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Abstract

Cancer immunotherapy has recently burst onto the center stage of cancer treatment and research. T
lymphocyte adoptive cellular transfer (ACT), a form of cancer immunotherapy, has spawned
unprecedented complete remissions for terminal patients with certain leukemias and lymphomas.
Unfortunately, the successes have been overshadowed by the disappointing clinical results of ACT
administered to treat solid tumors, in addition to the toxicities associated with the treatment, a lack
of efficacy in a significant proportion of the patient population, and cancer relapse following the
treatment. Biomaterials hold the promise of addressing these shortcomings. ACT consists of two
main stages — T lymphocyte ex vivo expansion followed by reinfusion into the patient — and
biomaterials can improve the efficacy of ACT at both stages. In this review, we highlight recent
advances in the use of biomaterials for T lymphocyte adoptive cellular cancer immunotherapy and
discuss the challenges at each stage.
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1. Introduction

Malignant neoplasms (cancer) remain the second leading cause of death in the United States
[1], with 1 in 2 men and 1 in 3 women developing cancer in his or her lifetime [2]. While the
three longstanding pillars of cancer therapy — surgery, radiation, and chemotherapy — are the
basis for addressing this threat of cancer, a more recent emerging fourth pillar is becoming
the focus of oncology research [3]. That fourth pillar is cancer immunotherapy, in which a
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patient’s own immune system is manipulated to fight cancer. Thus far, cancer
immunotherapy has made its most prominent strides in the form of immune checkpoint
blockades, cancer vaccines, and adoptive cellular transfer [4, 5]. Given the recent success of
T cell therapies, the scope of this review will be focused on using biomaterials for enhanced
T cell treatments.

Adoptive cellular transfer is a treatment in which a cell population is expanded ex vivo and
re-infused into the body. ACT for cancer immunotherapy typically utilizes naturally
occurring or genetically modified T cells [6], although natural killer (NK) cells have also
been studied [7, 8]. Naturally occurring T cells that accumulate in tumors, termed tumor
infiltrating lymphocytes (TILs), have been proven to be an effective treatment for metastatic
melanoma and have shown promise for treating other cancers as well [9, 10]. After
recognizing the potential for the adoptive transfer of T cells, researchers began isolating
tumor selective T cells by culture with antigen presenting cells and subsequently progressed
to genetically engineering T cells to target specific cancer markers and produce a more
durable treatment. Genetically modified T cells used for cancer immunotherapy fall into two
categories: T cells constructed to express transgenic T cell receptors (TCRS) or chimeric
antigen receptors (CARS) [11]. TCRs bind to peptide-major histocompatibility complexes
(MHC), which identify pathogen-derived antigens, and CARs are equipped with a single
chain variable fragment (scFv), which is an antibody fragment that can identify and target
extracellular biomarkers on a cell in an MHC-independent manner [11]. The year 2017
marked the first FDA approvals of CAR T adoptive cellular therapies, one for treating acute
lymphocytic leukemia and a second for large diffuse Non-Hodgkin lymphoma. This
followed clinical trials in which CD19 CAR T cells resulted in complete response rates over
80% for patients who had refractory B cell malignancies after previously receiving two other
forms of treatment [12-16]. CD19 is a biomarker present solely on B cells [17], which
makes it the quintessential target for CAR T cells because other cells in the body are not
targeted and B cell aplasia is readily treated by immunoglobulin injections [18].

Despite the outburst of ACT cancer immunotherapy research and clinical trials, the
expansion of ACT beyond CAR T cell therapy for liquid cancer treatments remains in
question [19-22]. A few of the key challenges that currently prevent cancer immunotherapy
ACT from treating solid tumors are the immunosuppressive tumor microenvironment that
accompany solid tumors, the production of ample, able T cells during ex vivo expansion,
and toxicities associated with ACT. In this review we will discuss how biomaterials can
alleviate these problems by producing larger amounts of cytotoxic T cells and providing T
cells with additional tools for homing to and fighting cancer and cancer-associated cells. In
accordance with the schematic for ACT shown in Fig. 1, we will begin by discussing
biomaterials’ impact on T cell expansion methods followed by biomaterials’ potential role in
improving T cell in vivo efficacy.

2. T cell expansion

Post leukapheresis, T cell expansion is performed to produce a sufficient number of cells for
successful treatment of a malignancy. To date, successful ACT for immunotherapy is limited
to autologous T cells to prevent graft versus host disease (in which the body rejects the re-
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infused T cells that are not derived from the host) [23]. T cell activation requires two signals:
T cell receptor (TCR) activation and costimulation [24, 25]. A third signal from a pro-
survival cytokine such as Interleukin-2 (IL-2) is needed to maintain to the expansion and
differentiation of T cells [26, 27]. Antigen presenting cells (APCs), especially dendritic cells
(DC), provide these signals to T cells in the body in a specific spatiotemporal manner [28,
29].

Producing large quantities of T cells is not the only concern for ex vivo expansion in cancer
immunotherapy. Research has shown that the T cell type and differentiation state upon re-
infusion into the body strongly influences the efficacy of the treatment [30-34]. CD8+ T
cells, the cytotoxic T cells used to kill cancer cells in ACT, are usually composed of multiple
subsets undergoing various degrees of differentiation, including naive, effector, effector
memory, central memory, and stem cell memory T cells, and T cells in less differentiated
states produce more durable ACT responses [6, 35-37]. Recently, Fraietta et. al.’s
characterization of T cell populations during CAR T cell infusion in patients with chronic
lymphocytic leukemia (CLL) revealed that an early memory cytotoxic T cell population
resulted in robust therapeutic response [33]. In a simple yet powerful study, Ghassemi et. al.
proved that minimally ex vivo expanded CD19 CAR T cells remain less differentiated and
exhibit improved effector function /n vitro, and the in vivo efficacy of CD19 CAR T cells in
a murine xenograft ALL model varied inversely with expansion time [34]. Notably, despite
most T cell engineering protocols requiring 9-14 days of ex vivo expansion, CAR T cells
administered to the xenograft model after 3 days of expansion produced robust tumor control
at a 6-fold lower dosage, in contrast to 9 day cultured CAR T cells which failed to control
leukemia at reduced doses. Although longer culture periods increase cell count, “younger,”
or less differentiated, T cells possess enhanced anti-tumor capabilities. As discussed below,
past expansion methods focus primarily on the production of CD8+ cytotoxic T cells over
CDA4+ helper T cells, and studies centered on expanding less differentiated CD8+ T cells
will be needed to facilitate the administration of these more potent T cells.

2.1 Natural APCs and Cellular aAPCs

Natural APCs, in the form of monocyte originated dendritic cells (moDCs), have been
harvested from patients and used to expand T cells ex vivo in a handful clinical trials [38,
39]. Although designed by the body to activate and expand T cells, there are several
limitations to using autologous DCs for ex vivo expansion that prevent their widespread
usage. The maintenance of DCs for T cell ACT on a clinical scale requires substantial
manufacturing and labor costs [36, 40], the functionality of DCs can be compromised in
diseased patients [41], and DCs can cause T cell unresponsiveness [42]. In an effort to
mitigate these issues, researchers have experimented with various types of cellular artificial
antigen presenting cells (aAPCs). Cellular aAPCs, such as insect cells, mouse fibroblasts,
and human leukemic cell lines, have been genetically modified to present antigen, adhesion,
and costimulatory signals to T cells [43, 44]. While these methods can achieve successful
expansion of T cells, and clinical trials relying on human leukemic cell line K562 for ex vivo
T cell propagation saw significant clinical benefits of the ACT treatment [45, 46], cellular
aAPCs run the risk of tumorigenicity and infection as a result of the genetic modifications
and, similar to natural APCs, require additional culturing steps. But above all else, the
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aforementioned platforms do not allow for the specific control of T cell signal frequency,
orientation, and persistence. Engineered biomaterials allow researchers to have full control
over the spatio-temporal presentation of signals to maximize the production of more
desirable T cells [47, 48]. It is acellular aAPCs that can create an off-the-shelf, simplified T
expansion means which eliminate supplementary culture and separation steps - streamlining
T cell production.

2.2 Acellular aAPCs

Acellular (synthetic) aAPCs have become the mainstay for T cell expansion in the clinic and
laboratory. The key signaling molecules for T cell activation and proliferation can be
engineered into biomaterials of different shapes and sizes to maximize the efficacy of T cell
production, and thus far have been able to simplify, expedite, and reduce the cost of T cell
expansion. TCR agonists targeting CD3, such as anti-CD3 antibodies, can activate T cells in
place of the TCR activation that naturally occurs upon the recognition of a peptide-MHC
complex [49, 50]. The second and third T cell stimulation signals are most commonly
delivered by anti-CD28 antibodies (costimulation) and soluble IL-2 (prosurvival cytokine)
[51-53]. The addition of free anti-CD3 and anti-CD28 antibodies for T cell culture fails to
provide the simultaneous receptor stimulation necessary for T cell expansion, which has led
scientists to bind these signals to various surfaces [54, 55]. The advent of Dynabeads in
1976, magnetizable and superparamagnetic uniform polystyrene spherical beads of five or
more microns in diameter, provided such a surface. The signal antibodies are covalently
bonded to the spherical beads, and given their magnetic properties, the beads can be easily
resuspended or removed from cell culture [56]. The use of magnetic microspheres with
conjugated anti-CD3 and anti-CD28 antibodies for ex vivo T cell expansion, with 1L-2
culture supplementation, has been utilized in clinical trials [15, 57, 58] as well as the first
FDA approved CAR T cell therapy, Novartis” Kymriah (tisagenlecleucel) [59]. While anti-
CD3/anti-CD28 Dynabeads are the standard for translational T cell expansion, there are
several limitations to this expansion platform. Bead anti-CD3/anti-CD28 stimulation results
in T cells achieving an effector state prior to infusion resulting in diminished anti-tumor
efficacy [60], and favors the proliferation of CD4+ helper T cells rather than tumor-killing
cytotoxic CD8+ T cells [61]. Furthermore, there is a growing body of work supporting the
importance of aAPC shape and surface mobility in optimizing T cell production for ACT
[62]. The next section will discuss alterations made to traditional, circular microbeads as
well as contemporary T cell expansion platforms like carbon nanotubes and supported lipid
bilayers. While each biomaterial platform tries to maximize T cell production in a different
way, the underlying principle remains the same — combine the three necessary T cells
expansion signals. As the complexity of the acellular aAPCs increases, it is important for
researchers to be conscientious of the final goal that is clinical application. Dynabeads are
relatively cheap and simple to produce, in addition to being highly reproducible, whereas
several of the more recent acellular APCs can be subject to batch to batch inconsistencies,
increased materials costs, and prolonged manufacturing procedures. With each new
formulation created it is vital that researchers provide scale up and cost analysis, and prove
that the platform warrants clinical investigation.
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2.3 Advances in Acellular aAPCs

To more closely resemble natural APCs, researchers have strayed away from Dynabeads
towards synthetic aAPCs made of different sizes, shapes, and materials. Although previous
experimentation revealed that using microbeads less than 4 micrometers in diameter
diminished T cell expansion [63]. Perica et. al. found that magnetic 50-100 nm spherical
nanoparticles and 30 nm nanocrystals were effective aAPC platforms [64]. In a subsequent
study, Perica et. al. proved that in the presence of magnetic fields, nanoparticles are more
advantageous for activating T cells than microparticles [65]. This study highlighted the role
of nanoscale TCR clustering in T cell expansion — the nanoparticles allow TCR clusters to
form on the T cells much like the clusters that form when natural DCs present antigens and
signals to T cells [66, 67], whereas microparticles are less conducive to TCR aggregation.
Although the immunological synapse formed between APCs and T cells is on the
micrometer scale [68], the more recent discovery that TCRs on a given T cell conglomerate
to form nanoclusters for T cell activation [69, 70] can be exploited by nanoparticle aAPCs
(naAPCs). Hickey et. al. have since confirmed that in a static magnetic field 50 nm aAPCs
produce comparable CD8+ T cell expansion to microparticles without magnetic presence
(and showed that a magnetic field had no effect on microparticle T cell expansion), but using
a reductionist approach and further analysis concluded that 50 nm aAPCs were less effective
than larger aAPCs at stimulating T cells under subsaturated conditions [71]. These results
indicate that while nanospheres are useful for the study of TCR clustering, they will not
displace microbeads as the standard platform for T cell expansion.

It has also been shown that, while keeping particle volume and antigen content held
constant, ellipsoidal poly (lactic-co-glycolic) acid (PLGA) microbeads with high aspect-
ratio resulted in significantly enhanced /n vitroand in vivo CD8+ T cell activity compared
with spherical PLGA beads [72]. Meyer et. al. found that PLGA ellipsoidal naAPC
significantly outperformed spherical naAPC for all degrees of stretch, or elongation of a
single radius (from 1.5 to 3.5-fold). For example, spherical particles induced a 3-fold
expansion of T-cells compared to a 15-fold expansion induced by twofold stretch naAPCs
[73]. Biodegradable materials, such as PLGA, hold promise as aAPCs not only due to their
structural flexibility, but also given their ability for the paracrine delivery of soluble cues to
T cells. The use of polymer aAPCs (paAPCs) for the extended release of IL-2 in addition to
activation and costimulation of T cells resulted in enhanced CD8+ T cell proliferation by
avoiding the T cell exhaustion that can be instigated by the high concentrations of 1L-2
required for polystyrene bead culture methods [74]. paAPCs can result in a high
concentration of IL-2 at the T cell activation site despite a low overall culture concentration
of IL-2. A distinct disadvantage of biodegradable aAPCs is the loss of surface-bound
molecules over time, but conversely this can be a benefit to prevent the over stimulation of T
cells — further investigation will be needed to determine the optimal degradation rate of these
platforms.

Carbon nanotubes and elongated “nanoworms” have emerged as two other potent T cell
expansion structures. Carbon nanotubes and flexible, water-soluble polymer nanoworms
provide increased surface area for T cell binding and the clustering of surface receptors. In
2008, Fadel et. al. proved that carbon nanotubes decorated in T cell signaling moieties
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resulted in more robust T cell stimulation than other high surface area materials [75], and
have since matured the platform into a carbon nanotube—polymer composite (CNP) that
combines the carbon nanotube surface with magnetite-loaded PLGA nanoparticles that allow
for the paracrine delivery of IL-2 [76] and the magnetic extraction of the composite.
Traditional Dynabead expansion required a 1000-fold greater concentration of I1L-2 than the
CNP to produce a comparable level of cytotoxic T cells, and the CNP produced a
significantly higher percentage of less differentiated T cells as determined by the presence of
the CD27+ marker [59, 77, 78]. The nanoworm platform consists of a poly(isocyano
peptide) backbone with functionalized side chains presenting signal molecules, and due to
the semi-stiff backbone, was proven to allow TCR clustering to occur readily and cause all
the effector molecules on the nanoworm to bind to receptors on the same cell [79]. The
elongated structures mark a shift from ellipsoidal and spherical synthetic aAPCs, and
indicate an enhanced exploitation of TCR clustering. The nanoworm and nanotube
formulations use their pronounced aspect ratio and unique nanoscale topography to promote
TCR clustering, which was shown to improve T cell expansion rates. Whereas nanospheres
require saturated conditions and the administration of magnetic fields to present T signals in
a clustered presentation, the elongated nanostructures can duplicate the T cell activation
milieu inherently due to their shape. Further investigation into the use of these
nanostructures is warranted, and determining the importance of backbone flexibility in
enhancing T cell expansion should be a focus.

The cell membrane, where receptor binding occurs, is composed a lipid bilayer. Thus, to
more closely resemble nature, aAPCs composed of lipid bilayers, in the form of liposomes
and 2D/3D supported lipid bilayers (SLBs), have been studied. The concentration of MHC
molecules on lipid rafts, microdomains on the plasma membrane with high concentrations of
cholesterol and glycosphingolipids [80], facilitate antigen presentation [81]. Raft
microdomains that contained epitope/MHC complexes were isolated from DCs and
reconstituted on liposomes, named RAFTsomes, then successfully expanded CD4+ cells and
elicited a strong immune response in an OVA-expressing E.G7 tumor model [82]. In another
study, biotinylated monoclonal antibodies preclustered in microdomains held on a liposome
scaffold by neutravidin rafts improved polyclonal T cells and MART-1-specific CD8+ T
cells expansion compared to traditional microbeads [83]. Liposomes provide fluidity that is
conducive for enhanced T cell expansion but lack stability when compared to solid particles
[46] and struggle to recreate the immunological synapse, which has led to a focus on SLBs.
SLBs are composed of lipid bilayers bonded to a solid flat surface (2D) or a solid scaffold
core (3D). 2D SLBs, typically utilizing glass as the solid surface, are powerful tools for
studying T cell activation and the immunological synapse [84, 85], but the level, continuous
surface fails to recreate the natural T cell — APC interaction resulting in subpar T cell
expansion rates. This year Cheung et. al. mimicked APCs by creating a mesoporous silica
micro-rod supported fluid lipid bilayer that presented anti-CD3 for TCR stimulation and
anti-CD28 for costimulation as membrane bound signals and allowed for the sustained
release of soluble signals, namely IL-2 [86]. The novel 3D SLB platform, termed APC-ms
for APC-mimetic scaffolds, can be tailored to present the signals in spatiotemporal manner
closely resembling natural APCs. The APC-ms promoted up to a tenfold greater polyclonal
expansion of mouse and human T cells compared to commercially available Dynabeads,
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maintained a substantial CD8+ biased skewing, and the CAR T cells expanded by APC-ms
showed high in vivo functionality in a disseminated xenograft model of Burkitt’s lymphoma.
Furthermore, whereas Dynabeads need to be removed, the evaluation of silicon content in
cell culture pellets confirmed the APC-ms degrades prior to cell re-infusion.

aAPCs are at the interface of T cell immunology and biomaterials, requiring a deep
understanding of both fields for the creation of improved T cell expansion platforms. From
the advent of Dynabead aAPCs, to naAPCs, elliposoidal aAPCS, paAPCs, and most recently
APC-ms (Fig. 2), new discoveries in T cell biology can be incorporated into biomaterials
and result in enhanced T cell expansion. Engineered biomaterials provide investigators full
autonomy over the presentation of signals to T cells, and thus represent a promising method
for achieving the T cell expansion necessary for successful ACT immunotherapy. As
research continues, a focus on producing CD8+ T cells of a less differentiated state, rather
than a sole focus on producing CD8+ T cells over CD4+ T cells, will likely result in more
effective treatments. Research on producing younger T cells for ACT has focalized on
preventing T cells differentiation, using molecular inhibitors or cytokines such as IL-7 and
IL-15 [87], but these approaches require naive, non-specific T cells. Emulating Yamanaka
and Gurdon’s Nobel Prize for inducing pluripotent cells from mature cells, induced stem cell
memory T cells have been generated [88]. The reversion of effector T cells provides a new
mechanism for achieving high expansion rates of antigen specific, stem cell memory T cells.
The next generation of aAPCs may look to combine the trend towards APC mimicry using
biomaterials with the ability to induce stem cell memory T cells. While aAPCs have been
investigated for three decades, recent studies involving the recreation organs /n vitro are
providing additional pathways for expanding T cells, as briefly reviewed next.

2.4 Organoids Supporting T Cell Expansion

Organoids, or 3D multicellular /n vitro organ models, are biomaterials that present a unique
avenue for the improved expansion of immune cells, including B cells [89] and T cells.
Their three-dimensional nature has facilitated a variety of studies, including the development
of neuronal networks among brain cells, the interactions between different types of cells
[90], such as the interaction between intraepithelial lymphocytes and intestinal epithelial
cells [91], and the gene and pathway alterations associated with the progression of
pancreatic cancer [92]. However, in this review, we will focus on the use of organoids to
facilitate the generation and expansion of human T cells.

Organoids have also been used to assist in the modeling of the tumor microenvironment and
the study of the tumor T cell repertoire in patients. Neal et.al. developed a method to extract
patient-derived organoids (PDOs) in a manner that preserved tumor-infiltrating immune
cells. Using these PDOs, they were able to expand and activate tumor antigen-specific TILs
and demonstrate tumor cytotoxicity [93]. This promising method could potentially facilitate
the generation of patient-specific antitumor T cells. Dijkstra et.al. presented an alternative,
organoid-based method for the generation of patient-derived TILs. In this report, tumor-
reactive T cells were generated from peripheral blood lymphocytes after coculture with
autologous tumor organoids. Remarkably, after two weeks of coculture, expanded T cells
were shown to react solely with the tumor organoid used in the coculture (mismatch repair-

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunn et al.

Page 8

deficient colorectal cancer), and had no reactivity towards organoids derived from another
form of colorectal cancer (mismatch repair-proficient colorectal cancer) [94].

Recently, Montel-Hagen et.al. described a continuous 3D organoid system that induced the
differentiation of pluripotent stem cells (PSCs) into terminally differentiated CD3+CD8a.p+
and CD3+CD4+ T cells bearing a diverse TCR repertoire (Fig. 3a) [95]. As shown in Fig.
3b, T cells that were generated from PSCs in the presence of an artificial thymic organoid
(ATO) were shown to have a conventional T cell phenotype (CD8a+), and were shown to
be mature, naive T cells (CD45RA+CD45R0-). These newly generated T cells were able to
secrete TNFa, IFN-y and IL-2 upon stimulation, as well as proliferate in the presence of
anti-CD3, anti-CD28 and IL-2 - demonstrating a functional similarity to traditionally
expanded T cells (Fig. 3c, 3d). The authors also demonstrated that PSCs transduced with
engineered TCR transgenes (specific for NY-ESO-1 ligand) were also able to be expanded
with the use of the athymic organoid, while maintaining their functionality as well as antigen
specificity (Fig. 3e).

Although further studies must be conducted to assess the feasibility of widespread usage of
organoids to generate patient-derived TILs, tumor organoids have the potential to
revolutionize the field of TIL therapy by providing the means to dramatically improve TIL
expansion ex vivo. The work of Montel-Hagen et.al. lays the foundation for the use of
organoids in the large scale generation of engineered, antigen-specific T cells from PSCs —
providing an alternative to traditional production methods for T cell therapies. Whether its
using organoids to expand TILs using tumor samples or PSCs, there is a clear role for the
use of organoids in the expansion of T cells for ACT. In concordance with the use of
biomaterials in T cell expansion, biomaterials have been studied for enhancing T cell
therapy /in vivo. As discussed next, in the form of nanoparticles, small molecular
compounds, and scaffolds, biomaterials have the potential to improve the treatment efficacy
of T cell therapy through several avenues.

3. Enhancing T Cell Therapy Efficacy

In addition to improving the rate of T cell expansion for ACT in vitro, biomaterials can also
play an important role in enhancing the functionality of T cell therapies /n vivo. As shown in
Table 1, there are several approaches in which biomaterials augment T cell therapy.
Biomaterials’ ability to protect drug payloads prior to release and prevent premature drug
activity has motivated further research into their use as drug delivery vehicles. As we discuss
in this section, the /in vivo payload protection and targeting capabilities of current
biomaterials are frequently leveraged to enhance drug delivery /n vivo. One method in which
biomaterials can improve T cell therapy is by allowing for the targeted delivery of immune-
modulating pharmaceuticals. Due to the often toxic nature of cancer treatments, it is
necessary to ensure the targeted delivery of therapeutic compounds to tumor cells and avoid
systemic toxicity. Furthermore, the therapeutic must be protected from degradation,
clearance, and off-target delivery prior to reaching its intended destination. The study of
nanoparticles has resulted in the development of many safe and effective drug delivery
vehicles. Their design [96] and successes [97] are discussed in other reviews. Previous
research has exploited the enhanced permeability and retention (EPR) effect to deliver
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untargeted, drug-loaded nanoparticles to tumor cells [98, 99]. The EPR effect is a
mechanism by which nanoparticles are able to accumulate in tumor tissue due to the tumor's
abundant vasculature and exclusion of immune cells. Numerous groups have employed the
preferential tumor targeting of the EPR effect to deliver nanoparticles, including Wei et.al.,
who used nanomicelles to delivery doxorubicin to breast cancer cells [100], and Liu et.al.,
who developed crosslinked, multilamellar liposomal vesicles (cMLVs) for the co-delivery of
doxorubicin and paclitaxel [101]. However, successful delivery of a single therapeutic is
often insufficient due to the generation of drug-resistant cancer cells [102] and antigen-loss
variants [103, 104]. Additional steps must be taken to ensure a lasting antitumor effect by
recruiting and facilitating the help of immune cells, and the recent advances in nanoparticle
research provides a promising route for this to occur.

Although immune cells have a vital role in killing tumor cells, additional barriers due to the
immunosuppressive tumor microenvironment (TME) can prevent immune cells from
functioning at full capacity. The TME facilitates many different avenues for the inhibition of
T cell activation including maintaining a hypoxic environment [99, 105], and producing
excessive lactate, which can hinder export of intracellular lactate by T cells [106, 107].
Tumor cells can also employ other modes of immune suppression by recruiting suppressive
immune cells that secrete anti-inflammatory cytokines such as IL-10 and TGF-B, and further
deplete the microenvironment of metabolites necessary for T cell function [108]. The
immunosuppressive TME presents a unique obstacle that must be considered when
developing cancer immunotherapies. This section discusses the research done to deliver
small molecules, cytokines, and other immune cell function-supporting molecules to T cells
in order to circumvent the immunosuppressive TME and promote antitumor effects. This
section also reviews biomaterials that aid in the direct, local delivery of T cells and
biomaterials that work in conjunction with CAR T cells.

3.1 Targeted Nanoparticle Delivery

Cytokines play a vital role in T cell function. For instance, IL-2 is responsible for T cell
proliferation [20, 109] and IL-15 regulates T cell activation, proliferation, and survival [110,
111]. Although previous attempts at systemically administering IL-2 to cancer patients
resulted in the expansion of lymphoid cells, it also demonstrated rapid clearance of the
cytokine and significant side effects [112]. A later study involving the high dose
administration of IL-2 to metastatic melanoma patients achieved an objective response rate
of 16%, but still reported side effects in over half of the patients [113]. IL-2 treatment has
also been shown to increase the frequency of immunosuppressive regulatory T cells in
patients with melanoma or renal cell carcinoma [114]. Similarly, Berger et.al. showed that
IL-15 therapy, though able to expand memory CD8+ and CD4+ T cells, was still subject to a
high clearance rate and resulted in transient toxicity in nonhuman primates [115]. These
results indicate that cytokine therapies must be administered in a targeted manner in order to
limit side effects and have a higher antitumor efficacy.

The high clearance rate and complications with untargeted delivery make cytokines ideal
candidates for nanoparticle-based delivery. A study of antigen-encapsulating nanoparticles
presenting IL-15:1L-15Ra demonstrated a marked improvement in the life spans of mice

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunn et al.

Page 10

bearing OVA-expressing B16 tumors compared to mice receiving antigen-encapsulating
nanoparticles and free IL-15:1L-15Ra [116]. In a similar manner, intratumoral injections of
PEGylated liposomes with anti-CD137 and IL-2Fc anchored to their surfaces were shown to
slow the growth of B16-F10 tumors /n vivo while mitigating the toxicity associated with
systemic administration of anti-CD137 and IL-2 [117]. In a related study, Zheng et.al.
reported that intravenous injections of liposomes with surface IL-2Fc molecules after
adoptive cell transfer resulted in a fourfold improvement in the expansion of adoptively
transferred T cells [118].

Although transforming growth factor  (TGF-B) is a cytokine that regulates cell
proliferation in healthy cells, mutations in the TGF-p pathway in cancer cells result in
uncontrolled proliferation and immune evasion [119, 120]. Intratumoral injections of
nanolipogels (nNLG) delivering IL-2 and a TGF- B receptor inhibitor (SB505124), were
shown to significantly inhibit tumor growth and prolong survival in a mouse metastatic
melanoma model. Furthermore, intratumoral injections of nLG SB505124, IL-2, or both
compounds increased the amount of tumor infiltrating CD8+ T cells and natural killer (NK)
cells compared to injections with an empty nLG [121]. However, there have also been
reports of systemic administration of TGF-f receptor inhibitors resulting in cardiac toxicity
[122, 123], suggesting that TGF-B receptor inhibitors are a promising form of cancer therapy
that demonstrate a need for targeted delivery to mitigate any potential off-tumor side effects.
Zheng et.al. used liposomes targeted to CD90, an internalizing receptor on T cells, to deliver
a TGF-B receptor inhibitor (SB525334) to adoptively transferred T cells. The targeted
liposomes were shown to inhibit tumor growth compared to nontargeted liposomes.
Interestingly, liposomes targeted to CD45, a noninternalizing T cell receptor, did not inhibit
tumor growth as well as those liposomes targeted to CD90 - suggesting that targeting an
internalizing receptor can result in the enhanced uptake of delivered drugs [124]. Schmid
and coworkers employed a similar strategy, using PLGA and polyethylene glycol (PLGA/
PEG) nanoparticles to deliver a TGF- receptor inhibitor (SD-208) to exhausted T cells
expressing programmed cell death protein 1 (PD-1). Treatment of C57BL/6 mice bearing
MC38 tumors with PD-1 targeted nanoparticles containing SD-208 was shown to
significantly inhibit tumor growth and prolong overall survival compared to treatment with
untargeted SD-208-loaded nanoparticles [125].

The use of nanoparticles to support T cell function is not limited to therapies directed
towards cytokine signaling. Targeting cells that are responsible for maintaining the
immunosuppressive tumor microenvironment has also been an active area of research. For
instance, tumor associated macrophages (TAMSs) are known to inhibit T cell function [126]
as well as contribute to angiogenesis and tumor invasion [127-129]. To combat TAMs,
Huang et.al. used PEG-hisitidine-modified alginate (PHA), a pH-sensitive material, to
encapsulate CpG oligodeoxynucleotides (ODN), anti-IL-10 ODN, and anti-IL-10 receptor
ODN. TAM targeting was achieved by associating ODNs with galactosylated cationic
dextran, which is known to bind to Mgl - a lectin that is highly expressed on TAMs. This
strategy proved to be successful by reducing the expression of 1L-10 receptor threefold,
changing the TAM phenotype, and achieving a twofold inhibition of tumor growth /n vivo
[130]. Regulatory T cells (Treg) are vital to the prevention of autoimmune disease, but are
also another type of immune cell that inhibits T cell function and facilitates tumor evasion
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[131, 132]. In a recent study, Ou and coworkers targeted Treg cells with imatinib-loaded
nanoparticles decorated with a peptide targeting motif. They observed that delivering
imatinib to Treg cells resulted in enhanced tumor inhibition and the increased presence of
intratumoral CD8+ T cells [133].

An alternative strategy to elicit T cell-mediated antitumor responses centers on the activation
of T cells in a cytokine-free manner. T cell activation requires antigen binding to the T cell
receptor (TCR), and a simultaneous costimulatory signal, typically from binding to the
CD28 or 4-1BB (CD137) receptors on the T cell. However, activated T cells can become
exhausted upon its PD-1 receptor binding to programmed death-ligand 1 (PD-L1) [134,
135]. Although PD-L1 expression on healthy cells prevents autoimmune diseases, its
expression on cancer cells results in the evasion of tumor specific T cells. A recent study
described the use of nanoparticles coated with two different antibodies that are specific for
4-1BB and PD-L1 (immunoswitches), resulting in T cell stimulation while simultaneously
preventing PD-1-mediated T cell exhaustion. Intratumoral injection of immunoswitches
were also found to inhibit the growth of B16-SIY tumors in C57BL/6 mice, both in the
presence and absence of adoptively transferred CD8+ T cells [136]. Another approach
involved redirecting CTLs towards tumors cells with antigen-specific T cell redirectors
(ATR) - nanoparticles decorated with moieties binding to antigen-specific T cells and tumor
cells. In this study, Schutz et.al. used either peptide-loaded MHC complexes or a clonotypic
anti-T cell receptor (TCR) antibody as the T cell binding moiety, and anti-human CD19
antibody as the tumor binding moiety and showed that ATRs could effectively facilitate the
killing of CD19+ Raji tumor cells by T cells lacking anti-CD19 TCRs, both /n vitroand in
vivo [137].

Targeted delivery of therapeutics to tumors has been shown to facilitate the "reawakening" of
T cells within the tumor microenvironment. Nanoparticles can help increase the presence of
pro-immune cytokines and molecules within the tumor by protecting them from degradation
and clearance during the delivery process. Currently, nanoparticle research has shifted its
sights from creating protective nanoparticles to developing innovative methods to direct
nanoparticles and their payloads to specific cells within the tumor microenvironment in a
targeted fashion.

3.2 Backpacking Nanoparticles

The concept of backpacking involves conjugating nanoparticles to immune cells in order to
promote the successful delivery of a therapeutic to the "backpacked" immune cell in a
pseudoautocrine manner. This strategy utilizes the abundance of free thiol groups on the cell
surface as a means to conjugate nanoparticles bearing surface maleimide groups. It was first
developed by the Irvine group to deliver adjuvants to cells commonly used in cell therapy,
including CD8+ T cells and hematopoietic stem cells [138], but this method has since been
adapted to attaching differing payloads to immune cells.

For instance, NK cells with a chimeric antigen receptor (CAR) targeting CD19 have been
used to deliver cMLVs containing paclitaxel (cMLV PTX), a chemotherapeutic agent, to
SKOV3 CD19 tumors in NSG mice. In this study, Siegler et.al. demonstrated the importance
of conjugating cMLV (PTX) to the CAR NK cells by showing that mice receiving
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coadministered cMLV (PTX) and CAR NK cells had significantly larger tumor volumes
than those receiving cMLV (PTX) directly conjugated to CAR NK cells. Furthermore, they
observed that the targeted nature of PTX delivery allowed for a decreased dose of PTX and
by extension, minimal side effects associated with PTX therapy [139]. Similarly, Siriwon
and coworkers conjugated cMLV containing SCH (cMLV SCH), an A2a adenosine receptor
antagonist, to CD19-targeting CAR T cells. Again, the antitumor efficacy of cMLV SCH
conjugated to CAR T cells was shown to be substantially higher than coadministration of
cMLV SCH and CAR T cells in NSG mice with SKOV3 CD19 tumors. Additionally,
conjugation of cMLV SCH to CAR T cells was shown to significantly reduce intratumoral
CAR T cell hypofunction and nearly double the amount of tumor-infiltrating CAR T cells
compared to the unconjugated combination therapy [140].

Similar to paclitaxel, SN-38 is a chemotherapeutic agent that is known to have poor
pharmacokinetic properties. The conjugation of SN-38 - loaded nanocapsules to T cells was
shown to promote SN-38 mediated killing of lymphoma cells /n vitroand in vivo. This
delivery strategy exploited the innate ability of T cells to traffic to lymphoid organs to target
disseminated lymphoma tumors. Compared to systemically administered SN-38, cell-
mediated delivery of SN-38-loaded nanocapsules was reported to increase the concentration
of SN-38 in lymph nodes by 90-fold, and could successfully prolong the survival of
C57BL/6 mice with disseminated lymphoma tumors [141]. Jones et. al. showed that
conjugating drug-loaded lipid nanoparticles to cytotoxic T lymphocytes (CTL) allowed the
contents to be delivered to cells targeted by the CTLs /n vivo. Drug release was triggered by
the release of perforins from CTL activation, which was shown to result in the killing of
targeted cells [142].

Researchers have also used nanoparticles to backpack molecules that can promote T cell
function. For example, Stephan et. al. showed that the conjugation of nanoparticles loaded
with an inhibitor of Shpl and Shp2 to T cells prior to adoptive transfer resulted in a fourfold
enhancement of T cell expansion at the tumor site [143]. In another study, Tang et.al.
employed this backpacking strategy to conjugate and deliver protein nanogels containing
IL-15 super-agonist (IL-15 Sa) complex to T cells. These nanogels relied upon the increase
in T cell surface reduction potential following antigen binding to release their cargo. This
novel release mechanism allowed for the transport of protein therapeutics to the tumor
microenvironment and for antigen recognition to trigger cargo release, resulting in a 16-fold
higher expansion of T cells in tumors compared to treatment with soluble IL-15Sa, and the
ability to deliver eightfold higher doses of cytokines, while avoiding toxicity associated with
systemic administration. Additionally, compared to CAR T cell therapy alone, I1L-15 Sa
nanogels were able to substantially improve the efficacy of EGFR-targeting CAR T cells and
improve the survival of NSG mice with adoptively transferred human T cells and U-87 MG
tumors [144].

Backpacking has the potential to provide even more control over the release of the drug
payload by the inclusion of stimuli-responsive nanoparticles, such as light-responsive or
temperature-responsive nanoparticles. However, additional research must be conducted in
order to evaluate their efficacy. Nonetheless, backpacking is a unique workaround that
bypasses the need to provide a targeting moiety to nanoparticles, while still maintaining their
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ability to protect the drug payload. This promising delivery method has the potential to
enhance the efficacy of adoptive cellular therapies by providing the stimuli needed to
promote immune cell activation and proliferation, while counteracting immune suppressive
signals in the tumor microenvironment.

3.3 Biomaterials delivering molecular immunotherapies

Biocompatible scaffolds have also been investigated as a drug delivery vehicle. Current T
cell therapies require the large bolus systemic administration of cytokine IL-2, which can
cause cytokine release syndrome (CRS) and high toxicity in patients [145, 146]. As a result,
many groups have developed biocompatible scaffolds for the sustained release of molecules
such as IL-2 to enhance the effects of immunotherapy.

Injectable hydrogels have been used to deliver cytokines to tumor sites. A study used
alginate matrices to deliver IL-15Sa to B16-OVA tumors and showed that peritumoral
injections of IL-15Sa-carrying gels achieved about 40-fold higher concentrations of IL-15Sa
in the tumor site than systemically administered I1L-15Sa and suppressed tumor growth
[147]. In an orthotopic bladder cancer mouse model, intravesical treatment with chitosan/
IL-12 (IL-12 coformulated with chitosan) cured 88% to 100% of mice, compared to 38% to
60% of mice treated with IL-12 alone. Mice treated with chitosan/IL-12 were also shown to
have durable protection upon intravesical tumor rechallenge [148]. Hydrogels have also been
used to prevent tumor recurrence at tumor resection sites. In a recent report, Park et.al. used
hydrogels to deliver either R848, a Toll-like receptor 7/8 agonist, or STING-RR, a stimulator
of interferon genes (STING) agonist, to tumor resection sites and demonstrated the
importance of hydrogel delivery. A majority of the mice receiving hydrogel-delivered R848
or STING-RR (60% - 70%) survived beyond 90 days, while mice receiving local delivery of
either agonist had a median survival of under 60 days [149].

Biomaterials have also been used to deliver cytokines for the purpose of attracting host
immune cells. The sustained release of granulocyte-macrophage colony-stimulating factor
(GM-CSF) from gelatin cryogels implanted into C57BL/6J mice was shown to attract about
20 times more immune cells than a blank cryogel [150]. Another study reported using a
polyglyconate/gelatin scaffold to deliver CCL17, a chemoattractant for CCR4+ CD8+ T
cells, to pancreatic cancer cells in vivo. The CCL17-eluting scaffold inhibited tumor growth
and prevented the metastasis of pancreatic cancer cells to the liver, while the non-eluting
CCL17 scaffold was shown to be nonfunctional in both of these regards [151].

Researchers are constantly striving to develop novel biomaterials with expanded drug
delivery capabilities. Wen et. al. describe the use of EAK16-11 peptides to generate an /n
siti-forming system capable of enhancing the local retention of antibodies and delaying
antibody clearance. Structure assembly begins when the EAK16-11 and EAKH6 peptides
self-assemble into beta sheet bilayers. Upon beta sheet formation, the histidine tags on the
EAKH6 peptides are exposed and recognized by an anti-histidine tag antibody, which is also
recognized by Protein A/G. The avidity of Protein A/G allows for the binding and retention
of any nearby antibody that the structure encounters. The self-assembled system was shown
to improve the /n vivo retention of intratumorally injected, dye-labeled antibodies by at least
three days - demonstrating the potential benefits of this system when used in conjunction
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with checkpoint inhibitor therapies like anti-PD-1 and anti-CTLA-4 [152]. A recent study
described the use of BTail tags as a potential material for the delivery of therapeutic proteins
at precise ratios. Fusion proteins containing ptails were shown to coassemble into fibrils
when incubated with beta sheet fibrillizing peptides. Using fluorescent proteins, Hudalla et.
al. showed that this preparation method allows for the precise control of the ratio of BTail-
tagged therapeutic proteins delivered by each fibril, which could potentially mitigate the side
effects associated with high dosages of molecular immunotherapies [153].

As discussed below, biomaterials can also be used to deliver engineered cells to support
cancer immunotherapy. Aliperta et.al. used star-shaped PEG-heparin cryogels to deliver
engineered mesenchymal stromal cells (MSCs) that secrete an anti-CD33/anti-CD3
bispecific antibody for the treatment for acute myeloid leukemia (AML). This strategy was
shown to effectively activate T cell-mediated antitumor responses by activating T cells and
bringing them into contact with CD33+ AML blasts [154].

3.4 Biomaterial scaffolds delivering T cells

Biomaterials in the form of scaffolds can be used to deliver not only T cell enhancing drugs
but also adoptive T cells themselves. Scaffold can provide a means for increasing the
efficacy and longevity of T cell therapies while diminishing toxicity associated with the
large intravenous dosage of T cells as well as off-tumor reactivity. Similar to synthetic
aAPCS, biomaterial scaffolds for enhanced T cell therapy allow the controlled delivery of
soluble cues to a target area.

A broad range of materials can be used to create ACT enhancing scaffolds, and each
formulation has its own biocompatibility, biodegradability, structural integrity, porosity, and
rigidity — factors that play essential roles in the activation and structural support of T cells
[155]. Thus far the investigated T cell depots for cancer immunotherapy are hydrogels
composed of chitosan, polymerized alginate, or hyaluronic acid. Hydrogels are three-
dimensional, cross-linked structures of hydrophilic polymers swollen in water or biological
fluids [156], and have received considerable attention over the past 50 years for application
in a wide range of fields [157]. The past two decades have seen a rise in the use of hydrogels
for immunomodulation, with a focus on enhancing cancer vaccines [158], and are only more
recently under investigation for the improvement of T cell therapies. In 2014, Tsao et. al.
created a biodegradable, thermal reversible hydrogel made of poly(ethylene glycol)-g-
chitosan (PCgel), which was proven to be a suitable reservoir for the harbor and release of T
lymphocytes for brain tumor immunotherapy [159]. PCgel is a liquid at low temperatures
and forms a gel at body temperature, allowing for the steady release of viable T lymphocytes
to a brain tumor without surgical intervention. Anti-EGFR (epidermal growth factor
receptor) CAR T cells released from the PCgel retained increased antiglioblastoma activity
compared those delivered in Matrigel, and PCgel is clinically preferable over Matrigel and
other animal-sourced gels because of its biocompatibility, biodegradability, low
immunogenicity, and low cost. Despite the promising preliminary data, PCgel for T cell
immunotherapy has yet to be verified in a preclinical model. Two years following the work
done by Tsao et. al., a similar chitosan-based thermogel was investigated for the in situ
encapsulation and gradual release of cytotoxic T lymphocytes [160] (Fig 4a). The chitosan,
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sodium hydrogen carbonate, and phosphate buffer thermogel has highly desirable
mechanical and biocompatibility properties for the local administration of T lymphocytes
through a catheter or needle. The optimized gel solution solidifies rapidly upon injection into
mice, and /n vitro studies confirmed the sustained migration of cancer fighting T cells from
the thermogel.

Stephan et. al. created a macroporous scaffold from polymerized alginate that binds T cells
via a synthetic collagen-mimetic peptide and contains porous silica microparticles in the
scaffold void spaces [161] (Fig 4b). The microparticles, similar to the liposomes used as
aAPCs, provide for the encapsulation and sustained release of soluble biomolecules, and can
provide membrane-bound signals mimicking nature when coated with lipid bilayers. In their
study, interleukin 15 superagonist was used as the soluble factor and the membrane-bound
ligands were anti-CD3, anti-CD28 and anti-CD137 antibodies coupled to the microsphere
bilayer. Integrating the microparticles into the modified alginate scaffold resulted in a 22-
fold jump in T-cell proliferation and a 8.3-fold increase in T cell migration into the
surrounding collagen gel, and additional testing proved the scaffold-released T cells have
improved antitumor cytotoxicity and reduced apoptotic susceptibility. The efficacy of the T
cell infused scaffolds were tested in a 4T1 mouse breast tumor resection model and an
ovarian carcinoma unresectable tumor model. The staggering results revealed that in the 4T1
model, when compared to T cells injected intravenously or directly into the resection bed as
well T cells expanded ex vivo with IL-15 superagonist and anti-CD3, anti-CD28 and anti-
CD137 antibodies before local injection, none of the mice receiving the T cell bearing
scaffolds experienced relapse whereas relapse and subsequent death occurred in all other
mice. Scaffold-delivered T cells proliferated to numbers 167-fold higher than locally
injected, prestimulated T cells in the tumor resection bed, and despite the high expansion
rates maintained a nonexhausted phenotype. Furthermore, the scaffold-delivered T cells
migrated to tumor-draining lymph nodes (TDLNS) in significantly higher levels and took on
a central memory phenotype in the TDLNSs. In the unresectable tumor model, the scaffold-
delivered T cells significantly increased survival time, with the disseminated cancer
eradicated in 6 of the 10 mice and the other 4 mice averaging 27 days longer survival.
Further studies proved the CAR T cells migrate from the scaffold and eliminate tumors more
efficiently than systemic delivery of the same cells in pancreatic and melanoma models, and
the codelivery of additional agonists from the scaffold improves immune response [162].

Recently, a hyaluronic acid-based low viscosity hydrogel (LVHydrogel) was developed as a
novel carrier for convection enhanced delivery (CED) of CAR T cells [163]. Although the
blood-brain-barrier limits the accessibility of pharmacological agents to the central nervous
system from the bloodstream [164], CED uses a needle/catheter coupled with a positive
pressure pump to provide the steady flow of infusates directly into the brain parenchyma
[165] and results in significantly (up to 8 times) greater distribution of an agent than delivery
from a single direct intracranial injection [166]. Numerous studies and clinical trials have
been performed using CED and a variety of therapeutics to treat central nervous diseases
[167], but when tasked with dispatching cells, CED has a low efficacy, largely due to the
sedimentation of the cells in traditional CED carrier (phosphate buffer saline) [163].
LVHydrogel was demonstrated to be a viable option for the CED of CAR T cells for
glioblastoma immunotherapy, as it did not cause acute toxicity in preclinical mouse models,
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prevented cellular sedimentation during CED, and enhanced post-infusion migration and
cytotoxicity profiles of the CAR T cells.

These studies have shown that scaffolds possess the unique ability to store, deliver, and
stimulate cancer killing T cells. The scaffolds are made with FDA-approved materials,
exhibiting minimal immunogenicity and high biodegradability. The injectable
thermosensitive hydrogels are attractive due to their ease of administration but research into
the preclinical efficacy of the T lymphocytes in tumor models is necessary to move forward.
Furthermore, the addition of T cell stimulators to the gels should be investigated to provide a
platform that not only delivers T cells but ensures their proliferation. Stephan et. al.’s
surgically implanted scaffold has shown outstanding preclinical success, and can now be
further modified to obtain the optimal scaffold formulation. It is possible that including the
paracrine delivery of anti-PD-1 and anti-CTLA-4 antibodies can improve the therapy, and a
deeper understanding of T cell migration can dictate the placement of the adhesion
molecules. The scaffolds will need to be tested on a larger scale for toxicity and potency as
humans typically require a 1000-fold increase in the number of T cells administered —
although the scaffolds demonstrate no toxicity in mice, the increase in size for human
application may invoke serious side effects.

3.5 CART Cell Therapy

T cell-mediated killing of tumor cells requires several external stimuli that are often
hindered by cancer cells and the tumor microenvironment: recognition of a tumor antigen,
activation of costimulatory receptors, and cytokine signals promoting the expansion and
continued antitumor effects of the T cell. CAR T cells express an engineered receptor that is
activated upon antigen binding - allowing for T cell activation in the absence of a second
signal from costimulatory receptors.

Although CAR T therapy has proven to be remarkably successful at treating hematological
malignancies [13, 168, 169], there are several logistical considerations that must be
addressed in order to successfully treat patients. CAR T cells must be generated from a
patient's own immune cells in order to avoid graft-versus-host disease. Currently, CAR T
cell production requires harvesting T cells from patients, shipping them to a facility to
transduce the patient's T cells with the CAR gene, expanding the newly-generated CAR T
cells, and shipping the newly-generated, patient-specific CAR T cells back to the hospital for
reinfusion into the patient. The need to generate personalized CAR T cells significantly
increases the cost of therapy, which is subsequently passed on to patients. Recently, Smith
et.al. developed a method to generate leukemia-targeting T cells /n situ by using synthetic
DNA nanocarriers with a CD3e-targeting antibody fragment to deliver CAR DNA to
circulating T cells - potentially consolidating the steps of CAR T cell generation into a
single injection [170]. The /n situ generated CAR T cells were found to prolong the survival
of C56BL/6 mice with systemically injected Ey-ALLO1 leukaemia cells as much as an
infusion of CAR T cells that were generated ex vivo.

CAR T cell therapy comes with several significant limitations that could potentially be
addressed by biomaterials, including on-target, off-tumor effects, patient toxicity, and
decreased functionality due to the tumor microenvironment. In recent years, the profound
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success of CAR T cells has inspired further research into improving the safety and efficacy
of CAR T cells. Previous research has shown that proteases such as cathepsin B [171],
urokinase-type plasminogen activator [172], legumain [173], and different matrix
metalloproteinases are prevalent in the tumor microenvironment [174] - providing a potential
avenue for the activation of CAR T cells. To minimize on-target, off-tumor effects,
Desnoyers et.al. created a protease-activated "probody" by modifying Cetuximab, an EGFR-
binding antibody, to include a peptide linker susceptible to tumor-associated proteases and a
peptide "mask" to prevent off-tumor binding to EGFR. The probody was shown to be
relatively inactive in nonhuman primates, but could effectively target EGFR+ tumor cells in
a mouse xenograft model [175]. Han. et. al. adapted this discovery and created a masked
CAR T cell targeting EGFR, which was shown to be inactive among tumor-associated
protease negative cells and active among cells expressing tumor-associated proteases. These
masked CAR T cells also demonstrated a level of in vivo antitumor efficacy similar to
unmasked CAR T cells [176]. Other studies have focused on modifying CAR T cells to
secrete various agents that can improve their function within the tumor microenvironment,
including cytokines, such as IL-2 [177], IL-7 [178], IL-15 [179], or I1L-18 [180], and
checkpoint inhibitors such as single chain antibodies targeting PD-1 [181].

Researchers have also reported using liposomes to make the tumor microenvironment more
hospitable to CAR T cells. Zhang et.al. used liposomes with the tumor-targeting iRGD
peptide to encapsulate PI-3065, a P11086 PI3K kinase inhibitor, and DW8-5, an
immunostimulant-invariant natural killer T (iNKT) cell agonist, and demonstrate the
importance of preconditioning the tumor microenvironment prior to CAR T cell therapy.
Treating mice bearing 4T1 tumors with liposomes encapsulating P1-3065 and 7DW8-5 was
shown to decrease the presence of monocytic myeloid derived suppressor cells and TAMs
threefold and sevenfold respectively, while increasing the amount of tumor-infiltrating CD8+
T cells and iNKT cells fivefold and 20-fold respectively. Additionally, the study reported
that treatment with drug-loaded liposomes prior to anti-ROR1 CAR T cell infusion
effectively doubled the mediansurvival of BALB/cJ mice bearing 4T1-ROR1 tumors when
compared to mice receiving drug-loaded liposomes after anti-ROR1 CAR T cell infusion
[182].

Although the remarkable success of CAR T cell therapy is promising, there are still several
challenges that must be addressed. Their high cost, potential for on target, off tumor effects,
and susceptibility to inhibition by the tumor microenvironment are all obstacles that may be
overcome by additional research. As we continue to make new discoveries and develop
novel biomaterials, the field of CAR T cell therapy continues to advance towards unlocking
its true potential.

4. Conclusion

Immuno-oncology, in particular T cell therapies, has undergone tremendous advancements
in the past decade. Although significant process has been made, remissions are only
obtained in certain patients and are often short-lived. Tisagenlecleucel, originally FDA
approved to treat ALL, underwent further clinical trials and has received approval for
relapsed or refractory Diffuse Large B-Cell Lymphoma treatment (DLBCL) [183]. This
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followed a tisagenlecleucel DLBCL study generating an objective response rate (ORR)
above 54%. Despite achieving an ORR of more than double other treatments [184, 185], the
median overall survival (OS) was 11.1 months and the OS probability at 18 months was
43%. T cell immunotherapy is altering the oncological landscape, but we are far from our
goal of curing cancer. Researchers around the world are working to engineer an improved T
cell — one that can successfully home to cancer cells, proliferate inside the patient’s body,
overcome the immunosuppressive tumor microenvironment, and minimize side effects. T
cells have progressed through 1st, 2nd, 3rd, and now 4th generations, and a few of the
advancements can be seen through the introductory of suicide genes [186], tandem targeting
moieties [187], masking peptides [176], secretory abilities [188], and altered receptor/gene
expression [189]. While each of these developments holds promise in enhancing T cell
therapy, it is vital to explore solutions from a different angle. A shift from a focus on T cells
themselves has resulted in a wave of research on engineered biomaterials for improved T
cell therapy. Biomaterials were first used for the ex vivo expansion of T cells, providing an
off-the-shelf, simplified method for rapidly producing large quantities of tumor fighting
lymphocytes. While spherical microbeads coated with anti-CD3 and anti-CD28 antibodies
are the gold standard for clinical T cell expansion, recent works have proven that
manipulating synthetic aAPCs to mimic nature have resulted in a higher quantity of higher
quality T cells. As knowledge of T cell biology, activation, and differentiation expands, the
design of improved aAPCs will follow shortly after. The discovery of TCR clustering has
paved the path for the optimal placement of signal antigens, and research into T cell
development will allow less differentiated T cells to be produced and maintained. The
carbon nanotubes, nanoworms, and APC-ms platforms have been proven to enhance T cell
production, and warrant further investigation, but it is also important to explore the reversion
of differentiated T cells to earlier states as an approach for achieving maximum cell
expansion of younger, antigen-specific T cells, and to see if this approach can be used in
conjugation with these novel platforms. In parallel to the immunotherapy buzz, research on
biomaterials and nanotechnology in medicine has experienced explosive growth [190, 191].
Despite their proven effectiveness, the efficacy and accessibility of T cell immunotherapies
still has the opportunity for improvement. There is a constant need for improved /n vitro T
cell expansion - especially given the recent interest in the generation of allogeneic, off-the-
shelf CAR T cells. Once infused into patients, the T cells must be able to efficiently traffic to
their intended destination, and proliferate and thrive in a hostile environment. Researchers
have recognized the potential of using biomaterials to address these challenges, as shown by
the wide array of biomaterials investigated for enhancing the in vivo efficacy of T cell
therapies (Table 1). Nanoparticles and scaffolds have been proven to enhance T cell homing
to cancer cells, cytotoxic capacities, and T cell persistence in preclinical models — the next
step is to diminish the disparity between biomaterial publications and clinical impact [191].
Although the biomaterials discussed in this review need to be tested in additional preclinical
models and scaled up to confirm their viability as therapeutics, they show great promise in
improving the efficacy of immunotherapy.
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Fig. 1. The Process of Adoptive T Cell Immunotherapy.
T cells are harvested either from tumor (tumor-infiltrating lymphocytes, TILS) or peripheral

blood (peripheral blood lymphocytes, PBLSs). TILs can be expanded non-specifically since
they are preferentially tumor-specific prior to culture. In contrast, tumor specificity must be
induced in PBLs, either through antigen-specific expansion or genetic engineering. After
several weeks of expansion in culture, tumor-specific T cells can be reinfused into the cancer
patient. Fig. 1 is adapted with permission from Adoptive T cell immunotherapy for cancer.
Perica K, Varela JC, Oelke M, Schneck J. Rambam Maimonides medical journal.
2015;6:0004.
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Fig. 2. Summary of antigen presentation platforms.
APCs= antigen presenting cells; aAPCs = artificial APCs; moDCs = monocyte originated

dendritic cells; HLCs = human leukemic cells; SLBs = supported lipid bilayers
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Fig. 3. Artificial thymic organoids for the differentiation of naive or engineered T cells from
PSCs.

a) Schematic of workflow for the differentiation of polyclonal or engineered T cells using
artificial thymic organoids. b) Flow cytometry plots showing the differences between T cells
from the thymus and T cells differentiated from PSCs after six weeks of culture in ATOs. c)
Flow cytometry plots demonstrating the newly generated T cells’ ability to produce
interferon y, TNFa, and IL-2 upon stimulation. d) Flow cytometry plots demonstrating the
newly generated T cells’ ability to expand upon stimulation with anti-CD3 and anti-CD28 in
the presence of IL-2. ) Flow cytometry plots showing antigen-specific activation of the
newly generated T cells. a)-e) are reprinted with permission from Organoid-Induced
Differentiation of Conventional T Cells from Human Pluripotent Stem Cells, Montel-Hagen,
A., Seet, C.S,, Li, S,, Chick, B., Zhu, Y., Chang, P., Tsai, S., Sun, V., Lopez, S., Chen, H-C.,
He, C., Chin, C.J., Casero, D., Crooks, G.M., Cell stem cell. 2019;24:376-89 €8 [95].
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Injection and Formation
of CTGel
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Fig. 4. Scaffolds delivering T cells for enhanced ACT therapy.
a) Monette et. al. combined chitosan, gelling agent (sodium hydrogen carbonate in

phosphate buffer), and cell culture medium to create an injectable chitosan-based thermogel
(CTGel) that maintains the extended release of cytotoxic T lymphocytes. At room
temperature the components mix in solution, and upon injection into the thermogel
solidifies, creating a readily administered T cell reservoir. /n vitro studies verified the
gradual discharge of desirable T cells from the CTGel. b) T cells are seeded onto Stephen et.
al.’s polymerized alginate macroporous scaffold, which are surgically implanted into a
tumor resection bed or near an inoperable tumor site. A synthetic collagen-mimetic peptide
(CMP) is used to bind T cells to the scaffold, and porous silica microparticles presenting
membrane-bound ligands anti-CD3, anti-CD28 and anti-CD137 and loaded with soluble
interleukin-15 superagonist (IL-15Ra.) are added into the scaffold void space. Degradation
of the scaffold results in the sustained release and enhanced proliferation of robust antitumor
T cells [160].
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Table 1.

Methods for Enhancing T Cell Therapy Efficacy
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Method Biomaterial Reference
Antigen-encapsulating nanoparticles presenting IL-15:1L-15Ra [116]
PEGylated liposomes with anti-CD137 and/or I1L-2Fc anchored to their surfaces [117, 118]
Nanolipogels delivering IL-2 and a TGF- B receptor inhibitor [121]
Liposomes targeted to CD90, an internalizing receptor on T cells, to deliver a TGF-p [124]

T : : receptor inhibitor

argeted nanoparticle delivery

PLGA/PEG nanoparticles to deliver a TGF-B receptor inhibitor (SD-208) to exhausted [125]
T cells expressing PD-1
PEG-histidine-modified alginate to encapsulate CpG oligodeoxynucleotides (ODN), [130]
anti-1L-10 ODN, and anti-IL-10 receptor ODN targeting TAMs
Imatinib-loaded nanoparticles decorated with a peptide targeting Treg cells [133]
cMLVs containing paclitaxel (chemotherapeutic) or SCH (an A2a adenosine receptor [139, 140]
antagonist) conjugated to NK cells !
SN-38 (chemotherapeutic) loaded nanocapsules conjugated to T cells [141]

Backpacking nanoparticles
Nanoparticles loaded with an inhibitor of Shpl and Shp2 conjugated to T cells [143]
Protein nanogels containing IL-15 super-agonist (IL-15 Sa) complex conjugated to T [144]
cells
Alginate matrices to deliver IL-15Sa [147]
Chitosan coformulated with 1L-12 for IL-12 delivery [148]
Hydrogels to deliver either R848, a Toll-like receptor 7/8 agonist, or STING-RR [149]

Biomaterials delivering molecular

immunotherapies Gelatin cryogel delivering granulocyte-macrophage colony-stimulating factor [150]
Polyglyconate/gelatin scaffold to deliver CCL17 [151]
PEG-heparin cryogels to deliver engineered mesenchymal stromal cells (MSCs) that [154]
secrete an anti-CD33-anti-CD3 bispecific antibody
Thermoreversible PEG-g-chitosan hydrogel [159]
Chitosan, sodium hydrogen carbonate, and phosphate buffer thermogel [160]

Biomaterial scaffolds delivering T

cells Polymerized alginate macroporous scaffold with synthetic collagen-mimetic peptide [161]
and porous silica microparticles
Hyaluronic acid-based low viscosity hydrogel [163]
Synthetic DNA nanocarriers with a CD3e-targeting antibody fragment to deliver CAR [170]
DNA to circulating T cells

CAR T Cell Therapy Protease activated probody to mask CAR T cells and prevent on-target off-tumor effects [176]
CAR T cells engineered to secrete cytokines [177-180]
Liposomes to make the tumor microenvironment more hospitable to CAR T cells [182]
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