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Abstract

Macroscale biomaterials, such as preformed implantable scaffolds and injectable soft materials, 

possess powerful synergies with anti-cancer immunotherapies. Immunotherapies on their own 

typically have poor delivery properties, and often require repeated high-dose injections that result 

in serious off-tumor effects and/or limited efficacy. Rationally designed biomaterials allow for 

discrete localization and controlled release of immunotherapeutic agents, and have been shown in 

a large number of applications to improve outcomes in the treatment of cancers via 
immunotherapy. Among various strategies, macroscale biomaterial delivery systems can take the 

form of robust tablet-like scaffolds that are surgically implanted into a tumor resection site, 

releasing programmed immune cells or immunoregulatory agents. Alternatively they can be 

developed as soft gel-like materials that are injected into solid tumors or sites of resection to 

stimulate a potent anti-tumor immune response. Biomaterials synthesized from diverse 

components such as polymers and peptides can be combined with any immunotherapy in the 

modern toolbox, from checkpoint inhibitors and stimulatory adjuvants, to cancer antigens and 

adoptive T cells, resulting in unique synergies and improved therapeutic efficacy. The field is 

growing rapidly in size as publications continue to appear in the literature, and biomaterial-based 

immunotherapies are entering clinical trials and human patients. It is unarguably an exciting time 

for cancer immunotherapy and biomaterial researchers, and further work seeks to understand the 

most critical design considerations in the development of the next-generation of 

immunotherapeutic biomaterials. This review will discuss recent advances in the delivery of 

immunotherapies from localized biomaterials, focusing on macroscale implantable and injectable 

systems.
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1. Introduction

Biomaterials have emerged as powerful methods of drug delivery and localization, allowing 

for both spatial and temporal control of loaded agents, as well as behavioral control of 

interacting cell populations [1,2]. Biomaterial research has progressed a long way since the 

field’s more humble beginnings in the mid-20th century, when war-time clinicians observed 

the surprising ‘biocompatibility’ of plastic aircraft shrapnel embedded in wounded pilots 

[3,4]. Now the term biomaterial encompasses a wide variety of systems that are much more 

dynamic, including lipid carriers [5–9], synthetic nanoparticles and microparticles [10–16], 

implantable or injectable scaffolds and hydrogels [17–25], or even microneedle arrays [26–

30], which have each been used in a variety of synergistic therapeutic strategies. 

Representing a significant area of collaboration between the fields of chemistry, materials 

science, bioengineering, and medicine, the potential applications of biomaterials are 

enormous. This versatility has been directed to the field of immunotherapy, where materials 

can be designed to not only release immunomodulatory factors in a controlled fashion, but 

also to direct the host immune response and program immune cells trafficking to and from 

the material [22,31–33]. Much work therefore is being devoted to advancing the applications 

of biomaterials for immunomodulation, whether in infectious diseases [34–37], autoimmune 

disorders [38–41], regenerative medicine [42–44], or cancer [45–48].

Cancer represents a unique challenge as a disease, and remains one of the greatest threats to 

public health despite recent advances. In 2018, over 1.7 million new cancer cases and over 

600,000 cancer deaths were projected to have occured in the United States alone [49]. One 

of the well-known hallmarks of cancer is a profound element of immunosuppression and 

avoidance of the natural immune system, which has inspired significant research and 

advances in the field of immunotherapy [50–55]. Immunotherapies have revolutionized the 

treatment of various cancers within the past few decades, with early clinical trials in the 

1990 s leading to FDA approval of the first major immunotherapy drug, Sipuleucel-T, for 

prostate cancer in 2010 [56–59]. For example, thanks to recently approved checkpoint 

inhibitors such as CTLA-4 (ipilimumab) and PD-1 antibodies (nivolumab and 

pembrolizumab) which serve to reactivate tumor-suppressed immune cells [60–65], certain 

advanced disease states that were previously untreatable have shown remarkable 

susceptibility to immunotherapy drugs [66–71]. These remarkable strides led to the 2018 

Nobel Prize in Physiology or Medicine being awarded to Drs. James Allison and Tasuku 

Honjo for their discoveries in checkpoint inhibitor immunotherapy [72]. Yet every 

discussion on the exciting prospects of immunotherapy includes the unfortunate disclaimer 

that current treatments still often don’t work, whether it is for certain patients who simply 

fail to respond or for certain cancers that are better able to avoid the immune system. 

Additionally, with repeated injections or infusions at high doses often required, many 

immunotherapy patients suffer from serious systemic side effects, resulting in increasing 

treatment costs both financially and physically [73–77]. Traditional immunotherapies 

therefore remain limited in scope and efficacy, driving the need to investigate alternate 

treatment strategies [78,79]. An ever-growing body of research has shown that the 

synergistic effects of biomaterials with various adjuvants and immunotherapies could rescue 

the field from some of its current limitations [80].
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This review discusses the exciting prospects of using biomaterials for enhanced 

immunotherapy, and the newest work published in this growing field. Extensive research has 

been done on nanoparticle and microparticle biomaterials for encapsulated drug delivery and 

targeted therapies, which are ideal for use when tumors are prohibitively small or physically 

inaccessible, but these approaches will not be discussed here and the reader is directed to 

other publications on the subject [80–92]. A very recent review by Wang and Mooney 

highlighted many of the advances made in the past decade with cell-targeted, biomaterial-

assisted cancer immunotherapy, including an extensive body of particle-based systems and 

their relevant ongoing clinical trials [93]. Furthermore, an elegant comprehensive review on 

the entire field of immunotherapeutic biomaterials was recently published by Bookstaver et 

al. [94]. This review will focus on the most recent advances made in the use of porous 

scaffolds, cryogels, and hydrogels to provide spatial and temporal control over therapy 

delivery. These localizable biomaterials show unique promise in delivering and presenting 

various bioactive factors to immune cells within a discrete, three-dimensional environment, 

allowing for not only local elimination of tumors, but also systemic disease immunity (Fig. 

1).

2. Immunotherapy and biomaterials: A summary

In the following two sections, the broad topics of immunotherapies and biomaterials will be 

briefly introduced, providing a general overview of key terminology and the current 

strategies and designs used in these fields (Table 1).

2.1. Modern immunotherapies

Immunotherapy can be defined as any treatment that utilizes parts of a patient’s own 

immune system to combat cancer, or any other immune-susceptible disease. This is in 

contrast to traditional chemotherapies, which typically use strongly cytotoxic drugs to 

directly act against cancer cells. While chemotherapies can be effective at treating certain 

types of cancer, treatments often come with severe side effects and compromised quality of 

life, and disease recurrence is almost always a concern. While immunotherapies still have 

much room to improve, such treatments have shown impressive systemic tumor eradication 

resulting in durable immune memory and resistance. It is a field that is rapidly becoming an 

indispensable pillar of cancer treatment.

Many immunotherapy treatment strategies have arisen over the past few decades, seeking to 

enhance the immune system’s natural capability to recognize foreign or cancer-related 

antigens for selective elimination. In this section, some of the most promising current 

therapies will briefly be discussed, including checkpoint inhibitor antibodies, T cell-based 

therapies, signaling proteins, and immunostimulatory small molecules and agonists. As has 

already been mentioned, some of the major clinical advances in modern cancer 

immunotherapy have come through the development and regulatory approval of checkpoint 

inhibitor antibodies (CPIs). CPI antibodies function by binding to and blocking key 

inhibitory immune cell receptors, most significantly the CTLA-4 (cytotoxic T lymphocyte-

associated antigen 4) and PD-1 (programmed cell death protein 1) receptors [60,131,132]. 

When activated by native protein agonists, these so called ‘checkpoint’ pathways negatively 
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regulate T cell activation and function, effectively putting the brakes on the host’s immune 

system [133–135]. Cancer cells have evolved mechanisms to use these checkpoint receptors 

to avoid or inhibit detection and destruction by the immune system [136]. Many CPI 

antibodies seek to block the CTLA-4 and PD-1 receptors from being bound by deactivating 

checkpoint agonists, restoring T cell immune function against immunosuppressive cancers 

[70,137].

Cell-based therapies are also a large component of modern immunotherapeutic research, 

typically involving the reintroduction of amplified immune cells into a patient to facilitate an 

enhanced immune response, rather than trying to directly modulate a patient’s native 

immune cell population. This strategy is most commonly referred to as Adoptive T cell 

(ATC) immunotherapy, where cultured immune cells (often extracted from a patient and 

amplified ex vivo) are reintroduced into a subject in order to promote immune destruction of 

cancerous cells [138]. However, ATC immunotherapy often shows limited efficacy as well as 

systemic toxicity, because reintroduced immune cells can have compromised functionality or 

fail to expand and persist in the desired location [139–141]. Advanced ATC strategies 

include chimeric antigen receptor (CAR) T cell therapy which utilizes T cells that have been 

engineered to express recombinant CARs, both enhancing T cell activity and tumor antigen 

binding for improved selectivity [142,143]. Yet even CAR T cell therapy still shows poor 

lasting treatment efficacy against advanced solid tumors, due to the immunosuppressive 

tumor microenvironment and select cancer subpopulations better able to evade immune 

detection [48,144]. Different strategies (many of which are materials-based) can seek to 

support exogenous T cell viability and activity, as will later be discussed.

A variety of bioactive proteins are used in modern immunotherapeutic treatment strategies. 

GM-CSF (granulocyte–macrophage colony-stimulating factor) is an often-used cytokine that 

induces dendritic cell (DC) chemotaxis, differentiation, and proliferation [145–148]. As an 

inflammatory cytokine, it is ideally suited for use in immunotherapy applications to promote 

a localized immune response, and indeed many of the biomaterial studies reviewed here 

include GM-CSF in their strategic formulation. Other cytokines used for immunotherapy 

include CCL17 (Chemokine C–C motif ligand 17) or Thymus and Activation Regulated 

Chemokine (TARC), which regulates lymphocyte migration and can be used to enhance T 

cell targeting to a particular location [149–152], and IL-15 (Interleukin 15), which can be 

used in its native form or as a superagonist to support the expansion and survival of 

cytotoxic T cells and natural killer cells critical for effective immunotherapy [153–155].

Additionally, there are a large number of natural and synthetic compounds commonly used 

as immune adjuvants or agonists. CpG (cytosine-guanine) oligonucleotides, while rare in 

vertebrate DNA, are common in bacteria such that the immune system has adapted to 

recognize CpG oligonucleotides as a danger signal for infection through Toll-Like Receptor 

9 (TLR9) [156–159]. CpG has therefore long been recognized as a useful tool in 

immunotherapeutic applications to activate mammalian DCs [160]. Similarly, polyinosinic: 

polycytidylic acid (poly:IC) is a TLR3 agonist composed of inosine and cytidine RNA 

strands, and it has been shown to effectively mimic viral infection to induce an inflammatory 

immune response [159,161–163]. Other TLR7/8 agonists such as imidazoquinoline 

compounds are also used as immunotherapy adjuvants, inducing the expression of 
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inflammatory cytokines and facilitating the maturation of DCs [159,164,165]. Finally, while 

this brief survey is not fully inclusive of all the therapeutic strategies employed by 

researchers, a discussion of modern immunotherapies is incomplete without including cyclic 

dinucleotides (CDNs). CDNs are a more recent class of compounds in the field, with 

ongoing clinical trials now evaluating their anti-tumor efficacy in human patients [166,167]. 

As potent activators of innate immunity through the STING (Stimulator of Interferon Genes) 

signaling pathway, CDNs are becoming increasingly used in the literature for anti-cancer 

therapy and systemic tumor elimination [168–171]. However, like other strongly 

immunostimulatory agents, systemic administration of CDNs can lead to excessive toxicity 

and inflammation [172–174]. CDN STING agonists have therefore been used in a variety of 

focused delivery systems, whether encapsulated in liposomes and other nanoparticles 

[172,175], or loaded in macroscale biomaterials as will soon be discussed in more detail 

[100,103,128].

2.2. Common macroscale biomaterials

A macroscale biomaterial can be defined as any biocompatible carrier material with a bulk 

size often greater than 1 mm3 that offers spatiotemporal control over loaded agents, 

regulating their release and presentation to the surrounding biological environment [1]. Such 

localizable bulk materials are by no means simple when compared to micro- or nano-scale 

strategies, and in many cases macroscale materials possess distinct and intentionally 

designed nanostructures that are key to their controlled release mechanisms. Biomaterials 

can be made from a wide host of natural or synthetic components, and bulk implantable or 

injectable systems have been developed from materials such as alginate, hyaluronic acid, 

collagen, nucleic acids, synthetic polymers, peptides, and more, representing an incredibly 

diverse set of tools in the bioengineer’s toolbox (Fig. 2) [176–183]. This section will attempt 

to provide a brief survey of some common macroscale biomaterial components and their 

properties, and examples of such materials will appear throughout this review as they are 

applied to immunotherapy.

One widely used polymer for biomaterial scaffolds is poly (lactide-co-glycolide) acid (PLG 

or PLGA). PLGA is an attractive polymer for biological applications for many reasons: it is 

easily degradable by hydrolysis to the biocompatible components lactic and glycolic acid, is 

easily customizable and tunable in the process of designing devices, and is an FDA approved 

material [184,185]. Materials made from PLGA polymers are typically relatively strong and 

stiff, and form large pores useful for bulk loading of payloads such as drugs, proteins, or 

even cells [186]. PLGA is also often used to encapsulate payloads into nanoparticles for 

improved delivery properties [187,188]. Other typical polymers used in biomaterials 

synthesis include poly(ethylene glycol) (PEG) [181,189], poly(vinyl alcohol) (PVA) [190], 

and composite systems containing more than one such material.

Another common class of biomaterials is based on collagen, which is a key component of 

the extracellular matrix (ECM) and the most abundant protein in the human body [191]. 

Collagen-based materials typically utilize Type-I collagen, and such materials have been 

used for decades as ECM-mimicking cell scaffolds for tissue regeneration and other 

applications [192–194]. Collagen hydrogels are biocompatible and easily support cell 
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adhesion and proliferation, but often suffer from poor mechanical and handling properties, 

requiring further modification and customization [182,195]. Gelatin, a common food-

additive protein derived from hydrolysis of natural collagen, is similarly used to create 

composite biomaterials with unique mechanical properties, though they are often sensitive to 

temperature changes [196,197]. Like collagen, hyaluronic acid (HA) is another example of a 

naturally derived, FDA approved material that is a key polysaccharide component of the 

ECM, giving it good biocompatibility and biodegradability [198]. HA has also been widely 

used to make various hydrogels and scaffolds with handling properties often more favorable 

than collagen, though chemical modification and covalent crosslinking is necessary to create 

such materials [178,199]. Collagen and HA have even been used in combination with each 

other to utilize the strengths of both components, generating composite materials which 

together effectively mimic the extracellular matrix [178].

One of the first biomaterials developed for wound treatment, fibrin gels are a common class 

of FDA approved materials formed from the polymerization of fibrinogen, a common 

protein found in blood plasma, and the protease thrombin that initiates the so called ‘clotting 

cascade’ [200,201]. The resulting fibrin hydrogels are very similar in structure and 

mechanical properties to a natural blood clot, and are therefore biodegradable and easily 

applicable to in vivo work [202]. Also on the FDA approved list of biomaterial components, 

alginate is a naturally occurring biocompatible polysaccharide which can act as a reservoir 

for loaded factors or cells [203,204]. Alginate is widely used as a biomaterial for its low cost 

to manufacture on a large scale, its low immunogenicity, and its inherently ionic chemical 

functionality and hydrophilicity. Alginate possesses regular carboxylic acid moieties from 

the sugar subunits that make up the polysaccharide, which allow for insolution electrostatic 

crosslinking with multivalent cations to form useful macroscale materials without covalent 

crosslinking [205,206].

Biomaterials can also be prepared from nucleic acids, such as crosslinked DNA or branched 

DNA hydrogels [207,208]. DNA biomaterials typically possess inherent immunogenicity, 

which can be directly enhanced or suppressed based on the choice of nucleic acid sequences. 

In many DNA-based materials, ligase enzymes are used to crosslink DNA branches and 

form robust interconnected networks. However, the process of ligation can result in residual 

enzyme contamination in the final material, and therefore alternative methods have been 

developed for ligation-free DNA hydrogels through complementary sticky-end self-

assembly or pH control [123,209,210].

Finally, a large class of materials has been developed through the use of rationally designed 

peptides, often relying on supramolecular self-assembly to form useful biomaterials without 

harsh crosslinking reactions or the need for mixed material composites [211–213]. Peptide-

based materials are highly customizable due to the modular nature of peptide synthesis, and 

such peptide materials are inherently biocompatible thanks to their fundamental amino acid 

composition. Examples of peptide designs that self-assemble into higher order 

nanostructures (and thus useful biomaterials) include the MAX β-hairpin hydrogels [214–

216], the RADA-16 β-sheet hydrogels [217,218], Stupp’s peptide amphiphiles [219,220], 

and the family of Multidomain peptide (MDP) nanofibrous hydrogels [213,221,222]. Each 

of these peptide systems have been used in a variety of cell and drug delivery applications.
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3. Implantable biomaterials: Porous scaffolds

3.1. Overview of pioneering work in immunotherapeutic scaffolds

Implantable porous scaffolds are biomaterials that can be functionalized or preloaded with 

various chemical agents, biologic factors, or even cells before being physically inserted into 

a living host, usually via a minor surgical procedure to place the implant (often the size and 

consistency of a small tablet or pill) into a subcutaneous or resected tissue space. From this 

implanted scaffold, bioactive agents can be released in a controlled fashion, often recruiting 

immune cells to traffic into the large porous matrix of the scaffold for further biological 

programming (see Fig. 3) [46,223].

Seminal work in the field of macroscale scaffolds for immunotherapy was done by Ali and 

Mooney in 2009, setting the stage for further innovation [20]. Ali et al. designed poly 

(lactide-co-glycolide) (PLG) polymer scaffolds that were loaded with GM-CSF as a 

recruitment factor, CpG oligonucleotide as a danger signal, and tumor cell lysate as an 

antigen source, resulting in a wholistic immunotherapy implant that could program specific 

populations of dendritic cells for anti-tumor activity [19,20]. It was also shown that the 

implanted scaffold had to remain in vivo for greater than 7 days in order to induce a 

sufficient immune response and result in tumor regression, and studies in a brain tumor 

model showed that tumor-treatment efficacy was directedly correlated with the implant’s 

ability to be in contact with tumor tissue and establish a GM-CSF gradient [95,96]. Further 

work from 2013 to 2014 by Ali et al. showed the adaptability of the PLG scaffold strategy, 

demonstrating that alternative immune adjuvants and recruitment factors could be 

incorporated into the 3-D scaffold and direct immune cell activity [21,97]. The authors 

continue to innovate and advance the design and applications of the PLG scaffold, 

describing its ability to load and deliver various agonists and be used in combination with 

checkpoint antibodies to enhance cytotoxic T cell activity [98,99]. Ali’s original, first-in-

man PLG vaccine scaffold truly was a breakthrough in the field, and is currently being 

evaluated in a Phase I clinical trial for the treatment of stage IV melanoma with an expected 

completion in 2020 [224]. Fundamentally, these findings showed the exciting potential of 

macroscale biomaterial immunotherapies, inspiring much of the work that has followed.

3.2. Current work in implantable scaffolds

Advances in the field of implantable materials have continued in the Mooney lab and others. 

The Stephan lab in 2015 investigated a resorbable alginate biopolymer for surgical 

implantation post tumor resection, which was shown to significantly enhance adoptive T cell 

(ATC) immunotherapy [24]. As was briefly introduced earlier, usage of ATC 

immunotherapy often shows limited efficacy as well as systemic toxicity, for reintroduced 

immune cells can be functionally compromised or fail to thrive in the implanted location 

[139–141]. These problems suggest that a biomaterial able to support T cell viability and 

localize the desired immune response would be valuable. To this end, Stephan et al. 

developed castable porous scaffolds from polymerized alginate. In this study, the authors 

began with a calcium-crosslinked alginate scaffold and incorporated synthetic collagen-

mimetic peptides (of sequence GFOGER [225]) to facilitate T cell adhesion and migration, 

integrated porous silica microparticles that displayed stimulatory antibodies for T cell 
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programming, and released IL-15 superagonist from the loaded microparticles to promote 

cell expansion. This elegant scaffold design was shown to effectively increase T cell 

expansion and dispersion into tumor resection beds (approximately 100-fold compared to 

cells alone), promoting complete breast and ovarian tumor regression in 60% of treated mice 

compared to 0% survival in ATC-only treated mice.

A recent 2017 publication in the Stephan lab expanded on their previous work with these 

alginate scaffolds, demonstrating their ability to co-deliver programmed CAR T cells in 

conjunction with cyclic-dinucleotide (CDN) STING agonist danger signals to treat fully 

established solid tumors, rather than just treating tumor resection beds with only ~1% 

residual tumor tissue (see Fig. 4) [100]. In a murine pancreatic tumor model, the authors first 

showed that intravenous injections of pancreatic cancer-specific T cells alone failed to 

eradicate tumors due to the limitations of CAR T cell monotherapy. However, the authors 

then demonstrated that when combined in an alginate implant with a locally co-delivered 

CDN (cdGMP [226]), CAR T cell treatment efficacy could be significantly enhanced. 

Interestingly, in this study the authors observed that while T cell-loaded implants without 

CDN more than doubled the survival of treated mice vs. T cell treatment alone, such 

scaffolds consistently failed to completely clear the disease, demonstrating the necessity of 

using STING agonists to promote durable anti-tumor immunity [100]. The combined release 

of CAR T cells and STING agonist cdGMP from biomaterial implants eradicated tumors in 

4 of 10 treated mice, with an average increase in survival of 37 days (4.6-fold higher than 

simple intratumoral co-injection of CAR T cells and STING agonist). Tumor rechallenge of 

the four surviving implant-treated mice showed they had developed complete immunity, 

with no subsequent pancreatic tumor growth. The same treatment strategy was also shown to 

be effective at eliminating melanoma tumors post-resection in 60% of treated mice.

Other current examples of implantable immunotherapy systems include the work of Verma 

et al. in 2016, who developed a fibrin-based implantable scaffold to deliver activated 

dendritic cells to primary tumor sites and tumor resection beds [227]. Zhan et al. in 2017 

used an electrospun polyglyconate and porcine gelatin design to create a fibrous scaffold, in 

which was loaded the chemokine CCL17 as a T cell recruitment factor [101]. With surgical 

co-implantation of the drug-eluting scaffold and pancreatic tumor tissue into mice, the 

authors observed increased T cell recruitment and tumor mass reduction, as well decreased 

metastasis [101]. One of the most recent reports in this field was published in May 2018 by 

Hathaichanok et al., describing the development of a collagen and hyaluronic acid (HA) 

scaffold vaccine for postoperative immunotherapeutic tumor treatment [102]. In an effort to 

reduce potential cancer relapse following surgical removal of tumors, the authors designed 

an implantable porous scaffold based on cross-linked collagen and hyaluronic acid (HA) to 

support cell migration and proliferation. The scaffold was loaded with the chemotherapy 

agent Gemcitabine (GEM) for both its anti-cancer properties and ability to deplete myeloid-

derived suppressor cell (MDSC) populations [228,229], and the material also incorporated 

tumor lysate as an antigen source and cationic nanogels loaded with anionic poly(I:C) 

agonists for immunostimulation. MDSCs are known to accumulate in the tumor environment 

and suppress normal T cell immune function. Therefore the authors argued that suppressor 

cell depletion by sustained local release of GEM would result in enhanced immune activity 

and reduced tumor metastasis when done in conjunction with local antigen and agonist 
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presentation [230,231]. The authors showed that their material resulted in sustained release 

of GEM over the first 7 days post implantation (during the key period of early tumor 

regrowth), and increased immune cell uptake of the negatively charged poly(I:C) stimulatory 

adjuvant due to encapsulation in amine terminated nanogels. Loaded scaffolds showed 

significantly increased dendritic cell infiltration and activation compared to blank 

collagen/HA scaffolds, and treated tumors exhibited a marked reduction in MDSCs as 

desired. In a mouse 4 T1 breast cancer resection model where approximately 90% of 

established tumor volume was removed before treatment, loaded scaffold implantation 

resulted in 25% of mice showing complete remission, and 100% showing greatly improved 

survival compared to controls, with significantly reduced tumor metastasis. Mice treated 

with scaffolds loaded with GEM alone or antigens/adjuvants alone showed no cases of full 

tumor remission and only marginally improved survival, demonstrating the efficacy of the 

author’s multicomponent materials-based immunotherapy strategy.

In summary, implantable biomaterial scaffolds remain a significant area of research for 

enhancing the efficacy of anti-cancer immunotherapies, whether by recruiting and 

supporting immune cell growth, programming and enhancing immune function, or even 

counteracting tumor immune suppression. Implantable scaffolds possess unique strengths in 

carrying out these functions due to their inherent ability to persist in a desired location for a 

long period of time, continuously releasing bioactive factors and allowing for facile cell 

infiltration into an often highly porous 3-D matrix. Such durable scaffolds have shown 

impressive results in various animal tumor models, and current human clinical trials are 

underway to evaluate their translatable efficacy.

4. Injectable biomaterials: Cryogels and hydrogels

4.1. Overview of pioneering work in injectable immunotherapeutic biomaterials

Before launching into published work on injectable biomaterials, it is useful to consider the 

relative advantages and disadvantages of injectable and implantable systems. As has been 

stated, implantable biomaterial scaffolds are useful as durable depots for loaded agents or 

cells, remaining in their implanted location for extended periods of time to maintain antigen 

presentation, control cell trafficking, and perform various other functions. However, 

implantable scaffolds also possess a few district drawbacks. Scaffolds such as PLG-based 

polymer vaccines suffer from stiffness and brittleness, being easily breakable and requiring 

individual surgical procedures to implant into the subcutaneous space. Pre-fabricated 

alginate scaffolds, while resorbable and thus not suffering from issues of brittleness, still 

require invasive surgery to implant in a tumor resection bed or near a solid tumor. These 

material characteristics limit the ability of implantable scaffolds to be easily directed to a 

desired location, and they often must remain in their implanted locations for a significant 

period to work. Thus, the literature on implanted scaffolds often focuses on tumor resection 

bed treatment or peritumoral insertion. Such scaffolds by definition cannot be placed in 

surgically inaccessible locations or volume-sensitive areas, and their persistent presence can 

potentially compromise normal organ function. For example, data on alginate implants for 

treating pancreatic tumors suggested some impairment of pancreatic activity compared to 

untreated controls without scaffold [100].
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These limitations have led to the development of injectable immunotherapeutic biomaterials, 

which possess certain strengths when compared to implantable materials. Injectable 

biomaterials include hydrogels, cryogels, and other in situ self-assembling systems that can 

be derived from various natural or synthetic components [176–180,183]. Such materials 

have been widely used in the literature, for they possess a few distinct advantages. First, they 

can be localized anywhere a needle can reach, a simpler and less invasive procedure 

compared to surgical implantation. This avoids unnecessary tissue damage and the 

complications associated with an inflammatory wound response, and an injection often 

requires much less technical expertise to properly administer to animal or human subjects 

compared to a surgical procedure [113]. Second, with their viscoelastic properties, injectable 

materials can move and flow, conforming to any available space before forming into a 

persisting implant [232,233]. Thus, they can easily interface with living systems, occupying 

discrete places in the subcutaneous space or filling natural cavities and pockets in and 

around organs and other biological tissues [234]. However, injectable materials also come 

with disadvantages, namely that the chosen biomaterial must, by definition, form either a 

liquid or a gel that will allow it to pass through a needle, heavily limiting the types of 

materials and components that can be included. Many useful and desirable materials simply 

do not have the mechanical properties necessary for injectability, thus limiting the design 

space and prohibiting the use of more complex three-dimensional structures that are 

available to implantable scaffolds. Fundamentally, it is the goals of the project that 

determine the choice of biomaterial design, whether implantable or injectable, for they each 

have unique strengths when used for the proper applications.

In returning to a discussion of the literature, pioneering work in injectable biomaterials for 

the delivery of immunotherapies was reported by Singh et al., Wang et al., and Hori et al. in 

2008–2009. Singh et al. developed an injectable Michael addition polymer hydrogel vaccine 

to act as an immune priming center, loading the hydrogel with chemo-attractants and 

immunomodulatory agents that promoted dendric cell infiltration and immune programming 

[17,18]. Such injectable therapies improved survival up to 2-fold in a weakly immunogenic 

A20 B cell lymphoma model [18]. Wang et al. developed a dual-layered hydrogel/

microsphere composite as a delivery system for exogenous immunocytes, demonstrating the 

feasibility of localized cell-based immunotherapy on tumor cells in vitro [104]. Hori et al. 

reported on an injectable alginate-based system that formed a localizable hydrogel in situ, 

first reporting on its ability to load and carry exogenous dendritic cells as an injectable 

immunotherapy, and subsequently exploring the self-gelling system’s ability to deliver 

immunostimulatory molecules such as interleukin-2 or CpG oligonucleotides via bulk 

encapsulation or electrostatic anchoring [105,106].

4.2. Current work in injectable biomaterials

More recent injectable material designs include the work of Bencherif et al., who 

investigated an alginate-based cryogel biomaterial as an injectable cancer vaccine in 2012–

2015, using GM-CSF for cell recruitment, CpG as a danger signal, and irradiated melanoma 

cells as an antigen source in a method similar to Ali’s original implantable PLG scaffold 

(Fig. 5) [110–112]. Bencherif’s cryogel incorporated RGD peptides to promote adhesion of 

the irradiated melanoma cells, and showed sustained release of loaded immunotherapeutic 
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factors for over 1 month to result in potent tumor-treatment efficacy in mice [111]. Koshy et 

al. reported in 2014 on injectable gelatin cryogels derived from natural collagen, which were 

shown to be easily administered without a surgical procedure and fully biocompatible, 

promoting infiltration and proliferation of immune cells with controlled release of GM-CSF 

[113]. Verbeke et al. utilized an alginate hydrogel system in 2015 that formed larger pores 

than some of the more standard nanoporous alginate systems, whose small pores normally 

inhibit cell migration and infiltration [108,235,236]. These in situ large pore-forming 

alginate hydrogels showed greatly enhanced cell infiltration, and when loaded with GM-

CSF, the injected material recruited a highly enriched population of millions of immature 

dendritic cells [108]. Follow-up work by Verbeke in 2017 showed that the same pore-

forming alginate hydrogel loaded with GM-CSF could be used to deliver microparticle-

encapsulated or directly-conjugated peptide antigens, resulting in the recruitment and 

programming of antigen-specific T cells, a natural progression from immature dendritic cell 

accumulation [109]. Other injectable strategies have also been reported in immune cell 

delivery and expansion applications [237].

In 2010 Rudra and Collier developed a system of injectable self-assembling peptide vaccines 

(based on the peptide termed Q11) that display synthetic antigenic peptides as 

immunotherapeutic epitopes along the surface of a nanofiber [114]. This unique method of 

epitope presentation resulted in specific and extended immune responses without 

supplemental adjuvants [114]. These nanofibrous Q11 peptides and their derivatives have 

been used to display antigenic sequences in order to specify a precise immune response 

[116,117], have been conjugated with active immunotherapy epitopes derived from immune 

cells [118,119], and have been used in other applications not related to immunotherapy 

[115]. The breadth of work reported using these peptide vaccines has not only demonstrated 

the promising efficacy of this system, but also the impressive customizable nature of 

peptide-based immunotherapies. Such studies also suggest that the nanostructured 

environment that antigens are presented in can result in a dramatically altered immune 

response, an exciting approach that has not yet been fully explored in the literature.

A fascinating strategy for an injectable cancer vaccine scaffold was developed in 2014 by 

Kim et al. and is based on mesoporous silica rods (MSRs). This system, which is an elegant 

compromise between implantable scaffolds and injectable biomaterials, self-assembles in 
situ into a distinct pocket-like depot when injected subcutaneously, allowing for extended 

release of loaded factors (Fig. 6) [120]. The spontaneously assembled MSR structures, 

which the authors liken to a pile of thrown matchsticks, retained sufficient porosity to allow 

cells to traffic into and out of the scaffold-like material. When pre-loaded with GM-CSF, 

CpG, and model antigens akin to previous systems, the injected MSR implant created an 

immunotherapeutic depot able to recruit and influence local immune cell populations. 

Further work studied the effects of surface modification on immune cell infiltration and 

response, experimenting with modifications such as Poly(ethylene–glycol) (PEG) and 

integrin-binding ligand Arg-Gly-Asp (RGD) on injectable MSR scaffolds [121]. Work 

published as recently as March of 2018 by Li et al. reported on a novel cationic 

polyethyleneimine-MSR system’s ability to easily adsorb peptide antigens and enhance 

antigen immunogenicity [122]. This system showed broad treatment efficacy on a wide 

range of tumor models, and impressively resulted in complete eradication of large 
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established PC-1 tumors in 80% of treated mice and two-fold enhanced survival compared to 

the standard MSR vaccine system [122].

In 2014–2015 Umeki and Nishikawa reported on the use of an injectable 

immunomodulatory DNA-based hydrogel for controlled release of cationic antigens 

[123,124]. The authors’ polypod-like structured DNA hydrogel was designed to possess 

intrinsic general immunogenicity due to the incorporation of CpG dinucleotides into the 

DNA sequences that made up the gel structure [238], but initial studies showed 

unfortunately fast release kinetics of loaded antigens that were meant to direct a specific 

immunotherapeutic response [123]. Further work demonstrated that extended release of such 

immunogenic antigens from the DNA-based hydrogel could be achieved by peptide or 

protein antigen cationization [124]. This elegant strategy took advantage of electrostatic 

interactions between the positively charged modified antigens and the inherently negatively 

charged DNA hydrogel, resulting in a greatly reduced release rate (unmodified antigen 

release had a half-life of less than 1 h, cationized antigen had a half-life of greater than 24 

h). When injected intratumorally, the DNA hydrogel loaded with cationized ovalbumin 

(OVA) antigens significantly improved mouse survival in EG7-OVA tumors displaying the 

same gel-loaded antigen, where 4 out of 6 mice survived with complete tumor regression 

when treated with cationized antigen + DNA hydrogel, compared to only 1 out of 6 mice 

surviving when treated with native antigen + DNA hydrogel. The authors thus demonstrated 

the ability to significantly enhance response to immunotherapy through improved delivery 

methods, underlying one of the inherent strengths of biomaterial-based treatment strategies. 

Other biomaterial approaches and alternative release strategies have also been reported 

[239–242].

Li et al. reported in 2015 on an alginate hydrogel combination therapy used to locally deliver 

both celecoxib and PD-1 checkpoint inhibitor intratumorally [107]. The authors’ rationale 

was that the use of celecoxib, with its anti-inflammatory properties and inherent anti-tumor 

activity [243,244], might enhance the efficacy of PD-1 immunotherapy by offsetting 

deleterious PD-1-induced chronic inflammation [245,246]. The authors first demonstrated in 

a B16-F10 melanoma model that individual delivery of celecoxib or PD-1 mAb from a 

subcutaneously injected alginate hydrogel resulted in superior tumor growth inhibition 

compared to drug injections alone, showing that the hydrogel maintained high local drug 

concentrations and sustained delivery [107]. Furthermore, dual delivery of both celecoxib 

and PD-1 mAb showed significantly improved tumor treatment efficacy, not only strikingly 

reducing tumor size compared to celecoxib or PD-1 hydrogels alone, but also resulting in 5 

out of 9 mice showing complete tumor regression compared to only 1 out of 9 mice 

surviving when treated with celecoxib and PD-1 without hydrogel. Further experiments 

showed that the combination hydrogel therapy, while effectively increasing anti-tumor 

immunity, also abolished the increase in inflammatory molecules caused by PD-1 blockade 

when celecoxib was co-administered, supporting the authors’ initial hypothesis.

Interesting PEG-based composite systems have also been used in the literature for 

immunotherapy strategies. For example, Tsao et al. used a PEG-g-chitosan hydrogel to 

delivery T cell immunotherapy in 2014, demonstrating their thermoreversible hydrogel’s 

ability to load T lymphocytes with applications in local delivery to glioblastoma tumors 
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[247]. Wang et al. developed a thermo-sensitive PLGA-PEG hydrogel in 2017, using it as an 

immunotherapeutic vaccine delivery system for intramuscular injections of model antigens 

[248].

Other recent efforts in the field of injectable biomaterial-based immunotherapies include the 

work of Luo et al. in 2017, where a self-assembling D-tetra-peptide hydrogel was used for 

model antigen encapsulation and enhanced anti-tumor vaccine immunogenicity [125]. Song 

et al. in early 2018 used a relatively stiff polypeptide hydrogel assembled from PEGylated 

poly(L-valine) copolymers to load and deliver tumor cell lysate antigens and poly(I:C) 

agonist, resulting in dendritic cell recruitment, programming, and improved anti-tumor 

activity against B16 melanoma [126]. Furthermore, in 2018 Yang et al. showed that a 

RADA-16 peptide hydrogel (also known commercially as ‘‘PuraMatrix”) could be used as a 

carrier material for exogenous dendritic cells and PD-1 checkpoint inhibitors to create an 

effective immunotherapy vaccine [127].

Leach et al. recently published in 2018 on the use of a self-assembling, nanofibrous peptide 

hydrogel for intratumoral immunotherapy delivery, greatly enhancing the tumor-treatment 

efficacy of the cyclic-dinucleotide (CDN) ML RR-S2 CDA in a challenging model of head 

and neck squamous cell carcinoma (HNSCC) [128]. Currently in clinical trials, ML RR-S2 

CDA (Fig. 7a) is a powerful STING agonist able to activate the immune system against a 

wide variety of cancers, but its efficacy currently remains limited due to the common need 

for multiple drug injections at high doses to maintain sufficient activity [166,249,250]. 

Indeed, other clinical trials on CDNs (such as Merck’s STING agonist MK-1454) have also 

shown poor tumor treatment efficacy with high dose CDN monotherapy, suggesting the need 

for new method development or combination therapies [167,251]. In the study by Leach et 

al., a biomaterial delivery approach inspired by much of the previous work in the field was 

developed, utilizing an inherently cationic and biocompatible Multidomain peptide (MDP) 

hydrogel synthesized in-house [213,221] to encapsulate and control the release of anionic 

ML RR-S2 CDA (Fig. 7) [128]. The resulting favorable electrostatic charge-pairing between 

the negative thiophosphate linkages of the CDN drug molecules and the positive amine 

termini of the lysine-based nanofibrous hydrogel allowed for controlled release, showing 8-

fold slower release compared to an off-the-shelf collagen control hydrogel. When the CDN-

loaded hydrogel was injected subcutaneously, the maintenance of a high local CDN drug 

concentration was observed that stimulated a massive host immune response. The efficacy of 

intratumoral injections into the oral cavity of mice bearing aggressive MOC2-E6E7 tumors 

was then studied, and the material termed ‘STINGel’ (STING agonist loaded within peptide 

hydrogel) resulted in complete tumor elimination in 60% of treated mice after only a single 

treatment injection, compared to only 10% survival in CDN-alone treated groups or CDN 

released from the control collagen hydrogel. These results demonstrated the importance of 

using the rationally designed cationic MDP hydrogel. The use of a localized collagen 

hydrogel that lacked favorable interactions with the CDN drug molecules showed no 

improvement in treatment efficacy, likely due to burst release behavior and swift loss of 

STING agonist from the tumor site. Furthermore, all mice that were successfully treated 

demonstrated complete durable immunity, showing no tumor growth upon rechallenge with 

the same oral cancer cell line.
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Closely following Leach et al., Park et al. similarly reported on the use of a degradable 

hyaluronic acid (HA) hydrogel implant to locally deliver adjuvants for the suppression of 

tumor regrowth following surgical resection [103]. While this is not an injectable system, it 

is included in this section of the review for ease of comparison to other related treatment 

strategies. In this study, the authors sought to apply the same principle of focusing delivery 

of immunotherapies such as TLR7/8 agonists and STING agonist ML RR-S2 CDA to the 

site of tumors, in this case treating the post-operative cavity with an agonist-loaded hydrogel 

scaffold after removing the primary tumor with its immunosuppressive microenvironment. 

Their strategy used a cross-linked HA hydrogel that was specifically optimized to enhance 

its stiffness and form a robust scaffold for insertion into the post-operative cavity. Drug 

release studies showed that the material resulted in moderately extended release of TLR7/8 

and STING agonists on the order of 3–6 h, likely representing a physical drug entrapment 

mechanism. Upon administration of the agonist-loaded hydrogel scaffold into 4 T1-Luc2 

breast tumor resection cavities, the prevention of tumor recurrence and eradication of 

existing metastases was significantly enhanced, resulting in approximately 70% survival in 

hydrogel + agonist groups (whether TLR7/8 agonist or CDN) compared to only 30% or less 

survival when treated with weekly injections of agonist alone or agonist administered locally 

[103]. Baird et al. also recently published on a STING agonist loaded hydrogel therapy in 

late 2018 for localized tumor resection bed treatment [129]. Using commercially available 

Matrigel (composed primarily of laminin and collagen) for the carrier material, the authors’ 

localization strategy also showed promising results in preventing tumor recurrence and 

treating post-surgery tumor margins.

The work by Leach et al., Park et al., and Baird et al. each demonstrate the exciting potential 

of the combination of localized hydrogels with powerful adjuvants such as CDNs. Each of 

these studies saw significant improvement in tumor growth inhibition and overall survival 

when a CDN was delivered in a controlled fashion from a hydrogel biomaterial, whether by 

direct intratumoral injection into oral tumors, or local placement at a tumor resection site. 

These studies highlight the need for further research in the growing area of controlled 

STING agonist delivery.

In summary, injectable and localizable biomaterials represent a wide array of delivery 

systems in the literature, for such systems are immensely customizable to the chemical or 

biological needs of various drug or cell-based therapies. Biomaterials like cryogels and 

hydrogels can be synthesized from a large number of differing starting materials, each 

imbuing the overall matrix with unique bulk properties, and they can be modified or 

derivatized with alternative functional groups, signaling molecules, or anything else 

attachable by covalent bonds or supramolecular forces. Injectable materials provide a useful 

complement to pre-formed implantable scaffolds, and both strategies have shown impressive 

treatment results with relevant applications in different clinical settings. Other elegant 

studies have also shown the potential benefits of delivering cancer chemotherapies from 

biomaterial scaffolds whether alone or in combination with immunotherapies [252–255]. For 

example, an excellent recent publication by Brudno et al. reported on the development of an 

injectable and refillable hydrogel drug-depot, a system that could be repeatedly reloaded in 
vivo by systemic administration of a selectively reactive pro-drug [256]. Utilizing 

biorthogonal click chemistry to unite the functionalized hydrogel with modified anti-cancer 
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pro-drug agents in situ, this single-injected, replenishable system had a theoretical maximum 

of 111 refills, a significant achievement [256]. While Brudno’s system used a chemotherapy 

agent, this could certainly be adapted to immunotherapeutic drug applications and expand 

the utility of materials-based immunotherapies. Furthermore, the ever-changing publication 

landscape is now not limited to only syringe injectable or surgically implantable 

biomaterials (though these methods are by far the most common). Indeed, within the realm 

of immunotherapeutic hydrogels, an excellent recent publication by Chen et al. in January 

2019 utilized a system that was neither injected nor implanted, but was sprayed [130]. The 

authors’ in situ forming bioresponsive fibrin hydrogel was sprayed from a dual chamber 

device containing equal amounts of polymerizing fibrinogen and thrombin, and the resulting 

particle-loaded hydrogels allowed for controlled delivery of immunotherapeutic antibodies 

to treated post-surgery tumor sites. With the dynamic body of ongoing work in this area of 

research, it is with great anticipation and growing curiosity that we await further 

publications in the burgeoning field of immunotherapeutic biomaterials.

5. Conclusions and outlook

The united fields of immunotherapy and biomaterials represent an ever-growing body of 

research that promises to break scientific barriers and overcome clinical limitations that 

currently restrict cancer immunotherapy. The fields of biomaterial development and cancer 

immunotherapy are each advancing at impressive rates, with new leads and clinical trials 

emerging each year. New biomaterial delivery designs are regularly being published, 

demonstrating our maturing ability to intelligently regulate and target therapies [257,258]. It 

is advances like those explored in this review that show the exciting potential of biomaterial 

delivery systems, whether implantable, injectable, or even sprayable, and the potent 

synergies that can exist with the growing spectrum of small molecule, protein, or cell-based 

immunotherapies.

In discussing what questions will likely influence the direction of continuing research in this 

field, future work must enhance our understanding of the design criteria needed for the 

‘ideal’ immunotherapeutic biomaterial, if such a material can be achieved. Among many 

factors, such as desired material persistence vs. degradation rates, the necessary release 

profiles of antigens and adjuvants is a complicated challenge. Release of adjuvants to the 

body’s immune system that is too fast could result in the development of immune tolerance, 

whereas release that is too slow could fail to properly align with antigen presentation, and 

therefore leave dendritic cells insufficiently activated [93]. Other complications include the 

innate immune response to an inherently foreign carrier material and its influence (or lack 

of) on immunotherapy treatment, whether obvious or subtle. Furthermore, growing evidence 

shows that the future lies in personalized medicine, and biomaterial-based therapies will also 

need to be tailored to fit the unique immune response profiles of individual patients. Thus, 

while current designs show that the field has much to offer in terms of enhancing therapy 

outcomes and reviving flagging drug classes, there are still many excellent questions and 

avenues of research that must be fully explored to bring these diverse biomaterial 

immunotherapies to the clinic.
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Statement of significance

Anti-cancer immunotherapies have shown exciting clinical results in the past few 

decades, yet they suffer from a few distinct limitations, such as poor delivery kinetics, 

narrow patient response profiles, and systemic side effects. Biomaterial systems are now 

being developed that can overcome many of these problems, allowing for localized 

adjuvant delivery, focused dose concentrations, and extended therapy presentation. The 

field of biocompatible carrier materials is uniquely suited to be combined with 

immunotherapy, promising to yield significant improvements in treatment outcomes and 

clinical care.

In this review, the first pioneering efforts and most recent advances in biomaterials for 

immunotherapeutic applications are explored, with a specific focus on implantable and 

injectable biomaterials such as porous scaffolds, cryogels, and hydrogels.
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Fig. 1. 
Biomaterials can be designed to control the release and presentation of a variety of bioactive 

immunotherapies, often creating an extended concentration gradient surrounding the 

material, which is often nanofibrous in structure. Loaded agents can include 

immunostimulatory small molecules, nucleic acid adjuvants, various proteins and antibodies, 

or even exogenous immune cells whose growth and expansion can be supported by the 

customized biomaterial scaffold.
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Fig. 2. 
Common biomaterials used in immunotherapeutic applications can be synthesized from a 

wide variety of starting materials with unique chemical functionalities. Examples include 

synthetic polymers such as polyesters, polyethers, and polyalcohols (PLGA, PEG, PVA 

etc.), naturally derived polysaccharides such as alginate and hyaluronic acid, as well as 

natural protein matrices such as collagen or gelatin which are typically composed of 

variations of the repeating amino acid sequence XYG (where X is often Proline, and Y is 

often Hydroxyproline). Furthermore, materials can be created from nucleic acids (DNA, 

RNA), and rationally designed self-assembling peptides (e.g. Multidomain peptides, 

RADA-16 peptides).
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Fig. 3. 
Porous scaffolds can be subcutaneously implanted and designed to release chemoattractants 

to recruit immature dendritic cells (DCs). Inside the scaffold, DCs are exposed to tumor 

antigens and adjuvants, resulting in activation and maturation, after which the activated 

immune cells can exit the scaffold and engage in anti-tumor activity. Reproduced from 

Koshy and Mooney 2016 [46].
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Fig. 4. 
Alginate biomaterial implant placed on established pancreatic tumors as a delivery platform 

for CAR-programmed T cells and STING agonist cdGMP. (A) Bright-field microscopy 

image showing silica microparticles incorporated into the alginate polymer scaffold, 

followed by a schematic of the stimulatory particle design loaded internally with cdGMP. 

Scale bar = 70 μm. (B) Image series showing surgical methodology: (i) alginate polymer 

scaffold; (ii) seeding of tumor-reactive T cells into the implant; (iii) incision; (iv) orthotopic 

pancreatic tumor; (v-vi) implantation of a T cell-loaded device; (vii-viii) wound closure; (ix) 

extended release of STING agonist and tumor-reactive T cells. Adapted with permission 

from Smith et al. (2017) [100].
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Fig. 5. 
(A) Preparation scheme for injectable alginate cryogel cancer vaccine. (B) Scanning electron 

microscopic (SEM) image of the macroporous cryogel. (C) Cross-sectional SEM image of 

cryogel showing porous structure. (D) 2D confocal image showing seeded melanoma cells 

on the cryogel. Cell nuclei are blue, intracellular actin is green, and cryogel polymer is red. 

(E) Reconstructed 3D confocal image showing spreading of melanoma cells 6 h post 

seeding. Reproduced from Bencherif et al. 2015 [111]. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Scheme of MSR assembly and cell recruitment in vivo. MSRs are prepared in PBS and then 

subcutaneously injected to form a pocket. PBS quickly diffuses from the pocket leading to in 
situ spontaneous assembly of MSRs, which can be compared to the random assembly of a 

pile of thrown matchsticks. This assembly forms large interparticle spaces where immune 

cells can enter the MSR pocket and interact with the immunotherapy payload, after which 

mature immune cells can migrate from the implant and perform a desired function. 

Reproduced from Kim et al. (2014) [120].
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Fig. 7. 
Chemical structures of (A) ML RR-S2 CDA STING agonist (CDN), and (B) K2(SL)6K2 

Multidomain peptide (MDP), showing charge-pair complementarity. (C) Model of anti-

parallel β-sheet nanofiber formed by the MDP in solution. The arrow indicates the axis of 

the nanofiber and orientation of hydrogen bonding. (D) SEM image of the MDP gel showing 

a wide field image of the self-assembled nanofibers. (E) Survival of the different 

experimental groups based on euthanasia timepoints resulting from excessive tumor burden. 

The total experimental period was 140 days post tumor cell inoculation. The 3(IJ) on the x-

axis refers to timepoint for intratumoral injection, and 105(RC) refers to timepoint for 

survivor rechallenge. Whereas 60% of the STINGel treated C57BL/6 mice survived until the 

endpoint of the study, all control group (HBSS buffer, MDP gel, and collagen gel) mice were 

euthanized prior to reaching the endpoint due to excessive tumor burden. Only 10% of CDN 

alone and collagen + CDN treated mice survived (lines overlaid on plot). *p < 0.0282 vs. 

CDN, **p < 0.0064 vs. MDP gel, #p < 0.0498 vs. collagen + CDN. Adapted from Leach et 

al. 2018 [128].

Leach et al. Page 37

Acta Biomater. Author manuscript; available in PMC 2019 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leach et al. Page 38

Ta
b

le
 1

Su
m

m
ar

y 
of

 k
ey

 r
ev

ie
w

ed
 b

io
m

at
er

ia
l i

m
m

un
ot

he
ra

py
 s

tr
at

eg
ie

s.

M
at

er
ia

l T
yp

e
Im

m
un

ot
he

ra
py

 S
tr

at
eg

y
R

es
ul

ts
 &

 A
pp

lic
at

io
ns

D
at

e 
&

 R
ef

er
en

ce

Im
pl

an
ta

bl
e 

B
io

m
at

er
ia

ls
PL

G
 p

ol
ym

er
 s

ca
ff

ol
d

G
M

-C
SF

 r
ec

ru
itm

en
t f

ac
to

r, 
C

pG
 d

an
ge

r 
si

gn
al

, t
um

or
 ly

sa
te

 a
nt

ig
en

s,
 C

PI
 m

A
bs

L
oc

al
ly

 r
ec

ru
its

 im
m

un
e 

ce
lls

, a
ct

iv
at

es
 D

C
s 

to
 

en
ha

nc
e 

an
ti-

tu
m

or
 T

 c
el

l r
es

po
ns

e
20

09
–2

01
5 

[1
9–

21
,9

5–
99

]

A
lg

in
at

e 
bi

op
ol

ym
er

 im
pl

an
ts

E
xo

ge
no

us
 T

 c
el

ls
, s

tim
ul

at
or

y 
m

ic
ro

pa
rt

ic
le

s,
 I

L
-1

5 
si

gn
al

Su
pp

or
ts

 a
do

pt
iv

e 
T

 c
el

l v
ia

bi
lit

y 
an

d 
lo

ca
l 

ex
pa

ns
io

n 
fo

r 
tu

m
or

 r
es

ec
tio

n 
tr

ea
tm

en
t

20
15

 [
24

]

C
A

R
 T

 c
el

ls
, S

T
IN

G
 a

go
ni

st
 s

tim
ul

at
or

y 
m

ic
ro

pa
rt

ic
le

s
Su

pp
or

ts
 T

 c
el

l a
ct

io
n 

ag
ai

ns
t s

ol
id

 tu
m

or
s,

 
el

im
in

at
in

g 
he

te
ro

ge
ne

ou
s 

ca
nc

er
s

20
17

 [
10

0]

Po
ly

gl
yc

on
at

e 
an

d 
po

rc
in

e 
ge

la
tin

 
sc

af
fo

ld
C

C
L

17
 c

he
m

ok
in

e 
fo

r 
C

D
8 

+
 T

 c
el

l 
en

ga
ge

m
en

t
R

ec
ru

its
 T

 c
el

ls
 to

 s
ite

 o
f 

im
pl

an
ta

tio
n,

 r
ed

uc
in

g 
tu

m
or

 s
iz

e 
an

d 
in

hi
bi

tin
g 

m
et

as
ta

si
s

20
17

 [
10

1]

C
ol

la
ge

n 
/ h

ya
lu

ro
ni

c 
ac

id
 s

ca
ff

ol
d

G
em

ci
ta

bi
ne

 f
or

 M
D

SC
 d

ep
le

tio
n,

 
po

ly
(I

:C
) 

ag
on

is
t n

an
og

el
s,

 tu
m

or
 ly

sa
te

 
an

tig
en

s

C
ou

nt
er

s 
im

m
un

e 
su

pp
re

ss
io

n,
 r

ec
ru

its
 a

nd
 

ac
tiv

at
es

 im
m

un
e 

ce
lls

 in
 r

es
ec

tio
n 

si
te

20
18

 [
10

2]

H
ya

lu
ro

ni
c 

ac
id

 h
yd

ro
ge

l i
m

pl
an

t
T

L
R

7/
8 

or
 S

T
IN

G
 a

go
ni

st
s

Pr
ev

en
ts

 c
an

ce
r 

re
cu

rr
en

ce
 a

nd
 m

et
as

ta
si

s 
po

st
-

su
rg

er
y

20
18

 [
10

3]

In
je

ct
ab

le
 B

io
m

at
er

ia
ls

Po
ly

m
er

 h
yd

ro
ge

l
D

C
-c

he
m

oa
ttr

ac
ta

nt
s,

 im
m

un
os

tim
ul

at
or

y 
IL

-1
0 

si
R

N
A

, p
la

sm
id

 D
N

A
 a

nt
ig

en
s

St
im

ul
at

es
 D

C
 in

fi
ltr

at
io

n 
an

d 
pr

om
ot

es
 im

m
un

e 
ce

ll 
pr

og
ra

m
m

in
g

20
09

–2
01

1 
[1

7,
18

]

PE
G

-a
ga

ro
se

 m
ic

ro
sp

he
re

s/
hy

dr
og

el
A

ct
iv

at
ed

 m
ac

ro
ph

ag
es

 to
 r

el
ea

se
 n

at
ur

al
 

cy
to

ki
ne

s
D

el
iv

er
s 

an
d 

co
nf

in
es

 a
ct

iv
at

ed
 im

m
un

e 
ce

lls
 to

 
lo

ca
l s

ite
20

09
 [

10
4]

A
lg

in
at

e 
hy

dr
og

el
s

E
xo

ge
no

us
 D

C
s,

 I
L

-2
 o

r 
C

pG
 

ol
ig

on
uc

le
ot

id
es

Fa
ci

lit
at

es
 D

C
 p

ro
lif

er
at

io
n 

an
d 

ac
tiv

ity
20

08
–2

00
9 

[1
05

,1
06

]

C
el

ec
ox

ib
 a

nd
 P

D
-1

 C
PI

s
L

oc
al

 in
je

ct
io

n 
m

ai
nt

ai
ns

 h
ig

h 
dr

ug
 c

on
ce

nt
ra

tio
n 

an
d 

ef
fi

ca
cy

20
15

 [
10

7]

G
M

-C
SF

, p
ep

tid
e 

an
tig

en
s

Po
re

-f
or

m
in

g 
ge

l a
cc

um
ul

at
es

 e
nr

ic
he

d 
D

C
 

po
pu

la
tio

n,
 a

nd
 in

cr
ea

se
s 

an
tig

en
-p

re
se

nt
at

io
n

20
15

–2
01

7 
[1

08
,1

09
]

A
lg

in
at

e 
cr

yo
ge

l
G

M
-C

SF
, C

pG
, i

rr
ad

ia
te

d 
m

el
an

om
a 

ce
ll 

an
tig

en
s

Pr
om

ot
es

 a
dh

es
io

n 
of

 ir
ra

di
at

ed
 c

el
l a

nt
ig

en
s,

 a
nd

 
sh

ow
s 

su
st

ai
ne

d 
im

m
un

e 
re

sp
on

se
20

12
–2

01
5 

[1
10

–1
12

]

G
el

at
in

 c
ry

og
el

G
M

-C
SF

Su
pp

or
ts

 im
m

un
e 

ce
ll 

at
ta

ch
m

en
t a

nd
 p

ro
lif

er
at

io
n

20
14

 [
11

3]

Pe
pt

id
e 

na
no

fi
be

r 
va

cc
in

es
Pe

pt
id

e 
an

tig
en

 d
is

pl
ay

, i
m

m
un

e 
ep

ito
pe

s
A

ct
iv

at
es

 s
pe

ci
fi

c 
an

d 
co

nt
ro

lla
bl

e 
im

m
un

e 
re

sp
on

se
20

10
–2

01
7 

[1
14

–1
19

]

M
es

op
or

ou
s 

si
lic

a 
ro

ds
G

M
-C

SF
, C

pG
-O

D
N

s,
 m

od
el

 a
nt

ig
en

s 
or

 
an

tig
en

 p
oo

ls
Se

lf
-a

ss
em

bl
es

 in
to

 a
n 

im
m

un
e 

ce
ll 

tr
af

fi
ck

in
g 

dr
ug

-d
ep

ot
20

14
–2

01
8 

[1
20

–1
22

]

St
ru

ct
ur

ed
 D

N
A

 h
yd

ro
ge

l
C

pG
 d

in
uc

le
ot

id
es

, c
at

io
ni

c 
an

tig
en

s
St

im
ul

at
es

 r
ea

ct
io

n 
ag

ai
ns

t a
nt

ig
en

-s
pe

ci
fi

c 
tu

m
or

s
20

14
–2

01
5 

[1
23

,1
24

]

D
-t

et
ra

-p
ep

tid
e 

hy
dr

og
el

M
at

er
ia

l i
m

m
un

og
en

ic
ity

, m
od

el
 a

nt
ig

en
s

Im
pr

ov
ed

 a
nt

ig
en

 u
pt

ak
e 

an
d 

po
te

nt
 a

nt
i-

tu
m

or
 

ac
tiv

ity
20

17
 [

12
5]

Po
ly

pe
pt

id
e-

co
po

ly
m

er
 h

yd
ro

ge
l

T
um

or
 c

el
l l

ys
at

e 
an

tig
en

s,
 p

ol
y(

I:
C

) 
ag

on
is

t
R

ec
ru

its
 D

C
s 

an
d 

pr
og

ra
m

s 
an

ti-
tu

m
or

 a
ct

iv
ity

20
18

 [
12

6]

Se
lf

-a
ss

em
bl

in
g 

pe
pt

id
e 

hy
dr

og
el

s
E

xo
ge

no
us

 D
C

s,
 P

D
-1

 C
PI

s,
 tu

m
or

 a
nt

ig
en

s
Su

pp
or

ts
 D

C
 e

ff
ic

ac
y 

an
d 

pr
ol

on
gs

 s
ur

vi
va

l
20

18
 [

12
7]

Acta Biomater. Author manuscript; available in PMC 2019 July 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leach et al. Page 39

M
at

er
ia

l T
yp

e
Im

m
un

ot
he

ra
py

 S
tr

at
eg

y
R

es
ul

ts
 &

 A
pp

lic
at

io
ns

D
at

e 
&

 R
ef

er
en

ce

M
at

ri
ge

l
C

yc
lic

 d
in

uc
le

ot
id

e 
(C

D
N

) 
ST

IN
G

 a
go

ni
st

M
ai

nt
ai

ns
 h

ig
h 

lo
ca

l d
ru

g 
co

nc
en

tr
at

io
n 

an
d 

ge
ne

ra
te

s 
po

te
nt

 tu
m

or
 r

ej
ec

tio
n

20
18

 [
12

8]

C
D

N
 S

T
IN

G
 a

go
ni

st
L

oc
al

iz
es

 T
 c

el
l a

ct
iv

at
io

n 
an

d 
im

pr
ov

es
 e

ff
ic

ac
y 

in
 

re
se

ct
io

ns
20

18
 [

12
9]

O
th

er
Sp

ra
ya

bl
e 

fi
br

in
 h

yd
ro

ge
l

an
ti-

C
D

47
 a

nt
ib

od
ie

s
In

hi
bi

ts
 tu

m
or

 r
ec

ur
re

nc
e 

an
d 

m
et

as
ta

tic
 s

pr
ea

d
20

19
 [

13
0]

Acta Biomater. Author manuscript; available in PMC 2019 July 16.


	Abstract
	Introduction
	Immunotherapy and biomaterials: A summary
	Modern immunotherapies
	Common macroscale biomaterials

	Implantable biomaterials: Porous scaffolds
	Overview of pioneering work in immunotherapeutic scaffolds
	Current work in implantable scaffolds

	Injectable biomaterials: Cryogels and hydrogels
	Overview of pioneering work in injectable immunotherapeutic biomaterials
	Current work in injectable biomaterials

	Conclusions and outlook
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1

