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Immunotherapeutic strategies have shown promising results in the treatment of cancer. However, not all patients respond, and treatments can have severe side-effects. Adoptive cell therapy (ACT) has shown remarkable therapeutic efficacy across different leukaemia and lymphoma types. But the treatment of solid tumours remains a challenge due to limited persistence and tumour infiltration. We believe that biomaterial-based scaffolds are promising new tools and may address several of the challenges associated with cancer vaccination and ACT. In particular, biomaterial-based scaffold implants allow for controlled delivery of activating signals and/or functional T cells at specific sites. One of the main challenges for their application forms the host response against these scaffolds, which includes unwanted myeloid cell infiltration and the formation of a fibrotic capsule around the scaffold, thereby limiting cell traffic. In this review we provide an overview of several of the biomaterial-based scaffolds designed for cancer therapy to date. We will discuss the host responses observed and we will highlight design parameters that influence this response and their potential impact on therapeutic outcome.
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INTRODUCTION
Immunotherapy has dramatically changed the treatment of cancer by boosting and steering the anti-tumour immune response (Weber et al., 2020). One important immunotherapeutic strategy is cancer vaccination, which exploits antigen-presenting dendritic cells (DCs) with the aim to enhance the anti-tumour T cell response (Weiden et al., 2018; Weiden et al., 2021). The vaccines provide the DCs with tumour antigens and adjuvants to promote DC activation either by using ex vivo DC cultures or by systemic delivery of the activating signals (Sinha et al., 2019), which results in presentation of tumour antigens by DCs and stimulation of tumour-specific T cells. Cancer vaccines have however only provided minimal survival benefits (Lin et al., 2022), which is related to poor persistence of ex vivo cultured DCs in vivo, inadequate uptake of soluble signals by the DCs in vivo and toxicities related to systemic delivery (Sinha et al., 2019). Another promising immunotherapy recently approved by the US Food and Drug Administration is adoptive cell therapy (ACT) of tumour-infiltrating lymphocytes (TILs) or genetically engineered chimeric antigen receptor (CAR-) T cells (Labanieh et al., 2018). CAR-T cell therapy has shown remarkable therapeutic efficacy in the treatment of various B cell malignancies (Maude et al., 2014; Kochenderfer et al., 2015; Lee et al., 2015; Turtle et al., 2016; Zhao and Cao, 2019), but the treatment of solid tumours remains complicated (Sridhar and Petrocca, 2017). (CAR-)T cells are mainly delivered via intravenous administration, which complicates the treatment of solid tumours as the (CAR-)T cells encounter challenges in locating and infiltrating these tumours. To improve poor T cell persistence in vivo, patients are injected with high doses of cytokine IL-2, which by itself can induce systemic toxicities (Rosenberg, 2014; Weber et al., 2015; Jiang et al., 2016). Moreover, the immunosuppressive tumour microenvironment constrains local (CAR-)T cell expansion (Labanieh et al., 2018). To aid CAR-T cells in finding and infiltrating solid tumours and limit systemic toxicity, local delivery of CAR-T cells directly to the tumour tissue has been investigated (Sridhar and Petrocca, 2017) but a single bolus injection was not found to robustly support CAR-T cell persistence (Sridhar and Petrocca, 2017; Wang et al., 2020). This highlights the need for a delivery vehicle that ensures prolonged persistence of functional (CAR-) T cells to induce a proper anti-tumour immune response.
In recent years, biomaterial-based scaffolds have been designed for their use in tissue engineering and cell delivery. Additionally, scaffolds have been investigated for their role as synthetic immune niches for cancer immunotherapy (Weiden et al., 2018). These scaffolds constitute a 3D environment to locally control the anti-tumour immune response. Synthetic immune niches can be designed as 1) scaffold-based cancer vaccines or 2) to support adoptively transferred T cells (Figure 1). Scaffold-based cancer vaccines create a local immune niche where multiple immunomodulatory signals are provided for prolonged periods of time (Weiden et al., 2018). Moreover, the addition of chemo-attractants to the scaffold enables the recruitment of immune cells, mainly DCs, to the scaffold in vivo (Ali et al., 2009; Bencherif et al., 2015; Kim et al., 2015; Verbeke and Mooney, 2015; Verbeke et al., 2017; Shih et al., 2018). Inside the scaffold, DCs are provided with stimulatory signals, such as tumour antigens and adjuvants (Kim et al., 2015; Verbeke et al., 2017). These matured DCs are capable of presenting antigens to T cells to induce T cell activation, either by migrating out of the scaffold towards draining lymph nodes or by interacting with incoming T cells in the scaffold (Weiden et al., 2018). In addition, biomaterial-based scaffolds can be designed to aid local delivery of adoptively transferred (CAR-)T cells (Stephan et al., 2015; Smith et al., 2017; Coon et al., 2020; Wang et al., 2020; Hu et al., 2021; Agarwalla et al., 2022; Grosskopf et al., 2022). These ACT scaffolds create a stimulatory 3D environment for continuous CAR-T cell expansion and activation. One of the advantages of such biomaterial-based scaffolds, compared to systemic approaches, is that the scaffolds can be introduced locally at an intended target site to provide controlled delivery of immunomodulatory agents and/or CAR-T cells. This way, the therapeutic effect can be maximized while the systemic exposure to immunomodulatory agents remains limited (Adu-Berchie and Mooney, 2020). Furthermore, synthetic immune niches can provide the DCs and/or the T cells with the stimulatory signals for prolonged periods of time, and potentially provide immune stimulating signals at much higher doses locally, compared to systemic delivery, while minimizing toxic side effects.
[image: Figure 1]FIGURE 1 | Cancer vaccine scaffolds and scaffolds for ACT of T cells. (A) Cancer vaccine scaffolds aim to recruit immune cells, mainly DCs, using a chemokine gradient. Inside the scaffolds the immune cells are provided with a stimulatory 3D environment by incorporating antigens and adjuvants into the scaffold design. (B) Scaffolds for ACT of (CAR-)T cells protect the T cells during injection/implantation and provide the T cells with a stimulatory 3D environment in vivo to promote better persistence and activation/expansion of the T cells. To this end the scaffolds are modified with stimulatory signals for the T cells, such as cytokines and antibodies.
In this review we discuss how the design of these synthetic immune niches can impact the host response against the scaffold. As scaffold-based cancer vaccines are designed to recruit immune cells through incorporation of specific chemotactic factors, which thereby impacts the cellular infiltrate, we will discuss these scaffolds separately from scaffolds designed for ACT. For both scaffold types we will elaborate on their design parameters, host response, and their ability to induce an anti-tumour immune response. We furthermore reflect on findings from the field of tissue engineering (TE) where we focus on the effect that surface modifications can have on the biocompatibility, discussing common findings with scaffolds used for various applications, including TE, cell delivery and, synthetic immune niches. Finally, we picture future directions for optimal scaffold design in local cancer immunotherapy.
Important scaffold design parameters and host responses
Several parameters are important when considering the design of synthetic immune niches, such as the host response evoked by the scaffold (which is related to its biocompatibility), administration route, biodegradability, mechanical integrity, as well as porosity and interconnectivity of the pores (Figure 2) (Collins and Birkinshaw, 2013; Echeverria Molina et al., 2021). Importantly the material itself but also its degradation products should be nontoxic. Additionally, the biomaterial surface should allow for modification with signalling molecules for the DCs and/or T cells (for some designs), allow for cell adhesion, promote cell growth, support cell functions, and finally, the material should have a good shelf life, and be reproducible (Collins and Birkinshaw, 2013; Echeverria Molina et al., 2021). Defining scaffold biocompatibility remains a topic of discussion (Williams, 2022), though a paper by Williams stated that a bioactive material should beneficially and appropriately direct interactions between the host system and the material through modulation of biological activity (Williams, 2022). Moreover, during the Chengdu conference in 2018 on definitions related to biomaterials, biocompatibility was defined as “the ability of a material to perform its desired functions with respect to a medical therapy, to induce an appropriate host response in a specific application and to interact with living systems without having any risk of injury, toxicity, or rejection by the immune system and undesirable or inappropriate local or system effects” (Ghasemi-Mobarakeh et al., 2019). Importantly, any interactions with the host system should be intentional, based on the design of the material and should not be a passive or accidental response, which requires that the interactions between the biomaterial and the host are well understood (Williams, 2022). However, often the host response against biomaterials remains largely unclear. A better understanding of these response mechanisms could have a significant impact on the clinical translation of biomaterials (Williams, 2022). Together, all above mentioned definitions underline that the biomaterial should have specific well understood immunomodulatory effects i.e., recruitment and stimulation of only DCs or T cells in the case of scaffolds for cancer therapy without inducing inflammation or toxicities.
[image: Figure 2]FIGURE 2 | Scaffold parameters important for the design of DC and T cell stimulatory immune niches. (A) Biodegradability. When designing biomaterial based-scaffolds it is important to consider whether the material is biodegradable. If the material is not biodegradable this implies that it would need to be (surgically) removed after the treatment. Moreover, when the material is biodegradable, it is important to consider whether the degradation products are toxic or if they can be (easily) cleared by the host cells. Additionally, the degradation time should be in line with the treatment time to prevent unwanted side-effects or treatment failure. (B) Biocompatibility. Several factors influence the biocompatibility of the scaffold and the elicited foreign body response of which some are measurable including immune cell infiltration, in particular macrophage and neutrophil infiltration, serum levels of a variety of inflammatory molecules (aspartate aminotransferase (AST), blood urea nitrogen (BUN), alkaline phosphatase (ALP), creatine kinase (CK), and C reactive protein (CRP)), and fibrous capsule thickness. (C) Support of DC and/or T cell functionalities. The scaffold should have a good porosity to support DC and/or T cell influx and efflux, cell expansion, persistence, and viability. Additionally, interconnected pores ensure nutrient diffusion into the scaffold. Moreover, the scaffold (walls) should allow for modifications to further support the DCs and/or T cells. (D) Modifications of the scaffold for DC and/or T cell activation. The scaffold should provide the opportunity to be modified to provide DCs and/or T cells with stimulatory signals. These include for DCs chemokines for specific recruitment and adjuvants and antigens for DC activation. For T cells these signals include agonistic antibodies, peptide-MHC complexes, adhesion molecules, and cytokines to support T cell functionalities (including cytokine production and tumour cell lysis). (E) Administration route. Preferably the scaffold can be delivered by minimally invasive injection to prevent risks accompanied by surgical implantation, however, surgery might provide more controlled placement of the scaffold.
Numerous scaffolds have been designed for TE and tissue regeneration purposes (Memic et al., 2019; Echeverria Molina et al., 2021). The unwanted inflammatory response is one of the main challenges in the design of scaffolds for TE, which can lead to rejection of the scaffold by the surrounding tissue, in a process called the host response or foreign body response (FBR) (Figure 3) (Collins and Birkinshaw, 2013; Echeverria Molina et al., 2021; Whitaker et al., 2021). At the 2018 Chengdu conference, the host response or FBR was defined as “the cellular reaction of the biomaterial/tissue that is initiated by monocyte adhesion to the absorbed blood protein layer with subsequent monocyte differentiation to macrophage formation that may fuse to form foreign body giant cells (FBGC)” (Ghasemi-Mobarakeh et al., 2019). The FBR starts with oedema formation at the site of implantation or injection which leads to plasma protein accumulation (Kämmerling et al., 2021). The absorption of these proteins on the surface of the scaffold results in the formation of a chemotactic gradient for pro-inflammatory innate immune cells, such as neutrophils, macrophages, and monocytes (Whitaker et al., 2021). The recruited macrophages will make attempts to phagocytose the implant. If the implant is too large for phagocytosis, macrophages start producing reactive oxygen species (ROS) and enzymes to degrade the scaffold into smaller pieces which they can phagocytose (Kämmerling et al., 2021). Alternatively, the macrophages can fuse into FBGC at the surface of the implant (Christo et al., 2015), which also induces a phenotype switch from a pro-inflammatory M1-like phenotype to a wound-healing M2-like phenotype (Porcheray et al., 2005; Wu et al., 2020). The FBGC will recruit fibroblasts to the site of implantation, resulting in the deposition of matrix collagens and the formation of a fibrotic capsule (Anderson et al., 2008; Bridges et al., 2010). For some implants this fibrosis is beneficial, such as with surgical meshes which are intended to seal internal wounds (Baylón et al., 2017; Witherel et al., 2019). However, for most implant designs the formation of a fibrous capsule is detrimental for the intended purpose of the implant. Several of the parameters associated with the host response can be measured, such as fibrous capsule thickness, innate immune cell infiltration (especially neutrophils and macrophages) (Rostam et al., 2020), and serum levels of inflammatory markers (C reactive protein, liver markers, inflammatory cytokines) (Figure 2B) (Williams, 2008; Carnicer-Lombarte et al., 2021). We will use these parameters in the next sections to evaluate the host response towards biomaterial-based synthetic immune niches for cancer immunotherapy.
[image: Figure 3]FIGURE 3 | Foreign body response (FBR). The FBR is initiated by serum protein adsorption onto the biomaterial surface. This adsorption results in the recruitment of monocytes, neutrophils and macrophages. The macrophages will adhere to the protein covered surface and try to take up the biomaterial or to degrade it. When the biomaterial is too big for the macrophages to phagocytose, they will fuse into foreign body giant cells. The FBGC will recruit fibroblast which in turn will deposit matrix collagens on/around the biomaterial which results in the encapsulation of the biomaterial.
Effect of scaffold-based cancer vaccine design on the host response
First, we investigated how scaffolds that actively recruit specific immune cells for in vivo immune activation affect the FBR (Scaffold-based cancer vaccines, Figure 1A and Table 1). Different strategies have been developed to incorporate recruitment factors into scaffold designs. To recruit DCs, numerous scaffold designs incorporate the cytokine granulocyte macrophage colony stimulating factor (GM-CSF) via physical encapsulation (Koshy et al., 2014; Bencherif et al., 2015; Shih et al., 2018; Bauleth-Ramos et al., 2019), by using the anchoring capacities of gold nanoparticles (Verbeke and Mooney, 2015; Verbeke et al., 2017), by encapsulation in microspheres (Ali et al., 2009), or by adsorption on mesoporous silica rods (MSR) (Kim et al., 2015; Dellacherie et al., 2018; Li et al., 2018). CCL17 has also been physically encapsulated into scaffold walls to attract DCs (Zhan et al., 2017), while CCL21 has been loaded into the nanoparticles (NP) of polymer-nanoparticle (PNP) hydrogels (Fenton et al., 2019). Furthermore, microparticles have been used to recruit T regulatory cells to grafted tissue using CCL21 (Fisher et al., 2020). Other groups have used the chemokine-binding properties of heparin to incorporate chemokines into their scaffold design (Pérez del Río et al., 2020). Incorporation of cell lysates (Thelin et al., 2017) or antigens [such as the model antigen ovalbumin (OVA)] (Thelin et al., 2017; Kwee et al., 2019; Roth et al., 2020) was also shown to induce immune cell recruitment. However, whether these additions, especially OVA, can be called recruitment factors is debatable. The recruitment seen could also be due to other factors, e.g., endotoxins, which are introduced into the scaffold along with the antigen. In the case of T cell recruitment, recruitment could also be due to the uptake of the antigen by antigen-presenting cells (APCs) which in turn attract T cells.
TABLE 1 | Examples of studies reporting cell infiltration in scaffolds actively recruiting immune cells. The table gives an overview of different materials used for scaffolds actively recruiting immune cells and provides details about the recruitment factor used, the infiltrating target and non-target cells, the mouse model used, and the delivery route tested. The cell numbers or percentages given in the table are the data that has been provided in the references or supplemental information and is the average per mouse.
[image: Table 1]Some studies use the immunogenic properties of the scaffolds as adjuvants to enhance the immune response. This is for instance the case for MSRs described by Kim et al. (Kim et al., 2015). It was established that mesoporous silica can be degraded over time in vivo (Hudson et al., 2008), and the MSR described by Kim et al. was shown to degrade within 25 days without signs of toxicity or inflammation in liver, kidney, or other organs. However, high numbers of immune cells were observed to infiltrate the MSR scaffolds. The authors speculate that the NALP3 (NLRP3) inflammasome activation by silica and alternative complement activation lead to inflammation by MSR. They state that these immunostimulatory properties could be beneficial for the anti-tumour immune response and act as an additional adjuvant property of the scaffold. Even though this might be the case, the immunogenic properties might still lead to a fibrous capsule around the scaffold which could have a negative effect. Moreover, the immune cell recruitment and activation caused by the immunogenic properties of the scaffold itself might make it more difficult to induce a controlled and targeted immune response towards the DCs and T cells. This raises the question whether these MSR-based scaffolds are biocompatible when considering the definition given by Williams stating that the interaction between the scaffold and the host should be intentional, related to the design of the scaffold and not accidental (Williams, 2022). However, these inherent immunostimulatory properties of MSR could be exploited for specific scaffold designs, but still the question remains whether they can steer the design in such a way that they induce a controlled and targeted DC and T cell based immune response towards the tumour.
The incorporation of chemo-attractants into scaffolds increases the overall immune cell infiltration, and in most cases increases target cell recruitment/enrichment (Table 1). The number of total recruited immune cells differs largely between the scaffold designs, ranging from 0.2∙106 to 9∙106 for blank scaffolds and from 1∙106 to 25∙106 for scaffolds modified with recruitment factors. When the non-target cell infiltration in the scaffold is reported, the majority of these cells are either macrophages or neutrophils (Table 1). For some scaffold designs this recruitment is partly due to the material used, as is the case for the poly (lactic-co-glycolic) (PLG)-based scaffold, which by itself already has inflammatory properties which can attract cells from the myeloid lineage (Ali et al., 2009). Koshy et al. investigated the effect of GM-CSF on the biocompatibility, biodegradability and general cellular infiltration of gelatin cryogels (Koshy et al., 2014). They observed 20 times more living cells in GM-CSF containing scaffolds. Moreover, the GM-CSF containing scaffold also induced formation of a thick fibrous capsule which contained a large granulocytic cellular infiltrate. Additionally, they compared the degradation times for blank and GM-CSF modified scaffolds. The GM-CSF-modified cryogels, with the higher cell infiltrate and thicker fibrous capsule also degraded more rapidly over the course of 18 weeks compared to blank gelatin cryogels. Multiple other groups have also incorporated GM-CSF as a recruitment factor to recruit DCs (Bencherif et al., 2015; Kim et al., 2015; Verbeke and Mooney, 2015). These groups reported high DC recruitment, up to 3∙106 DCs for the scaffolds with GM-CSF. These numbers seem extremely high, especially when considering that total DC numbers in a murine spleen have been reported to be around 2∙106 (Kamath et al., 2000; McKenna et al., 2000; Kingston et al., 2009). GM-CSF is known to promote the development of monocyte derived DCs (moDCs) (Ushach and Zlotnik, 2016). This means that the monocytes attracted towards the scaffolds might have differentiated into moDCs, which could have contributed the high DC numbers observed by Kim et al. (Kim et al., 2015) and Bencherif et al. (Bencherif et al., 2015). Moreover, GM-CSF has a positive effect on macrophage and neutrophil recruitment (Ushach and Zlotnik, 2016), which could explain the large neutrophil and macrophage infiltration seen in all these studies. Interestingly, in another alginate cryogel study only 0.6∙106 DCs were recruited using GM-CSF as recruitment factor (Shih et al., 2018), which would be more in line with the 2∙106 DCs present in a complete mouse spleen.
Three of the scaffolds discussed in Table 1 tested their scaffold-based cancer vaccine in in vivo tumour models and reported promising anti-tumour immune responses (Ali et al., 2009; Bencherif et al., 2015; Shih et al., 2018). These three scaffolds either used tumour lysates or irradiated tumour cells as a source of tumour antigens and CpG-ODN as an adjuvant in addition to GM-CSF as a recruitment factor. Only Bencherif et al. showed tumour protection in a therapeutic model, when receiving two vaccinations 40% of the mice survived for up to 100 days (Bencherif et al., 2015). The other groups reported between 80% and 90% survival in a prophylactic setting (Ali et al., 2009; Shih et al., 2018).
Besides immune cell infiltration, the studies reported in Table 1 do not comment on fibrotic capsule formation or inflammatory molecules in the serum of these mice. Furthermore, not all studies report on the specific phenotype of the infiltrating non-target cells. In general, a more detailed investigation of immune cell infiltration, fibrotic capsule formation, and serum levels of inflammatory molecules in existing/reported scaffold-based vaccine systems are required to get a comprehensive overview of the extent of myeloid cell infiltration and biocompatibility across different scaffold types and setups.
Host response towards scaffolds for ACT of CAR-T cells
In addition to scaffolds that actively recruit immune cells, scaffolds can also serve as protective environments during injection of cells for ACT (Scaffolds for ACT, Figure 1B), thereby preventing cell damage, ensuring local delivery, and especially local retention of cells (Mooney and Vandenburgh, 2008; Li et al., 2014; Amer et al., 2015). Moreover, biomaterials can be crucial to maintain the functional phenotype and viability of the encapsulated cells (Orive et al., 2003; Dawson et al., 2008). For example, it has been suggested that delivery using scaffolds is beneficial for the viability, local retention, and expansion of transferred stem cells (Foster et al., 2017; Grosskopf et al., 2020; Correa et al., 2021). Additionally, the scaffolds provide a local environment for continued T cell stimulation. Various scaffolds have been designed to aid in the ACT of CAR-T cells to induce anti-tumour responses (Stephan et al., 2015; Smith et al., 2017; Coon et al., 2020; Wang et al., 2020; Hu et al., 2021; Agarwalla et al., 2022; Grosskopf et al., 2022) (Table 2). All scaffold designs discussed in Table 2 show promising results concerning the anti-tumour immune responses, even leading to complete remission and protection against tumour recurrence in certain cases. Interestingly, the scaffolds differ largely in their design, ranging from large (700 µL) to small (1 µL), encapsulating high (10∙106) to low (0.4∙106) numbers of CAR-T cells. Moreover, the biomaterials used to produce the scaffold also differ between the individual designs (alginate, nitinol, chitosan, HA, and PNP hydrogel). Additionally, the chitosan-PEG hydrogel was only used as a depot for the CAR-T cells to ensure local delivery and persistence without any modification to incorporate T cell stimulatory molecules (Wang et al., 2020). The alginate cryogel described by Agarwalla et al. on the other hand used their scaffold to in vivo generate CAR-T cells with limited ex vivo manipulation of the T cells (Agarwalla et al., 2022).
TABLE 2 | Overview of biomaterial-based scaffolds for ACT of T cells for cancer immunotherapy with tumour models. The table gives an overview of different materials used for ACT of T cells. The table proved details about the modifications of the scaffolds, the size of the scaffold, the numbers added per scaffold, the delivery route tested, and the mouse model tested.
[image: Table 2]Besides these differences in design, the majority of these scaffolds are delivered via implantation (Stephan et al., 2015; Smith et al., 2017; Coon et al., 2020; Hu et al., 2021; Agarwalla et al., 2022). As a minimally invasive alternative, two injectable hydrogels have been described for the local delivery of CAR-T cells. Wang et al. described the use of small (1 µL) injectable chitosan-PEG hydrogel (Wang et al., 2020) and Grosskopf et al. engineered an injectable PNP hydrogel (Grosskopf et al., 2022). Additionally, the majority of the reported scaffolds provided CAR-T cells with stimulatory antibodies (αCD3, αCD28, and αCD137), cytokines (IL-15(SA) or IL-2) and cell-adhesive molecules (GFOGER, fibrin or RGD) (Table 2). With the exception of the nitinol-based scaffold (Coon et al., 2020), all reports used IL-15 or IL-2 in their design, although Wang et al. included the IL-15 in the CAR-T cell genetic construct and not in their scaffold design (Wang et al., 2020). The addition of the cytokines provided T cells with additional survival and stimulatory signals, resulting in improved anti-tumour immune responses compared to the designs without cytokines. Incorporation of cytokines in the scaffold design might enhance the normally short half-live of cytokines (Lotze et al., 1985). Additionally, it prevents systemic exposure to high doses of cytokines, which could lead to capillary leak syndrome and multiple organ failure (Rosenberg, 2014; Weber et al., 2015; Jiang et al., 2016). The addition of cell-adhesive molecules into the reported scaffold designs resulted in increased T cell motility and improved viability (Stephan et al., 2015; Smith et al., 2017; Grosskopf et al., 2022). All these reported scaffold design options indicate the versatility of biomaterial-based scaffolds for aiding ACT (CAR-)T cells and underline the positive effects of local delivery of (CAR-) T cells on tumour clearance.
Of these studies, only three reported on the biocompatibility of their scaffolds in terms of fibrotic capsule formation, host immune cell infiltration or serum levels of inflammatory molecules (Table 3) (Coon et al., 2020; Agarwalla et al., 2022; Grosskopf et al., 2022). Most of the CAR-T cell studies perform their functional read-out (anti-tumour immunity) in immunodeficient NSG mouse models. It is therefore important to emphasise that a study performed by Kerr et al. clearly showed differences in HA scaffold half-life and immune cell infiltration between immunocompetent mice (C57BL/6J) and NSG mice (Kerr et al., 2022). Comparison of scaffold stability indicated a half-life of about 9.5 days in immunocompetent mice, while in NSG mice a reduction of only 35% was observed after 3 months (Kerr et al., 2022). Furthermore, significant differences in myeloid cell infiltration were observed: infiltration of around 7∙105 myeloid cells on day 10 for the C57BL/6J immunocompetent mice compared to 0.5∙105 for the NSG mice. The majority of the infiltrated myeloid cells were neutrophils (CD11b+F4/80-Ly6G+) (>80%) for the C57BL/6J immunocompetent mice. The NSG mice showed high levels of neutrophils on day 1 (90%) which changed to mainly macrophages (85%) by day 10 (Kerr et al., 2022). In addition, the mouse strain used can also affect the fibrotic response towards the implanted biomaterial (King et al., 2001). It is for instance known that the C57BL/6J mouse strain has a more Th1-prone immune response, while the BABL/c mouse strain has a more Th2-prone immune response (Trunova et al., 2011; Fornefett et al., 2018). Moreover, it has been shown that implantation of alginate microspheres in the peritoneal cavity of BALB/c mice resulted in limited fibrotic capsule formation (King et al., 2001), while a large fibrotic overgrowth was observed when the alginate microcapsules were implanted in C57BL/6J mice (King et al., 2001; Spasojevic et al., 2014; Vegas et al., 2016).
TABLE 3 | Overview of studies reporting immune cell infiltration using biomaterial-based scaffolds for (CAR-)T cell adoptive cell transfer. The table gives an overview of different materials used for ACT of T cells and provides details about the mouse model used, the presence of a fibrotic capsule, the immune cell infiltration, long term stability and biocompatibility, and the delivery route tested.
[image: Table 3]Of the three CAR-T cell studies discussed in Table 3 Agarwalla et al. (Agarwalla et al., 2022) and Grosskopf et al. (Grosskopf et al., 2022) performed separate biocompatibility experiments using immunocompetent mice. Coon et al. solely reported on the biocompatibility of their scaffold design in immunodeficient NSG mice (Coon et al., 2020). All three ACT studies reported either no visible sign of a fibrotic capsule, or only a thin layer. In addition, Agarwalla et al. (Agarwalla et al., 2022) and Coon et al. (Coon et al., 2020) also investigated the immune cell infiltration, reporting only limited immune cell infiltration, of which the majority were myeloid derived CD11b+ cells.
Effect of scaffold surface modification on biocompatibility
There are many different possibilities to modify scaffolds, ranging from chemically modifying the polymers that form the basis of the scaffolds to coatings applied after scaffold production. Besides modifying the scaffold to direct the behaviour and functionality of the ‘target cells’, modifications can also greatly impact biocompatibility, such as fibrotic capsule formation and unwanted immune cell infiltration (Table 4) (Echeverria Molina et al., 2021; Whitaker et al., 2021). Unfortunately, the effect of some modifications on fibrous capsule thickness has shown varied outcomes, which complicates design recommendations.
TABLE 4 | Examples of biomaterial modification and their influence on the immune cell response and fibrous capsule formation. The table gives an overview of different materials used for scaffold designs and provides details about the modifications, the infiltrating immune cells, the size of the fibrous capsule, the mouse model used, and the delivery route tested. The cell numbers or percentages given in the table are the data that has been provided in the references or supplemental information and is the average per mouse.
[image: Table 4]Modification of polypropylene with a hydroxyl group (-OH) resulted in higher levels of immune cell infiltration and thick fibrous capsules, while modification with a carboxylic acid group (-COOH) resulted in very limited immune cell infiltration and a thin fibrous capsule (Kamath et al., 2008; Nair et al., 2008). The density of the individual chemical groups only had a minor effect on the FBR (Nair et al., 2008). Interestingly, modification of silicon coated with gold with hydroxyl (-OH) groups resulted in the thinnest fibrous capsule, though the immune cell infiltration was elevated compared to the unmodified scaffold (Barbosa et al., 2006). A study by Li et al. investigated the effect of functionalization of MSR with poly (ethyleneglycol) (PEG) and the integrin-binding ligand RGD on immune cell activation and infiltration (Li et al., 2016). The authors expected to see reduced immune cell infiltration with the PEG modification, as PEG is considered nontoxic and nonimmunogenic, and increased immune cell infiltration with PEG-RGD, as RGD is widely used to enhance cell adhesion. Interestingly, the PEG modification resulted in nearly 10 times more immune cell infiltration compared to blank scaffolds, especially consisting of myeloid cells/neutrophils. PEG-RGD modification also increased the total immune cell infiltration compared to blank scaffolds but to a much lesser extent than the PEG modified scaffold. Additionally, the PEG modified scaffold gave rise to a thicker and heavier fibrous capsule compared to the blank and PEG-RGD. In another study by Li et al. the MSR was modified with polyethyleneimine (PEI) to enhance immunogenicity (Li et al., 2018). Both PEI-modified and blank scaffolds recruited similar numbers of total immune cells, though the PEI-modified scaffolds were able to more strongly enrich activated DCs. However, less than 1% of the total infiltrated immune cells proved to be activated DCs. Unfortunately, the composition of the other 99% of the infiltrating immune cells and the formation of a fibrous capsule were not discussed. A widely used polymer for scaffolds is the FDA approved natural algae-derived polymer alginate (Bencherif et al., 2012). Studies in humans, non-human primates and certain rodent strains, however, have indicated a FBR elicited against alginate implants (King et al., 2001; Jacobs-Tulleneers-Thevissen et al., 2013; Scharp and Marchetti, 2014). Due to the low production cost, tunability, and mild gelation (Lee and Mooney, 2012), there is an interest in investigating modifications to better control the FBR towards alginate. Modification of alginate gels with poly-L-Lysine (PLL)100 by Spasojeciv et al. resulted in a strong immune response directed against the alginate scaffold (Spasojevic et al., 2014). Addition of the di-block copolymer PEG-454-b-PLL50 to the PLL100 coated alginate scaffolds diminished this immune response to such an extent that limited cellular overgrowth was observed. Vegas et al. created an alginate modification library where they tested the FBR towards 634 different alginate modifications (Vegas et al., 2016). Three of the modifications, all containing a triazole functionality, displayed limited fibrous deposition and minimal macrophage and neutrophil recruitment. In addition to peritoneal implantation of the alginate modified scaffolds, Vegas et al. also implanted the modified alginate scaffolds subcutaneous (s.c.) where they observed lower cathepsin activity (a marker for immune cell activation), lower fibrotic overgrowth, and lower collagen levels at the implant surface compared to unmodified alginate 28 days post implantation (Vegas et al., 2016). In a follow-up study Vegas et al. created a new alginate-modification library based on the three triazole functionalities (Mukherjee et al., 2022). Besides modification of the polymers that make up the scaffolds, some groups combine different polymers to make composite materials to improve the FBR. Zhang et al. added hyaluronic acid to an agarose hydrogel which showed improved degradation kinetics and reduced infiltration by macrophages and fibroblasts compared to the agarose hydrogel (Zhang et al., 2012). This suggests that hyaluronic acid can be used in a composite material to improve the FBR. These studies indicate that unwanted infiltration of myeloid cells is a universal problem, though scaffold modification or composites can improve the FBR.
In addition to scaffold modification, the choice of polymer used for the scaffold can have a profound effect on the macrophage phenotype and capsule formation (Rostam et al., 2020). Moreover, scaffold size can influence the fibrous capsule formation to some extent, with larger scaffolds inducing thinner fibrotic capsules (Whitaker et al., 2021). However, size is not the only determining factor, as scaffold shape has also been suggested to influence the FBR. Spherically-shaped implants with smooth contours have shown improved resistance against fibrosis (Nair and Tang, 2017; Echeverria Molina et al., 2021). Moreover, pore size has also been reported to influence macrophage phenotype and fibrotic capsule formation. Relatively large pores (5–100 µm) induce higher tissue integration and less fibrotic capsule formation (Echeverria Molina et al., 2021; Whitaker et al., 2021). Finally, microstructure, coatings, topography, and degradation speed/time can have an effect on the FBR (Nair and Tang, 2017; Echeverria Molina et al., 2021; Whitaker et al., 2021; Williams, 2022).
DISCUSSION AND FUTURE DIRECTIONS FOR THE OPTIMAL DESIGN OF BIOMATERIAL-BASED SYNTHETIC IMMUNE NICHES FOR CANCER THERAPY
When designing a scaffold for immunotherapy there are certain parameters which are favourable for DC and T cell performance. First, an injectable scaffold allows for a minimally invasive delivery method circumventing risks associated with surgical implantation. Next, the degradation of the biomaterial should be in line with the optimal treatment time (Echeverria Molina et al., 2021). Too fast degradation might result in suboptimal treatment, while too slow degradation might result in undesired immune responses at the injection site. In the case of immunotherapy, a biodegradable scaffold is favourable over non-degradable materials, as this obviates the need for surgical removal of the scaffold at the end of the treatment. Therefore, it is advised to study long-term scaffold stability and to investigate the parameters influencing the degradation kinetics to design a scaffold with an optimal functional half-life. Moreover, scaffolds provide a local stimulatory immune niche, therefore the ideal location for scaffold administration will need to be determined. Shih et al. showed that cancer vaccine cryogels implanted further from the draining lymph node (dLN) induced less anti-tumour protection compared to cryogels injected close to the dLN (Shih et al., 2018). Indicating that injection near a lymph node might be most optimal for the cancer vaccine scaffolds but might also be interesting to consider for the ACT scaffolds. The scaffolds for ACT of CAR-T cells discussed in Table 2 were all injected/implanted in close proximity to the tumour or in the tumour resection area (Stephan et al., 2015; Smith et al., 2017; Coon et al., 2020; Wang et al., 2020; Hu et al., 2021; Agarwalla et al., 2022; Grosskopf et al., 2022). Even though scaffolds for ACT were implanted locally, Hu et al. demonstrated that they cause an abscopal effect, where their HA hydrogel provided anti-tumour effects towards the contralateral tumour (Hu et al., 2021). This indicates that even though the scaffolds deliver and sustain the CAR-T cells locally, they can also induce systemic tumour protection.
Additionally, the scaffolds should induce limited intrinsic host responses, while supporting the specific stimulation, survival, and persistence of the transferred CAR-T cells for ACT scaffolds and specific recruitment and activation of DCs for the cancer vaccine scaffolds. Therefore, more in-depth studies into the infiltration of (non-specific) immune cells and the formation of a fibrotic capsule are necessary. Importantly, the study by Kerr et al. clearly indicated a difference in FBR between immunocompetent and NSG mice (Kerr et al., 2022). Additionally, the effect of depletion of neutrophils, macrophages, B cells, and T cells was investigated in this study. To deplete macrophages, clodronate liposomes were administered intraperitoneally with 80%–95% efficiency. Interestingly, this high degree of macrophage depletion had a minimal effect on the macrophage infiltration in the HA cryogels. This indicates that depletion of peripheral blood monocytes by clodronate is not enough to affect the local, probably tissue resident, macrophage response towards s. c. injected scaffolds. Depletion of the neutrophils, B cells, and T cells did not influence the scaffold half-life. Neutrophil depletion did reduce both myeloid infiltration and neutrophil infiltration (Kerr et al., 2022).
In addition, the choice of recruitment and stimulatory signals is imperative to elicit a proper anti-tumour T cell-based immune response. The majority of the studies discussed in Table 1 used GM-CSF as a recruitment factor for DCs. The addition of GM-CSF to the scaffold design, however, did not only increase DC specific recruitment but also resulted in high influx of other myeloid immune cells, such as macrophages and neutrophils. To create a robust and specific immune response with these cancer vaccine scaffolds, a more specific recruitment factor should be investigated. Most of the studies discussed in Table 2 included at least a cytokine (IL-15 or IL-2) as an T cell stimulatory signal into their ACT scaffold design. Besides cytokines, some of the ACT scaffold designs also included stimulatory antibodies targeting the co-stimulatory receptor CD137 in addition to CD28 (Stephan et al., 2015; Smith et al., 2017; Coon et al., 2020). The versatility of the platforms also underlines the possibility to test additional parameters, like ligand spacing, ligand combinations, linker length, and substrate flexibility on the activation and phenotype of T cells. Though some groups have made initial steps to investigate these parameters, additional research is needed to determine the optimal scaffold design for T cell activation. The addition of different biomolecules is hypothesized to improve the anti-tumour immune response, although this also complicates the scaffold design. This increased complexity makes the characterization of the end-product more difficult, causes challenges for well-controlled scale-up potential, and convolutes the regulatory process for future clinical use. Moreover, production of clinical grade scaffolds according to GMP-compliant standards might present additional difficulties.
Besides the addition of stimulatory signals for the DCs or T cells, chemical modifications of the scaffolds could further improve the function of synthetic immune niched by reducing the unwanted host response. The studies discussed in Table 4 indicate that certain chemical modification might result in reduced host response towards scaffolds. It would therefore be interesting to add for instance the triazole functionality discussed by Vegas et al. to a scaffold design to improve the FBR, which was thus far only tested for alginate scaffolds. Overall, more research is needed into the effect of the modifications on the specific immune response and into the applicability of the modifications over a range of biomaterials used for scaffolds.
CONCLUSION
Despite encouraging first reports, it is fair to say that both the scaffold-based cancer vaccines and the scaffolds for ACT of CAR-T cells still face challenges regarding the host response. Although initial insights have been obtained as to which scaffold parameters influence the host response, more research is needed to determine exactly which parameters are needed for the optimal scaffold design. Here we hypothesize that the ideal scaffold for anti-tumour immunotherapeutic strategies, such as cancer vaccines and ACT, should encompass the characteristics depicted in Figure 4: a well-tuned biodegradable profile, limited unwanted host response activity, possibilities for modifications to specifically attract and/or activate DCs or T cells, facilitate cell migration, and preferable a non-invasive delivery route. Overall, biomaterials have proven themselves to be useful tools to locally induce an anti-tumour immune response by either actively recruiting DCs or by providing a stimulatory environment post ACT for CAR-T cells.
[image: Figure 4]FIGURE 4 | Recommendation for the ideal scaffold design for cancer vaccine scaffolds and scaffolds for ACT of CAR-T cells. (A) Biodegradability kinetics should be in accordance with the treatment time, ensuring proper therapeutic outcome and preventing unwanted responses of degradation products. (B) Biocompatibility of the scaffolds would ensure only an anti-tumour immune response is elicited and no infiltration of unwanted immune cells (e.g., neutrophils and macrophages) or fibrous encapsulation which can results in scaffold failure. (C) Modification of the cancer vaccine scaffold should ensure potent and specific DC recruitment and maturation (by providing tumour antigens and adjuvants). The chemokine incorporated should result in specific DC recruitment. Modification of the scaffolds for ACT should ensure potent T cell activation, viability, and persistence. Especially modification with cytokines (e.g., IL-2 or IL-15), co-stimulatory signals (αCD28, αCD2, or αCD137), and adhesion molecules (GFOGER, RGD) can aid in the persistence and phenotype of T cells. (D) The scaffolds for ACT should support high T cell numbers, moreover, the encapsulated T cells should be able to diffuse from the scaffold towards the tumour. The cancer vaccine scaffolds should support the recruitment of DCs and egression of matured DCs. (E) Injectable scaffold would be preferable as this would allow for minimally invasive delivery.
AUTHOR CONTRIBUTIONS
Conceptualization, CF, MV, JW, and MS; writing original draft, MS; All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the Oncode Institute and the Institute of Chemical Immunology (grant 024.002.009). CF received the NWO Spinoza award and is recipient of ERC Adv Grant ARTimmune (834618). MV is recipient of ERC Starting grant CHEMCHECK (679921) and a Gravity Program Institute for Chemical Immunology tenure track grant by NWO. JW reveived a Niel Stensen Fellowship.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1149943/full#supplementary-material
SUPPLEMENTARY FIGURE S1 | Chemical structures of the three different triazole alginate modification resulting in reduced FBR. Figure adopted from Vegas et al. (2016)
REFERENCES
 Adu-Berchie, K., and Mooney, D. J. (2020). Biomaterials as local niches for immunomodulation. Acc. Chem. Res. 53 (9), 1749–1760. doi:10.1021/acs.accounts.0c00341
 Agarwalla, P., Ogunnaike, E. A., Ahn, S., Froehlich, K. A., Jansson, A., Ligler, F. S., et al. (2022). Bioinstructive implantable scaffolds for rapid in vivo manufacture and release of CAR-T cells. Nat. Biotechnol. 40, 1250–1258. doi:10.1038/s41587-022-01245-x
 Ali, O., Huebsch, N., Cao, L., Dranoff, G., and Mooney, D. J. (2009). Infection-mimicking materials to program dendritic cells in situ. Nat Mater Sch. Eng. Appl. Sci. 8 (2), 151–158. doi:10.1038/nmat2357
 Amer, M. H., White, L. J., and Shakesheff, K. M. (2015). The effect of injection using narrow-bore needles on mammalian cells: Administration and formulation considerations for cell therapies. J. Pharm. Pharmacol. 67 (5), 640–650. doi:10.1111/jphp.12362
 Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign body reaction to biomaterials. Semin. Immunol. 20 (2), 86–100. doi:10.1016/j.smim.2007.11.004
 Barbosa, J. N., Madureira, P., Barbosa, M. A., and Águas, A. P. (2006). The influence of functional groups of self-assembled monolayers on fibrous capsule formation and cell recruitment. J. Biomed. Mater Res. Part A 76A (4), 737–743. doi:10.1002/jbm.a.30602
 Bauleth-Ramos, T., Shih, T., Shahbazi, M., Najibi, A. J., Mao, A. S., Liu, D., et al. (2019). Acetalated dextran nanoparticles loaded into an injectable alginate cryogel for combined chemotherapy and cancer vaccination. Adv. Funct. Mater 29 (35), 1903686. doi:10.1002/adfm.201903686
 Baylón, K., Rodríguez-Camarillo, P., Elías-Zúñiga, A., Díaz-Elizondo, J., Gilkerson, R., and Lozano, K. (2017). Past, present and future of surgical meshes: A review. Membr. (Basel) 7 (3), 47. doi:10.3390/membranes7030047
 Bencherif, S. A., Sands, R. W., Bhatta, D., Arany, P., Verbeke, C. S., Edwards, D. A., et al. (2012). Injectable preformed scaffolds with shape-memory properties. Proc. Natl. Acad. Sci. 109 (48), 19590–19595. doi:10.1073/pnas.1211516109
 Bencherif, S. A., Warren Sands, R., Ali, O. A., Li, W. A., Lewin, S. A., Braschler, T. M., et al. (2015). Injectable cryogel-based whole-cell cancer vaccines. Nat. Commun. 6, 7556. doi:10.1038/ncomms8556
 Bridges, A. W., Whitmire, R. E., Singh, N., Templeman, K. L., Babensee, J. E., Lyon, L. A., et al. (2010). Chronic inflammatory responses to microgel-based implant coatings. J. Biomed. Mater Res. Part A 94A (1), 252–258. doi:10.1002/jbm.a.32669
 Carnicer-Lombarte, A., Chen, S-T., Malliaras, G. G., and Barone, D. G. (2021). Foreign body reaction to implanted biomaterials and its impact in nerve neuroprosthetics. Front. Bioeng. Biotechnol. 9, 622524. doi:10.3389/fbioe.2021.622524
 Christo, S. N., Diener, K. R., Bachhuka, A., Vasilev, K., and Hayball, J. D. (2015). Innate immunity and biomaterials at the nexus: Friends or foes. Biomed. Res. Int. 2015, 1–23. doi:10.1155/2015/342304
 Collins, M. N., and Birkinshaw, C. (2013). Hyaluronic acid based scaffolds for tissue engineering—a review. Carbohydr. Polym. 92 (2), 1262–1279. doi:10.1016/j.carbpol.2012.10.028
 Coon, M. E., Stephan, S. B., Gupta, V., Kealey, C. P., and Stephan, M. T. (2020). Nitinol thin films functionalized with CAR-T cells for the treatment of solid tumours. Nat. Biomed. Eng. 4 (2), 195–206. doi:10.1038/s41551-019-0486-0
 Correa, S., Grosskopf, A. K., Lopez Hernandez, H., Chan, D., Yu, A. C., Stapleton, L. M., et al. (2021). Translational applications of hydrogels. Chem. Rev. 121 (18), 11385–11457. doi:10.1021/acs.chemrev.0c01177
 Dawson, E., Mapili, G., Erickson, K., Taqvi, S., and Roy, K. (2008). Biomaterials for stem cell differentiation. Adv. Drug Deliv. Rev. 60 (2), 215–228. doi:10.1016/j.addr.2007.08.037
 Dellacherie, M. O., Li, A. W., Lu, B. Y., and Mooney, D. J. (2018). Covalent conjugation of peptide antigen to mesoporous silica rods to enhance cellular responses. Bioconjug Chem. 29 (3), 733–741. doi:10.1021/acs.bioconjchem.7b00656
 Echeverria Molina, M. I., Malollari, K. G., and Komvopoulos, K. (2021). Design challenges in polymeric scaffolds for tissue engineering. Front. Bioeng. Biotechnol. 9, 617141. doi:10.3389/fbioe.2021.617141
 Fenton, O. S., Tibbitt, M. W., Appel, E. A., Jhunjhunwala, S., Webber, M. J., and Langer, R. (2019). Injectable polymer–nanoparticle hydrogels for local immune cell recruitment. Biomacromolecules 20 (12), 4430–4436. doi:10.1021/acs.biomac.9b01129
 Fisher, J. D., Zhang, W., Balmert, S. C., Aral, A. M., Acharya, A. P., Kulahci, Y., et al. (2020). In situ recruitment of regulatory T cells promotes donor-specific tolerance in vascularized composite allotransplantation. Sci. Adv. 6 (11), eaax8429. doi:10.1126/sciadv.aax8429
 Fornefett, J., Krause, J., Klose, K., Fingas, F., Hassert, R., Benga, L., et al. (2018). Comparative analysis of humoral immune responses and pathologies of BALB/c and C57BL/6 wildtype mice experimentally infected with a highly virulent Rodentibacter pneumotropicus (Pasteurella pneumotropica) strain. BMC Microbiol. 18 (1), 45. doi:10.1186/s12866-018-1186-8
 Foster, A. A., Marquardt, L. M., and Heilshorn, S. C. (2017). The diverse roles of hydrogel mechanics in injectable stem cell transplantation. Curr. Opin. Chem. Eng. 15, 15–23. doi:10.1016/j.coche.2016.11.003
 Ghasemi-Mobarakeh, L., Kolahreez, D., Ramakrishna, S., and Williams, D. (2019). Key terminology in biomaterials and biocompatibility. Curr. Opin. Biomed. Eng. 10, 45–50. doi:10.1016/j.cobme.2019.02.004
 Grosskopf, A. K., Labanieh, L., Klysz, D. D., Roth, G. A., Xu, P., Adebowale, O., et al. (2022). Delivery of CAR-T cells in a transient injectable stimulatory hydrogel niche improves treatment of solid tumors. Sci. Adv. 8 (14), eabn8264. doi:10.1126/sciadv.abn8264
 Grosskopf, A. K., Roth, G. A., Smith, A. A. A., Gale, E. C., Hernandez, H. L., and Appel, E. A. (2020). Injectable supramolecular polymer–nanoparticle hydrogels enhance human mesenchymal stem cell delivery. Bioeng. Transl. Med. 5 (1), e10147. doi:10.1002/btm2.10147
 Hu, Q., Li, H., Archibong, E., Chen, Q., Ruan, H., Ahn, S., et al. (2021). Inhibition of post-surgery tumour recurrence via a hydrogel releasing CAR-T cells and anti-PDL1-conjugated platelets. Nat. Biomed. Eng. 5 (9), 1038–1047. doi:10.1038/s41551-021-00712-1
 Hudson, S. P., Padera, R. F., Langer, R., and Kohane, D. S. (2008). The biocompatibility of mesoporous silicates. Biomaterials 29 (30), 4045–4055. doi:10.1016/j.biomaterials.2008.07.007
 Jacobs-Tulleneers-Thevissen, D., Chintinne, M., Ling, Z., Gillard, P., Schoonjans, L., Delvaux, G., et al. (2013). Sustained function of alginate-encapsulated human islet cell implants in the peritoneal cavity of mice leading to a pilot study in a type 1 diabetic patient. Diabetologia 56 (7), 1605–1614. doi:10.1007/s00125-013-2906-0
 Jiang, T., Zhou, C., and Ren, S. (2016). Role of IL-2 in cancer immunotherapy. Oncoimmunology 5 (6), e1163462. doi:10.1080/2162402x.2016.1163462
 Kamath, A. T., Pooley, J., O’Keeffe, M. A., Vremec, D., Zhan, Y., Lew, A. M., et al. (2000). The development, maturation, and turnover rate of mouse spleen dendritic cell populations. J. Immunol. 165 (12), 6762–6770. doi:10.4049/jimmunol.165.12.6762
 Kamath, S., Bhattacharyya, D., Padukudru, C., Timmons, R. B., and Tang, L. (2008). Surface chemistry influences implant-mediated host tissue responses. J. Biomed. Mater Res. Part A 86A (3), 617–626. doi:10.1002/jbm.a.31649
 Kämmerling, L., Fisher, L. E., Antmen, E., Simsek, G. M., Rostam, H. M., Vrana, N. E., et al. (2021). Mitigating the foreign body response through ‘immune-instructive’ biomaterials. J. Immunol. Regen. Med. 12, 100040. doi:10.1016/j.regen.2021.100040
 Kerr, M. D., McBride, D. A., Johnson, W. T., Chumber, A. K., Najibi, A. J., Seo, B. R., et al. (2022). Immune-responsive biodegradable scaffolds for enhancing neutrophil regeneration. Bioeng. Transl. Med. 8, e10309. doi:10.1002/btm2.10309
 Kim, J., Li, W. A., Choi, Y., Lewin, S. A., Verbeke, C. S., Dranoff, G., et al. (2015). Injectable, spontaneously assembling, inorganic scaffolds modulate immune cells in vivo and increase vaccine efficacy. Nat. Biotechnol. 33 (1), 64–72. doi:10.1038/nbt.3071
 King, A., Sandler, S., and Andersson, A. (2001). The effect of host factors and capsule composition on the cellular overgrowth on implanted alginate capsules. J. Biomed. Mater Res. 57 (3), 374–383. doi:10.1002/1097-4636(20011205)57:3<374:aid-jbm1180>3.0.co;2-l
 Kingston, D., Schmid, M. A., Onai, N., Obata-Onai, A., Baumjohann, D., and Manz, M. G. (2009). The concerted action of GM-CSF and Flt3-ligand on in vivo dendritic cell homeostasis. Blood 114 (4), 835–843. doi:10.1182/blood-2009-02-206318
 Kochenderfer, J. N., Dudley, M. E., Kassim, S. H., Somerville, R. P. T., Carpenter, R. O., Stetler-Stevenson, M., et al. (2015). Chemotherapy-refractory diffuse large B-cell lymphoma and indolent B-cell malignancies can Be effectively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor. J. Clin. Oncol. 33 (6), 540–549. doi:10.1200/jco.2014.56.2025
 Koshy, S. T., Ferrante, T. C., Lewin, S. A., and Mooney, D. J. (2014). Injectable, porous, and cell-responsive gelatin cryogels. Biomaterials 35 (8), 2477–2487. doi:10.1016/j.biomaterials.2013.11.044
 Kwee, B. J., Seo, B. R., Najibi, A. J., Li, A. W., Shih, T-Y., White, D., et al. (2019). Treating ischemia via recruitment of antigen-specific T cells. Sci. Adv. 5 (7), eaav6313. doi:10.1126/sciadv.aav6313
 Labanieh, L., Majzner, R. G., and Mackall, C. L. (2018). Programming CAR-T cells to kill cancer. Nat. Biomed. Eng. 2 (6), 377–391. doi:10.1038/s41551-018-0235-9
 Lee, D. W., Kochenderfer, J. N., Stetler-Stevenson, M., Cui, Y. K., Delbrook, C., Feldman, S. A., et al. (2015). T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young adults: A phase 1 dose-escalation trial. Lancet 385 (9967), 517–528. doi:10.1016/s0140-6736(14)61403-3
 Lee, K. Y., and Mooney, D. J. (2012). Alginate: Properties and biomedical applications. Prog. Polym. Sci. 37 (1), 106–126. doi:10.1016/j.progpolymsci.2011.06.003
 Li, A. W., Sobral, M. C., Badrinath, S., Choi, Y., Graveline, A., Stafford, A. G., et al. (2018). A facile approach to enhance antigen response for personalized cancer vaccination. Nat. Mater 17 (6), 528–534. doi:10.1038/s41563-018-0028-2
 Li, W. A., Lu, B. Y., Gu, L., Choi, Y., Kim, J., and Mooney, D. J. (2016). The effect of surface modification of mesoporous silica micro-rod scaffold on immune cell activation and infiltration. Biomaterials 83, 249–256. doi:10.1016/j.biomaterials.2016.01.026
 Li, Y., Liu, W., Liu, F., Zeng, Y., Zuo, S., Feng, S., et al. (2014). Primed 3D injectable microniches enabling low-dosage cell therapy for critical limb ischemia. Proc. Natl. Acad. Sci. 111 (37), 13511–13516. doi:10.1073/pnas.1411295111
 Lin, M. J., Svensson-Arvelund, J., Lubitz, G. S., Marabelle, A., Melero, I., Brown, B. D., et al. (2022). Cancer vaccines: The next immunotherapy frontier. Nat. Cancer 3 (8), 911–926. doi:10.1038/s43018-022-00418-6
 Lotze, M. T., Matory, Y. L., Ettinghausen, S. E., Rayner, A. A., Sharrow, S. O., Seipp, C. A., et al. (1985). In vivo administration of purified human interleukin 2. II. Half life, immunologic effects, and expansion of peripheral lymphoid cells in vivo with recombinant IL 2. J. Immunol. 135 (4), 2865–2875. doi:10.4049/jimmunol.135.4.2865
 Maude, S. L., Frey, N., Shaw, P. A., Aplenc, R., Barrett, D. M., Bunin, N. J., et al. (2014). Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. J. Med. 371 (16), 1507–1517. doi:10.1056/nejmoa1407222
 McKenna, H. J., Stocking, K. L., Miller, R. E., Brasel, K., De Smedt, T., Maraskovsky, E., et al. (2000). Mice lacking flt3 ligand have deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood 95 (11), 3489–3497. doi:10.1182/blood.v95.11.3489.011k45_3489_3497
 Memic, A., Colombani, T., Eggermont, L. J., Rezaeeyazdi, M., Steingold, J., Rogers, Z. J., et al. (2019). Latest advances in cryogel Technology for biomedical applications. Adv. Ther. 2 (4), 1800114. doi:10.1002/adtp.201800114
 Mooney, D. J., and Vandenburgh, H. (2008). Cell delivery mechanisms for tissue repair. Cell Stem Cell 2 (3), 205–213. doi:10.1016/j.stem.2008.02.005
 Mukherjee, S., Km, B., Cheng, L., Doerfert, M., Li, J., Hernandes, A., et al. (2022). In vivo screening of hydrogel library using cellular barcoding identifies biomaterials that mitigate host immune responses and fibrosis. ResearchSquare . 
 Nair, A., and Tang, L. (2017). Influence of scaffold design on host immune and stem cell responses. Semin. Immunol. 29, 62–71. doi:10.1016/j.smim.2017.03.001
 Nair, A., Zou, L., Bhattacharyya, D., Timmons, R. B., and Tang, L. (2008). Species and density of implant surface chemistry affect the extent of foreign body reactions. Langmuir 24 (5), 2015–2024. doi:10.1021/la7025973
 Orive, G., Hernández, R. M., Gascón, A. R., Calafiore, R., Chang, T. M. S., Vos, P. D., et al. (2003). Cell encapsulation: Promise and progress. Nat. Med. 9 (1), 104–107. doi:10.1038/nm0103-104
 Pérez del Río, E., Santos, F., Rodriguez Rodriguez, X., Martínez-Miguel, M., Roca-Pinilla, R., Arís, A., et al. (2020). CCL21-loaded 3D hydrogels for T cell expansion and differentiation. Biomaterials 259, 120313. doi:10.1016/j.biomaterials.2020.120313
 Porcheray, F., Viaud, S., Rimaniol, A-C., Léone, C., Samah, B., Dereuddre-Bosquet, N., et al. (2005). Macrophage activation switching: An asset for the resolution of inflammation. Clin. Exp. Immunol. 142 (3), 481–489. doi:10.1111/j.1365-2249.2005.02934.x
 Rosenberg, S. A. (2014). IL-2: The first effective immunotherapy for human cancer. J. Immunol. 192 (12), 5451–5458. doi:10.4049/jimmunol.1490019
 Rostam, H. M., Fisher, L. E., Hook, A. L., Burroughs, L., Luckett, J. C., Figueredo, G. P., et al. (2020). Immune-Instructive polymers control macrophage phenotype and modulate the foreign body response in vivo. Matter 2 (6), 1564–1581. doi:10.1016/j.matt.2020.03.018
 Roth, G. A., Gale, E. C., Alcántara-Hernández, M., Luo, W., Axpe, E., Verma, R., et al. (2020). Injectable hydrogels for sustained codelivery of subunit vaccines enhance humoral immunity. ACS Cent. Sci. 6 (10), 1800–1812. doi:10.1021/acscentsci.0c00732
 Scharp, D. W., and Marchetti, P. (2014). Encapsulated islets for diabetes therapy: History, current progress, and critical issues requiring solution. Adv. Drug Deliv. Rev. 67–68, 35–73. doi:10.1016/j.addr.2013.07.018
 Shih, T., Blacklow, S. O., Li, A. W., Freedman, B. R., Bencherif, S., Koshy, S. T., et al. (2018). Injectable, tough alginate cryogels as cancer vaccines. Adv. Healthc. Mater 7 (10), 1701469. doi:10.1002/adhm.201701469
 Sinha, A., Choi, Y., Nguyen, M. H., Nguyen, T. L., Choi, S. W., and Kim, J. (2019). A 3D macroporous alginate graphene scaffold with an extremely slow release of a loaded cargo for in situ long-term activation of dendritic cells. Adv. Healthc. Mater 8, e1800571. doi:10.1002/adhm.201800571
 Smith, T. T., Moffett, H. F., Stephan, S. B., Opel, C. F., Dumigan, A. G., Jiang, X., et al. (2017). Biopolymers codelivering engineered T cells and STING agonists can eliminate heterogeneous tumors. J. Clin. Invest 127 (6), 2176–2191. doi:10.1172/jci87624
 Spasojevic, M., Paredes-Juarez, G. A., Vorenkamp, J., de Haan, B. J., Schouten, A. J., and de Vos, P. (2014). Reduction of the inflammatory responses against alginate-poly-L-lysine microcapsules by anti-biofouling surfaces of PEG-b-PLL diblock copolymers. PLoS One 9 (10), e109837. doi:10.1371/journal.pone.0109837
 Sridhar, P., and Petrocca, F. (2017). Regional delivery of chimeric antigen receptor (CAR) T-cells for cancer therapy. Cancers (Basel) 9 (7), 92. doi:10.3390/cancers9070092
 Stephan, S. B., Taber, A. M., Jileaeva, I., Pegues, E. P., Sentman, C. L., and Stephan, M. T. (2015). Biopolymer implants enhance the efficacy of adoptive T-cell therapy. Nat. Biotechnol. 33 (1), 97–101. doi:10.1038/nbt.3104
 Thelin, M. A., Kissler, S., Vigneault, F., Watters, A. L., White, D., Koshy, S. T., et al. (2017). In vivo enrichment of diabetogenic T cells. Diabetes 66 (8), 2220–2229. doi:10.2337/db16-0946
 Trunova, G. V., Makarova, O. V., Diatroptov, M. E., Bogdanova, I. M., Mikchailova, L. P., and Abdulaeva, S. O. (2011). Morphofunctional characteristic of the immune system in BALB/c and C57Bl/6 mice. Bull. Exp. Biol. Med. 151 (1), 99–102. doi:10.1007/s10517-011-1268-1
 Turtle, C. J., Hanafi, L-A., Berger, C., Gooley, T. A., Cherian, S., Hudecek, M., et al. (2016). CD19 CAR–T cells of defined CD4+:CD8+ composition in adult B cell ALL patients. J. Clin. Invest 126 (6), 2123–2138. doi:10.1172/jci85309
 Ushach, I., and Zlotnik, A. (2016). Biological role of granulocyte macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) on cells of the myeloid lineage. J. Leukoc. Biol. 100 (3), 481–489. doi:10.1189/jlb.3ru0316-144r
 Vegas, A. J., Veiseh, O., Doloff, J. C., Ma, M., Tam, H. H., Bratlie, K., et al. (2016). Combinatorial hydrogel library enables identification of materials that mitigate the foreign body response in primates. Nat. Biotechnol. 34 (3), 345–352. doi:10.1038/nbt.3462
 Verbeke, C. S., Gordo, S., Schubert, D. A., Lewin, S. A., Desai, R. M., Dobbins, J., et al. (2017). Multicomponent injectable hydrogels for antigen-specific tolerogenic immune modulation. Adv. Healthc. Mater 6 (6), 1600773. doi:10.1002/adhm.201600773
 Verbeke, C. S., and Mooney, D. J. (2015). Injectable, pore-forming hydrogels for in vivo enrichment of immature dendritic cells. Adv. Healthc. Mater 4 (17), 2677–2687. doi:10.1002/adhm.201500618
 Wang, K., Chen, Y., Ahn, S., Zheng, M., Landoni, E., Dotti, G., et al. (2020). GD2-specific CAR T cells encapsulated in an injectable hydrogel control retinoblastoma and preserve vision. Nat. Cancer 1 (10), 990–997. doi:10.1038/s43018-020-00119-y
 Weber, E. W., Maus, M. V., and Mackall, C. L. (2020). The emerging landscape of immune cell therapies. Cell 181 (1), 46–62. doi:10.1016/j.cell.2020.03.001
 Weber, J. S., Yang, J. C., Atkins, M. B., and Disis, M. L. (2015). Toxicities of immunotherapy for the practitioner. J. Clin. Oncol. 33 (18), 2092–2099. doi:10.1200/jco.2014.60.0379
 Weiden, J., Schluck, M., Ioannidis, M., van Dinther, E. A. W., Rezaeeyazdi, M., Omar, F., et al. (2021). Robust antigen-specific T cell activation within injectable 3D synthetic nanovaccine depots. ACS Biomater. Sci. Eng. 7 (12), 5622–5632. doi:10.1021/acsbiomaterials.0c01648
 Weiden, J., Tel, J., and Figdor, C. G. (2018). Synthetic immune niches for cancer immunotherapy. Nat. Rev. Immunol. 18, 212–219. doi:10.1038/nri.2017.89
 Whitaker, R., Hernaez-Estrada, B., Hernandez, R. M., Santos-Vizcaino, E., and Spiller, K. L. (2021). Immunomodulatory biomaterials for tissue repair. Chem. Rev. 121 (18), 11305–11335. doi:10.1021/acs.chemrev.0c00895
 Williams, D. F. (2022). Biocompatibility pathways and mechanisms for bioactive materials: The bioactivity zone. Bioact. Mater 10, 306–322. doi:10.1016/j.bioactmat.2021.08.014
 Williams, D. F. (2008). On the mechanisms of biocompatibility. Biomaterials 29 (20), 2941–2953. doi:10.1016/j.biomaterials.2008.04.023
 Witherel, C. E., Abebayehu, D., Barker, T. H., and Spiller, K. L. (2019). Macrophage and fibroblast interactions in biomaterial-mediated fibrosis. Adv. Healthc. Mater 8, 1801451. doi:10.1002/adhm.201801451
 Wu, J., Zhang, L., Shi, J., He, R., Yang, W., Habtezion, A., et al. (2020). Macrophage phenotypic switch orchestrates the inflammation and repair/regeneration following acute pancreatitis injury. EBioMedicine 58, 102920. doi:10.1016/j.ebiom.2020.102920
 Zhan, Q., Shen, B., Fang, Y., Deng, X., Chen, H., Jin, J., et al. (2017). Drug-eluting scaffold inhibited in vivo pancreatic tumorigenesis by engaging murine CCR4+CD8+ T cells. Colloids Surfaces B Biointerfaces 158, 469–473. doi:10.1016/j.colsurfb.2017.07.021
 Zhang, L-M., Wu, C-X., Huang, J-Y., Peng, X-H., Chen, P., and Tang, S-Q. (2012). Synthesis and characterization of a degradable composite agarose/HA hydrogel. Carbohydr. Polym. 88 (4), 1445–1452. doi:10.1016/j.carbpol.2012.02.050
 Zhao, L., and Cao, Y. J. (2019). Engineered T cell therapy for cancer in the clinic. Front. Immunol. 10, 2250. doi:10.3389/fimmu.2019.02250
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 © 2023 Schluck, Weiden, Verdoes and Figdor. 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/images/fbioe-11-1149943-t001.jpg
Biomaterial Recruitment Infiltration Infiltration Mouse model and Delivery route
factor target cells non-target outcome
immune cells
PLG 3 ug GM-CSF DCs Not specified Immunocompetent (C57BL/ | Implantation s.c. Ali etal.
matrices—measured 6, | (encapsulated in PLG (CD11¢"CD86"): 6)) (2009)
did4, 28, microspheres) 30% GM-CSF incorporation
(Total cells max: resulted in increased DC
23.10° recruitment. Addition of
CpG-ODN and BI6F10
Blank DCs lysates into scaffold vaccine
(CD11C"CD86"): design induced 90% survival
14% in a prophylactic BIGF10
(Total cells max: melanoma model
0.6:10°)
Methacrylated gelatin | Unmodified Not specified Total live cells: Immunocompetent (C57BL/ | s.c. injection with | Koshy etal.
cryogel—measured d14 ~0.1:10° 6]) 16G needle, 5mm | (2014)
GM-CSF modification diameter and 2 mm
Encapsulated GM-CSF | Not specified Total live cells: ~2:10° | increases cellular infiltration, | thick in 200 uL
5Hg capsule formation, and Dulbecco’s PBS
decreases degradation time
Alginate 3 ug GM-CSF coupled to | DCs Macrophages and DC | Immunocompetent (C57BL/ | Injection s.c. with  Verbeke
hydrogel—measured d3, | gold-NP (CDIIb'CDIIC): | subset (F4/80°): max  6]) 16G needle, 100 uL. | and
5,10, and 14 max >410° 2210° Scaffolds can be engineered to Mooney
(Total cells max: Monocytes/ locally enrich immature DCs (2015)
5.10% granulocytes (Gr-17): | in vivo, especially by using
~2510° GM-CSF coupled to gold-NP
NK/NK-T/T (DX5"):
5% d3, 25% d14
3 g GM-CSF free/soluble |~ DCs Macrophages and DC
(CDIIL'CDIIC): | subset (F4/80"): max
max 1.4-10° 1510°
(Total cells max: Monocytes/
1.610°) granulocytes (Gr-1):
limited (~8-20%)
NK/NK-T/T (DX5°):
10% d3 and d14
Blank DCs Macrophages and DC
(CDIIb'CDIIC): | subset (F4/80"): max
very limited 0.2:10°
(Total cells: Monocytes/
~0.1:10°) granulocytes (Gr-1):
limited (~8-20%)
NK/NK-T/T (DX5"):
15% d3, 5% d14
mesoporous silica rods - | 1 pg GM-CSF (adsorbed | DCs (CD11c?): 310° | B cells (B220°): 21% | Immunocompetent (C57BI/ | Injection s.c. of Smg | Kim et al.
measured d7 onto MSR, includingCpG | (Total cells: 2510°) | T cells (CD3°): ~2.5% | 6]) MSR in 150 uL PBS  (2015)
and OVA) NK cells (NKLI*): | Blank scaffolds were using 18G needle
~25% degraded within 25 days
Monocytes MSR vaccine resulted in
(CD14"): 52% enhanced IgG, and IgGy,
serum levels and OVA
Blank DCs (CDI1c"): 1110° | Not specified specific CTL responses
(Total cells: 9-10°)
Alginate 15 pg GM-CSF DCs Not specified Immunocompetent (BALB/c | Injection s.c. of 2 Bencherif
cryogel—measured d4 | (physically encapsulated, | (CD11b°CD11c"): and C57BL/6]) cryogels with 166 et al.
including CpG ODN and | 3-10° Alginate cryogel vaccine needle (2015)
irradiated F10-B16 cells) | (Total cell: 7:10°) recruited high number of DCs
and resulted in 80% overall
Blank DCs survival of animals in a
(CD11b*CD11c): prophylactic BI6F10
110° melanoma model with a
(Total cells: 2.5*10°) rechallenge. In a therapeutic
BI6F10 melanoma model
409% of the mice survived until
day 100
PLG B-cel Iysates T cells: 1.5% CD4", | Macrophages NOD mice (diabetic model) | Implantation s.c. Thelin et
scaffold—measured d14 13% CD8§* (MACI"): 49.4% B-cell scaffolds enrich discs Iem in al. (2017)
(Total cells: not DCs (CD11c): 16.7% | autoimmune T cells locally | diameter 0.2 cm
specified) Granulocytes but do not affect diabetes width
(GrI'MACI"): 174% | development, can aid in the
identification of autoimmune
Blank T cells: 1.1% CD4", | Macrophages T cells
0.5% CD8§" (MACI"): 38.3%
(Total cells: not DCs (CD11c"): 40.6%
specified) Granulocytes
(Gr1"MACI"): 9.0 %
Alginate GM-CSF coupledtogold- | DCs (CD11¢"): max | Macrophages (F4/ Immunocompetent (C57BL/ | Injection s.c. with | Verbeke et
hydrogel—measured d1, | NP (with BDC peptide- | ~25% 80°): limited, max o)) 18G needle al. (2017)
3,and 5 loaded PLG (Total cells: not ~10% Incorporation of peptide-
microparticles) specified) Monocytes/ loaded PLG particles is
granulocytes (GLT'): | associated with significant
all days ~90% differences in immune cell
infiltration
GM-CSF coupledtogold- | DCs (CD11c"): max | Macrophages (F4/
NP (without PLG ~80% 80°): 20-60%
microparticles) (Total cells: not Monocytes/
specified) granulocytes (GL-1'):
‘max ~80% d1, but
drops to ~5% on d5
Alginate tough 15 pg GM-CSF DCs Neutrophils Immunocompetent (BALB/c) | Injection sc. of 2 | Shih et al.
cryogel—measured d7 | (physically encapsulated) | (CD11b’CD1Ic"): | (CD1IbLy6G"): Cryogel vaccine enhanced | cryogels with 16G | (2018)
0.6:10° 02:10° recruitment of DCs needle
(Total cells 3-10%) Macrophages Addition of CpG-ODN and
(CD11b°F4/80°) irradiated tumour cells (DD)
0.1:10° to the cryogel vaccine design
resulted 80% survival in a
Blank DCs Neutrophils prophylactic murine breast
(CDIIL'CD1ICY): | (CD1IbLy6G): cancer model
0.18.10° limited <0.1-10°
(Total cells 06:10°) | Macrophages
(CD11b°F4/80°):
0.610°
PNP hydrogel (HPMC- | 100 g OVA Macrophages: Neutrophils: 12.86% | Immunocompetent (C57BL/ | Injection s.c. of 100 Roth et al.
Cy, PEG-PLA NP)— 23.36% DCs:2048% = Monocytes: 11.74%  6]) WL witha21G needle | (2020)
measured d7 (Total cells: 1-10°)  Other myeloid: Vaccine loaded gels were able
15.47% to recruit more immune cells
Non-myeloid: 13.09% | and they were able to recruit
APCs
Blank Macrophages: Neutrophils: 5.59%

32.54% DCs: 285%
(Total cells: 0.2:109)

Monocytes: 1.89%
Other myeloid: 12.1%
Non-myeloid: 19.38%
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Macroporous alginate | GFOGER, stimulatory 700 uL, 15 7-10° murine 4T1-specific Implanted in 4T1 resection model (BALB/c) | Stephan et
scaffold microspheres (aCD3, mmround,2 | CD8" T cells or 710° NKG2D | peritoneal or - protected from relapse al. (2015)
aCD28, aCD137 and IL- mm thick  murine CAR-T cells resection cavity | Advanced-stage ovarian
1554) tumour model (Albino B6) —
clearance in 6/10
Macroporous alginate | GFOGER, stimulatory 700 uL, 15 | 7-10° murine CAR-T cells Implanted KPC (Albino B6) — clearance | Smith et al.
scaffold microspheres (aCD3, mm round, 2 peritoneal or in 4/10, all 4 mice rejected | (2017)
aCD28, aCD137 and STING | mm thick resection cavity | tumour rechallenge
agonist (cdCMP)) BI6F10 resection model
(CD45.1) = clearance in 6/10
mice, 6 rejected tumour
rechallenge
Nitinol thin films (2D | Fibrin coating, aCD3, Film: 7 x Film: 10-10° human CAR-T | Implanted next to | Film: OVCAR-3 (NSG) —»  Coon et al.
films or 3D stents) | aCD28, and aCD137 4mm? cells the tumour clearance in 7/10, average (2020)
Stent: 4 mm | Stents: 1.6:10° human CAR-T | (diaphragm survival 80d
long, 45mm | cells orsc) Stent: RORI'PANC resection
diameter model (NSG) — CAR-T cell
stents remained open lumen
Chitosan-PEG none 1yl in situ | 1-10° human GD2(IL-15)- Injected under the | RB xenograft model (NU/NU | Wang et al.
hydrogel gelation CAR-T cells retina nude mice) — controlled (2020)
tumour growth and prevented
tumour recurrence
Hyaluronic acid Platelets coated with aPDL1 | 48 well, 210° human CSPG4 CAR-T  Implanted in WML15 (NSG) human Hu et al.
hydrogel (1ug) and NP with IL- 400 pL. cells resection ‘melanoma resection model — | (2021)
15 (lug) cavity (s.c.) smallest tumour signal, CAR-
T cell persistence up to 4
weeks
Double-tumour model —
abscopal effect, inhibition of
contralateral tumour
Alginate cryogel aCD3, aCD28, and IL-2 48 well with | 1-10° human PBMCs (20% is  Implanted s.c, 2 | CD19 model (Daudi cells) — | Agarwalla et
300 L transduced, 0.2:10° CAR-T | scaffolds per tumour free survival of 50%  al. (2022)
cells) and virus particles (total | mouse d100
210° PBMCs)
PNP hydrogel RGD, IL-15 (encapsulated in | 100 pL, in | 2:10° B7H3 human CAR-T | Injected sc. MEDSA solid tumour (NSG)  Grosskopf
(HPMC-C,; and the NP) situ gelation | cells peritumour, 21G | — complete clearance, distant | et al. (2022)
PEG-PLA NP) needle tumour could be cleared

within 30d
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HA cryogel—1,5, | Immunocompetent NA. Day 10, mainly Short, average | N.A. Injection sc. | Kerr et al.
and 10 days (C57BL/6]) neutrophils (>80%,  half-life 9.5 with 16G (2022)
6.5:10° cells), some  days needle
macrophages (<5%,
2510°)
Immunodeficient (NSG) | N.A. Day 10, mainly Long, average
‘macrophages (90%, | half-life >3
3-10%), very little months
neutrophils
Nitinol film—4 Female NSG Thin Limited Yes, material is | Yes, no changes in ALT,  Implanted Coon et al.
months layer—4 (macrophages, non-degradable | AST, LDH or CRE (2020
months Iymphocytes and
multinucleate giant
cells)
Alginate Immune competent Thin Limited at day 4, Yes, material is | Yes, no histopathology of  Implanted Agarwalla et
Histopathology at4  (C57BL/6)) for layer—4 mainly murine non-degradable | the major organsat 4 weeks. al. (2022)
weeks histopathology study. weeks CDI11b* (80% of all Blood biochemical analysis
Immune cell NSG mouse engrafted infiltrating cells) was fine
infiltration at day 4 | with human PBMCs for
immune cell infiltration
study
PNP hydrogel—4 | Immune competent Novisible | N.A. Short, retention | N.A. Injected sc. | Grosskopf
weeks (SKHI-Elite), for sign half-life of 89 21G needle etal. (2022)
biocompatibility study +26 days
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Biomaterial

Modification

Infiltration
immune cells

Fibrous capsule

Mouse model and

Silicon wafer coated with 25
nm gold

Polypropylene
microspheres—measured after
2 weeks

Polypropylene
microspheres—measured after
2 weeks

Mesoporous silica microrod
scaffold—measured day 5

Mesoporous silica microrod
scaffold—measured d3

Silicon wafers alginate
layer—measured after 1 month

Alginate microcapsule
(hydrogel)—measured day 14

Agarose hydrogel or agarose/
HA composite

hydrogel —measured at week 1,
2,3,4,5,6,8,10,and 13

Clinical grade silicon rubber
coated with meth(acrylate) and
meth(acrylamide)
monomers—measured at 28
days

Alginate microcapsule
(hydrogel)—measured day 14

Medical grade silicone
catheters—measured after 4

weeks

Unmodified Total cells: 2:10° 110 pm
Activated fibroblasts
(Mac-1): 5:10°

-OH Total cells: 310° 70 pm
Activated fibroblasts
(Mac-17): 1.810°

-CH, Total cells: 310° 120 ym
Activated fibroblasts
(Mac-17): 22:10°

-COOH Total cells: 210° 80 pm
Activated fibroblasts
(Mac-17): 1-10°

Unmodified (-CH) | CD11b* inflammatory | 65.1 + 10.3 um
cells: 125.3 + 31.2/mm* | With high collagen

deposition

-OH (low (L),
medium (M), and
high (H) densities)

-COOH (low (L),
medium (M), and
high (H) densities)

Unmodified

-OH

-COOH

Unmodified

PEG

PEG-RGD

Unmodified

(including 100 pg
CpG, 50 g OVA, 1
1g GM-CSF)

PEI modified
(including 100 pg
CpG, 50 pg OVA, 1
g GM-CSF)

PLLo coated

PLLygo-PEGs-b-
PLLs, coated

Unmodified

Triazole
functionalized (Z2-
Y12, Supplementary
Figure S1)

Triazole
functionalized (Z1-
Y15, Supplementary
Figure S1)

Triazole
functionalized (Z1-
Y19, Supplementary
Figure S1)

Agarose

Agarose/HA
composite

No coating

MO coating (C398
or C408)

M1 coating (H24 or
C170)

M2 coating (C255
and C301)

Triazole
functionalized (21-
A3, Supplementary
Figure 1)

Triazole
functionalized (Z4-
Al0,
Supplementary
Figure S1)

Unmodified

Methacryloyl
modified Z1-A3
(Supplementary
Figure 1)

Methacryloyl
modified B2-A17
(Supplementary
Figure S1)

CD11b" inflammatory
cells:

L: 3663  113.6/mm?
M: 3263 £ 48.5/mm*
H: 3226 + 44.9/mm’

CD11b" inflammatory
cells:

L:79.0 + 14.0/mm*
M: 562  10.7/mm?
H: 62.1 +16.4/mm*

CDI11b* inflammatory
cells: 2625 + 8.13/mm’

CDI11b* inflammatory
cells: 135.25 +
36.86/mm?

CD11b* inflammatory
cells: 261 + 39.35/mm”

CD11b" inflammatory
cells: 50.25 + 12.03/mm?

CD11b" inflammatory
cells: 11.75 & 1.5/mm?

Total cells 1.4-10°,
myeloid/neutrophils
(Ly6G"#"Ly6C™™) 62%

Total cells 1.4-10°,
‘myeloid/neutrophils
(Ly6GHiE"Ly6CM) 78%

Total cells 2.510°,
‘myeloid/neutrophils
(Ly6GHE"Ly6CM) 55%

Total cells: 0.9-10°
Activated DCs
(CD11¢"CD86'/CCR7");
0.06210°

Total cells: 1-10°
Activated DCs.

(CD11¢’CD86'/CCRT"):
0.135-10°

Not quantified, high
numbers of macrophages
and fibroblast were found
around the implants.
97.25 & 5.5% of the
implants had cellular
overgrowth

Not quantified, 36.25 +
27.8%of the implants had
cellular overgrowth.
Mostly, just a few cells,
which were mainly
‘macrophages and a few
fibroblasts

Macrophages
(CD68*CD11bY): 14-10*
per 100 L retrieved
capsule

Neutrophils
(Ly6G'CDI1b"): 26:10"
per 100 L retrieved
capsule

Macrophages
(CD68"CDI1b"):
~0.5-10* per 100 pL.
retrieved capsule
Neutrophils
(Ly6G"CDI11b"):
~0.0110" per 100 pL.
retrieved capsule

Macrophages
(CD8"CDI1b): 2:10°
per 100 L retrieved
capsule

Neutrophils

per 100 pL retrieved
capsule

Macrophages
(CD68"CD11b"): 2:10°
per 100 pL retrieved
capsule

Neutrophils
(Ly6G'CDI1b"):
~0.15-10° per 100 pL.
retrieved capsule

Not quantified, a lot of
macrophages and
fibroblasts

Not quantified, slight
capsule of fibroblasts and
‘macrophages

Macrophages:
Neutrophil

70 per cm?
0 per cm?

Macrophages: ~50 per
m?
Neutrophil

Macrophages: ~S0per
m?
Neutrophils:

Macrophages: ~30 per

Showed less macrophage
intensity (CD68) and less
‘myofibroblast intensity
(aSMA) compared to the
control

Showed less macrophage
intensity (CD68) and less
myofibroblast intensity
(aSMA) compared to the
control

L: 1344 % 275 pm
M: 1092 % 100 pm
H: 1018  21.4 um
With high collagen
deposition

L:30.0 + 22 pm
M: 370 £ 102 ym
H:37.4% 61 pm
With minimal
collagen deposition

553+ 10.5 um

Highest thickness,
251+ 456 pm

1517 £ 35.3 um

1013 + 35.9 pm.

234+ 28 um

~30 mg

Heavier (~95 mg),
thicker and higher
levels of IL-1p
compared to
unmodified

Similar to unmodified
(~40 mg)

Not mentioned

Implants formed
clumps (sticking to
abdominal organs)
and were caught in
thick layers of
fibroconnective tissue

Implants did not
form clumps and no
sticking to abdominal
organs was observed

‘Thicker fibrous
deposition

~0.045 ng collagen/
sphere

Almost no fibrous
deposition

~0.018 ng collagen/
sphere

Almost no fibrous
deposition

~0.018 ng collagen/
sphere

Almost no fibrous
deposition

~0.02 ng collagen/
sphere

Slight fibrous capsule

Slight capsule
formation

Collagen thickness
around 40 pm

Collagen thickness
~20 pm

Collagen thickness
~30 pm

Collagen thickness
~40 pm

Lower expression of
aSMA and Collal
indicating lower
fibrosis and reduced
collagen deposition

Lower expression of
aSMA and Collal
indicating lower
fibrosis and reduced
collagen deposition

Fibrous capsule
thickness: 125 um

Fibrous capsule
thickness: 50 um

Fibrous capsule
thickness: 40 pm

outcome

BALB/c Implantation in
immunocompetent sc. air pouch
~CH, modification results | cavity, implant 0.5
in thicker fibrous capsule. | x 0.5 cm?

Both -OH and -CH,
modification results in
increased immune cell
infiltration (especially
activated fibroblasts)

BALB/c
immunocompetent
Density of the chemical
modification had only
minor effects on the FBR.
~OH resulted in increased
capsule and immune cell
infiltration while -COOH
reduced the capsule
formation and immune
cell infiltration

Injected s.c. with
18G needle, 100
mg particles (35
um diameter) in
0.5 mL saline

BALB/c
immunocompetent

‘The chemical nature of the
surface of s.c. implanted
scaffolds modulate capsule
thickness, cell infiltration
depth, and cell number.
With the -COOH
‘modification resulting in
lowest immune response

Implanted s, 35
um diameter

5 mgMSR injected
sc.in 150 pL PBS
using 18G needle

Immunocompetent
(C57BLI6])

PEG modification
increased immune cell
infiltration and capsule
formation, PEG-RGD
modification resulted in
less immune cells and
capsule compared to PEG

only
Immunocompetent 5mgMSR injected
(C57BL6)) sc.in 150 pL. PBS

PEI modification did not
increase total immune cell
infiltration but did
increase the number of
recruited activated DCs

using 18G needle

Immunocompetent (Balb/ | Injected with 16G
9 needle via incision
Addition of the PEG-ys- | in the peritoneal
b-PLLs, diblock cavity, at least
copolymer reduced the | 1000 capsules in
host immune response | 0.5 mL

against alginate-PLL

Immunocompetent Implanted in the
(C57BLI6)) peritoneal cavity,
The chemical diameter of 300-

modifications, all
containing a triazole
functionality, showed a
lack of immune cell
recruitment and
activation on the surface.
Moreover, limited fibrous
deposition was observed

350 um, 350 L in
total

Immunocompetent
(specific pathogen free
Kunming)

Composite hydrogel
showed more rapid but
lesser inflammatory
response and improved
degradation

sc. implantation

Immunocompetent (Balb/
o)

M2 coating resulted in
least cells but the MO
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