalize with T-cell receptor and active protein tyrosine kinase p56lck. Proc. Natl. Acad. Sci. 112, E1604–E1613. doi:10.1073/pnas.1503532112
 Ross, S. H., and Cantrell, D. A. (2018). Signaling and function of interleukin-2 in T lymphocytes. Annu. Rev. Immunol. 36, 411–433. doi:10.1146/annurev-immunol-042617-053352
 Rudensky, A. Y. (2011). Regulatory T cells and Foxp3. Immunol. Rev. 241, 260–268. doi:10.1111/j.1600-065x.2011.01018.x
 Santos, P. M., and Butterfield, L. H. (2018). Dendritic cell–based cancer vaccines. J. Immunol. 200, 443–449. doi:10.4049/jimmunol.1701024
 Schmitt, E. G., and Williams, C. B. (2013). Generation and function of induced regulatory T cells. Front. Immunol. 4, 152. doi:10.3389/fimmu.2013.00152
 Sharpe, A. H., and Freeman, G. J. (2002). The B7–CD28 superfamily. Nat. Rev. Immunol. 2, 116–126. doi:10.1038/nri727
 Sigmundsdottir, H., and Butcher, E. C. (2008). Environmental cues, dendritic cells and the programming of tissue-selective lymphocyte trafficking. Nat. Immunol. 9, 981–987. doi:10.1038/ni.f.208
 Singha, S., Shao, K., Yang, Y., Clemente-Casares, X., Solé, P., Clemente, A., et al. (2017). Peptide–MHC-based nanomedicines for autoimmunity function as T-cell receptor microclustering devices. Nat. Nanotechnol. 12, 701–710. doi:10.1038/nnano.2017.56
 Snook, J. P., Kim, C., and Williams, M. A. (2018). TCR signal strength controls the differentiation of CD4+ effector and memory T cells. Sci. Immunol. 3, eaas9103. doi:10.1126/sciimmunol.aas9103
 Solouki, S., August, A., and Huang, W. (2019). TCR signal strength and antigen affinity independently modulate CD8+ memory T cell development. J. Immunol. 202, 189.11. doi:10.4049/jimmunol.202.supp.189.11
 Squadrito, M. L., Cianciaruso, C., Hansen, S. K., and Palma, M. D. (2018). EVIR: chimeric receptors that enhance dendritic cell cross-dressing with tumor antigens. Nat. methods 15, 183–186. doi:10.1038/nmeth.4579
 Tacken, P. J., Vries, I. J. M. de, Torensma, R., and Figdor, C. G. (2007). Dendritic-cell immunotherapy: from ex vivo loading to in vivo targeting. Nat. Rev. Immunol. 7, 790–802. doi:10.1038/nri2173
 Tay, N. Q., Lee, D. C. P., Chua, Y. L., Prabhu, N., Gascoigne, N. R. J., and Kemeny, D. M. (2017). CD40L expression allows CD8+ T cells to promote their own expansion and differentiation through dendritic cells. Front. Immunol. 8, 1484–1512. doi:10.3389/fimmu.2017.01484
 Taylor, A., Verhagen, J., Blaser, K., Akdis, M., and Akdis, C. A. (2006). Mechanisms of immune suppression by interleukin-10 and transforming growth factor-beta: the role of T regulatory cells. Immunology 117, 433–442. doi:10.1111/j.1365-2567.2006.02321.x
 Tekguc, M., Wing, J. B., Osaki, M., Long, J., and Sakaguchi, S. (2021). Treg-expressed CTLA-4 depletes CD80/CD86 by trogocytosis, releasing free PD-L1 on antigen-presenting cells. Proc. Natl. Acad. Sci. 118, e2023739118. doi:10.1073/pnas.2023739118
 Tsai, S., Shameli, A., Yamanouchi, J., Clemente-Casares, X., Wang, J., Serra, P., et al. (2010). Reversal of autoimmunity by boosting memory-like autoregulatory T cells. Immunity 32, 568–580. doi:10.1016/j.immuni.2010.03.015
 Wauters, A. C., Scheerstra, J. F., Vermeijlen, I. G., Hammink, R., Schluck, M., Woythe, L., et al. (2022). Artificial antigen-presenting cell topology dictates T cell activation. ACS Nano 16, 15072–15085. doi:10.1021/acsnano.2c06211
 Weiss, L., Weiden, J., Dolen, Y., Grad, E. M., Dinther, E. A. W. van, Schluck, M., et al. (2023). Direct in vivo activation of T cells with nanosized immunofilaments inhibits tumor growth and metastasis. ACS Nano 17, 12101–12117. doi:10.1021/acsnano.2c11884
 Wieczorek, M., Abualrous, E. T., Sticht, J., Álvaro-Benito, M., Stolzenberg, S., Noé, F., et al. (2017). Major histocompatibility complex (MHC) class I and MHC class II proteins: conformational plasticity in antigen presentation. Front. Immunol. 8, 292. doi:10.3389/fimmu.2017.00292
 Wilgenhof, S., Corthals, J., Heirman, C., Baren, N. van, Lucas, S., Kvistborg, P., et al. (2016). Phase II study of autologous monocyte-derived mRNA electroporated dendritic cells (TriMixDC-MEL) plus ipilimumab in patients with pretreated advanced melanoma. J. Clin. Oncol. 34, 1330–1338. doi:10.1200/jco.2015.63.4121
 Xiao, P., Wang, J., Zhao, Z., Liu, X., Sun, X., Wang, D., et al. (2021). Engineering nanoscale artificial antigen-presenting cells by metabolic dendritic cell labeling to potentiate cancer immunotherapy. Nano Lett. 21, 2094–2103. doi:10.1021/acs.nanolett.0c04783
 Xiao, Q., Zhang, X., Tu, L., Cao, J., Hinrichs, C. S., and Su, X. (2022). Size-dependent activation of CAR-T cells. Sci. Immunol. 7, eabl3995. doi:10.1126/sciimmunol.abl3995
 Yang, H., Sun, L., Chen, R., Xiong, Z., Yu, W., Liu, Z., et al. (2023). Biomimetic dendritic polymeric microspheres induce enhanced T cell activation and expansion for adoptive tumor immunotherapy. Biomaterials 296, 122048. doi:10.1016/j.biomaterials.2023.122048
 Yang, S.-C., Batra, R. K., Hillinger, S., Reckamp, K. L., Strieter, R. M., Dubinett, S. M., et al. (2006). Intrapulmonary administration of CCL21 gene-modified dendritic cells reduces tumor burden in spontaneous murine bronchoalveolar cell carcinoma. Cancer Res. 66, 3205–3213. doi:10.1158/0008-5472.can-05-3619
 Zammit, D. J., Cauley, L. S., Pham, Q.-M., and Lefrançois, L. (2005). Dendritic cells maximize the memory CD8 T cell response to infection. Immunity 22, 561–570. doi:10.1016/j.immuni.2005.03.005
 Zelante, T., Fric, J., Wong, A. Y. W., and Ricciardi-Castagnoli, P. (2012). Interleukin-2 production by dendritic cells and its immuno-regulatory functions. Front. Immunol. 3, 161. doi:10.3389/fimmu.2012.00161
 Zhang, N., and Bevan, M. J. (2011). CD8+ T cells: foot soldiers of the immune system. Immunity 35, 161–168. doi:10.1016/j.immuni.2011.07.010
 Zhang, Q., Wei, W., Wang, P., Zuo, L., Li, F., Xu, J., et al. (2017). Biomimetic magnetosomes as versatile artificial antigen-presenting cells to potentiate T-cell-based anticancer therapy. ACS Nano 11, 10724–10732. doi:10.1021/acsnano.7b04955
 Zhong, S., Malecek, K., Johnson, L. A., Yu, Z., Miera, E. V.-S. de, Darvishian, F., et al. (2013). T-cell receptor affinity and avidity defines antitumor response and autoimmunity in T-cell immunotherapy. Proc. Natl. Acad. Sci. 110, 6973–6978. doi:10.1073/pnas.1221609110
 Zhou, L., Ivanov, I. I., Spolski, R., Min, R., Shenderov, K., Egawa, T., et al. (2007). IL-6 programs TH-17 cell differentiation by promoting sequential engagement of the IL-21 and IL-23 pathways. Nat. Immunol. 8, 967–974. doi:10.1038/ni1488
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Schafer, Chen and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Crosstalking with dendritic cells: a path to engineer advanced T Cell immunotherapy		1 Introduction

		2 Natural DC-T cell crosstalk mechanisms		2.1 Antigen presentation and recognition

		2.2 Co-stimulatory, co-inhibitory signals and cytokines

		2.3 T cell modulation of DCs

		2.4 The spacing requirement of productive DC-T cell crosstalk





		3 Modulating DC-T cell crosstalk for therapeutic development		3.1 Customize the DC-T cell crosstalk via vaccination

		3.2 CAR-T vaccines: an MHC-independent approach crosstalk

		3.3 Modulating DC-T cell crosstalk with DC-mimics





		4 Conclusion and future perspectives

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Systems Biology






OPS/images/fsysb-04-1372995-g001.gif
DC Targeting
@ Amphiigand

B poymecce
R

A amibody

Immune Tolerance

e
A vonite
£

Treg cells









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers | Frontiers in Systems Biology





