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Abstract

The clinical success of cancer immunotherapy is providing exciting opportunities for the
development of new methods to detect and treat cancer more effectively. A new generation of
biomaterials is being developed to interface with molecular and cellular features of immunity and
ultimately shape or control anti-tumor responses. This review focuses on recent advances that are
supporting the advancement of engineered T cells. This class of cancer therapy has the potential to
cure disease in subsets of patients, yet there remain challenges such as the need to improve
response rates and safety while lowering costs to expand their use. To provide a focused overview,
we highlight recent strategies in three areas of biomaterials research: low-cost cell manufacturing
to broaden patient access, noninvasive diagnostics for predictive monitoring of immune responses,
and strategies for /n vivo control that enhance anti-tumor immunity. These research efforts shed
light on some of the challenges associated with T cell immunotherapy and how engineered
biomaterials that interface with synthetic immunity are gaining traction to solve these challenges.
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Summary

Biomaterials that interface with synthetic T cell immunity have the potential to detect and treat
cancer more effectively. This review highlights recent advances in three areas of biomaterials
research to improve engineered T cell therapies: low-cost manufacturing, predictive monitoring,
and /n vivo control.
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1. Introduction

Advances in biomaterials will continue to play a fundamental role in shaping the future of
cancer therapies toward more effective and safer treatments. The ability to engineer key
properties of biomaterials such as size, charge, and shape contributes to the control of
cellular and molecular interactions that ultimately affect therapeutic responses[L].
Biomaterials like lipids, polymers, hydrogels, protein conjugates, and nanoparticles have
demonstrated safety and use as U.S. Food and Drug Administration (FDA)-approved cancer
therapies to enhance anti-tumor activity and reduce toxicity in healthy tissues®: 2. For
instance, Gliadel®, a biodegradable polymer wafer loaded with the chemotherapeutic drug
carmustine, was developed to be implanted after surgical resection of brain tumors to destroy
remaining tumor cells by localized drug delivery[3]. Beyond chemotherapy, biomaterials are
generating promising new strategies to enhance cancer immunotherapies as they emerge as
the next pillar of cancer treatment. The success of cancer immunotherapy largely depends on
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the ability to control key steps in the cancer immunity cycle, which includes tumor antigen
presentation, immune cell activation, lymphocyte trafficking and infiltration to tumor sites,
and targeted killing of tumor cells[4]. At each step, engineered biomaterials have the
potential to enhance and boost anti-tumor immune responses while mitigating off-target
effects. For example, interleukin-2 (IL-2), the first FDA-approved cytokine for cancer
immunotherapy, had modest clinical success due to its short half-life and dose-limiting
systemic toxicities(®]. This motivated the development of polyethylene glycol (PEG)-
modified IL-2, which significantly extended its circulation half-life and reduced the required
dosage while retaining its anti-tumor immune activity[8l. The success of PEGylation has
since been extended to additional immunomodulatory cytokines like tumor necrosis factor
alpha (TNF-a) and interferon alpha (IFN-a)[7] that have been approved for use in humans
by regulatory agencies.

The rapid growth and clinical success of cell-based immunotherapies have led to new
opportunities for biomaterials to enhance synthetic T cell immunity. Treatments like
chimeric antigen receptor (CAR) T cell therapy are achieving unprecedented patient
responses in hematological cancers with objective response rates as high as ~90% in B cell
malignancies!8]. Yet major challenges continue to impede the broad clinical benefit of
engineered T cell therapies across patient populations and tumor types especially for solid
tumors (Figure 1). For example, engineered T cells are personalized for each patient and
requires a multistep manufacturing process[® 101 which includes isolation of T cells, viral
transduction to introduce tumor targeting receptors, T cell expansion, and autologous
infusion[!], This complex pipeline precludes broad patient access as a single infusion of
CAR T cell therapy costs between $350k-$450k and requires 3-5 weeks to manufacture,
during which disease progression and mortality can occurl8: 11121 For solid tumors, clinical
response rates remain low compared to hematological cancers because of barriers such as
immunosuppression by the tumor microenvironment (TME), chronic receptor activation
leading to T cell exhaustion[!3: 14] and severe immune-related toxicities from on-target, off-
tumor cytotoxicity[1>]. Moreover, potent immunomodulators like cytokines that are co-
delivered systemically to support engineered T cells can lead to activation of endogenous
immune cells and off-target toxicity[16]. These challenges are motiving the development of
new approaches to realize the full potential of synthetic T cell immunity.

The overall objective of this review is to summarize recent advances at the interface of
biomaterials and engineered T cells. Given the breadth of ongoing research, we will focus
our review on three key research areas: low-cost cell manufacturing, predictive response
monitoring, and enhancing /n vivo control (Table 1). We will discuss opportunities for
biomaterials to support the translation of engineered T cell therapies and provide our
perspective on future directions of this burgeoning field.

2. Genetic programming of T cells by nanomaterials

CAR T-cell therapy has resulted in durable responses in cancer patients; however, the
complex and costly manufacturing pipeline remains a major obstacle for implementing CAR
T cell therapy as standard of care for cancer treatment[!1: 121, One primary driver is the use
of viral vectors to genetically engineer CAR T cells, which remains the gold standard[12].
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Batch production of clinical-grade viral vectors is time-consuming (3-4 weeks)[*2], which
delays treatments for patients, increases the potential for mortality, and prevents rapid
iteration to optimize CAR designs. Additionally, maintaining quality and safety of current
good manufacturing practice (cGMP) viral vectors involves costly extensive manufacturing
and testing. Therefore, cGMP-grade, clinical-scale viral production can account for as high
as ~30% of the total production cost!82]. Apart from manufacturing limitations, safety
concerns associated with viral transduction, such as insertional mutagenesis and
genotoxicity, have led the FDA to restrict the number of integrated viral vectors to 5 copies
per T celll83. 841 This limits the multiplicity of infection (MOI) that can be used for
transduction, resulting in transfection efficiencies as low as 5-10%[85. 861, Moreover,
regulatory agencies recommend monitoring patients for up to 15 years post-treatment for the
absence of replication-competent virus in patients, which adds additional burden and
costl!2]. These challenges are spurring on the development of nonviral technologies to
enable rapid and cost-efficient production of CAR T cells to broaden patient access.

Nonviral gene delivery — such as electroporation, mechanical disruption, and chemical
transfection — has been a recent focus due to the potential to reduce costs, shorten
manufacturing time, and improve safety profiles compared to viral vectors. Electroporation
has been explored as a nonviral alternative for CAR T cell manufacturing, but it leads to
lower cell viability and gene transfer efficiency than viral vectors and allows nonspecific
transport of molecules into and out of cells[87: 881 Mechanical disruption, such as by
squeezing cells through microfluidic channels to create transient pores in the membrane, has
been reported to effectively deliver nucleic acids to the cytosol of T cells!89l. This method
requires integrated microfluidic devices to apply both mechanical forces and electrical fields
to disrupt cell and nuclear membranes for DNA transfection[®0l. Chemical transfection with
agents such as lipofectamine is easy-to-use, cost-effective, and can result in lower
cytotoxicity compared to electroporation. However, its use for CAR transgene delivery has
so far been limited by low gene transfection efficiency in T cells.

Nonviral gene modification ex vivo

Polymer- and lipid-based biomaterials are emerging as promising agents for T cell
transfection (Figure 2a)[17-19. 911 Constituent lipids and polymers that are positively charged
condense negatively charged DNA and mRNA into nanocomplexes by ionic interactions.
These nanocomplexes typically carry a net positive surface charge that facilitates cellular
uptake through ionic interactions with negatively charged surface proteoglycans[®2l. Once
nanocomplexes are inside cells, the constituent lipids or polymers are designed to induce
translocation of the transgenes from endosomes to the cytosol through fusion with the
endosomal membrane or osmotic disruption[®3]. Olden and colleagues screened a panel of
cationic polymers with a variety of structures (e.g., linear, linear-branched, cyclic-branched)
for plasmid DNA delivery to immortalized Jurkat T cells. After optimizing transfection
conditions in Jurkat cells, a linear branched polymer transfected primary human T cells with
20% transfection efficiency for mRNA and 10% for plasmid DNA while maintaining cell
viability above 75%[17],
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Apart from polymer-based delivery systems, Billingsley et al. formulated a library of
ionizable lipid nanoparticles (LNPs) for CAR mRNA delivery to primary T cells[18]. Out of
the 24 formulations tested, the top LNP transfected primary T cells with CAR mRNA with
efficiency similar to electroporation. Of note, LNP-based transfection of CAR T cells
resulted in higher viability than electroporation (>75% vs. 30%) with comparable T cell
cytotoxicity. While this LNP system achieved comparable mRNA transfection in primary T
cells as the linear polymer system reported by Olden et al.[17], LNPs are more clinically
advanced as the first siRNA drug (Alnylam’s Onpattro®, 2018) approved by the FDA is
based on LNPs. Moreover, LNPs are also used in the first two FDA-approved, mRNA-based
vaccines for COVID-19 (BioNtech/Pfizer, Moderna), further highlighting the translational
feasibility of LNP-based transfection systems[®4].

Several recent studies have shed light on the properties of T cells that contribute to the
limited transfection efficacy of nanoparticle-based transfection agents[®6: 971, Many types of
cells express membrane-bound heparan sulfate proteoglycans (HSPG), which are negatively
charged molecules that electrostatically bind to positively charged gene carriers to facilitate
subsequent cellular uptakel®7]. T cells express HSPG at low levels[®8] and therefore, are poor
at uptake of positively charged carriers. The reduced uptake efficiency by human T cells was
recently reported using 2-dimethylaminoethyl methacrylate (DMAEMA\) polymers as a
nonviral transfection agent compared to HeLa cells [%6]. One approach to improve uptake is
through ligand-receptor interactions that actively trigger receptor-mediated endocytosis.
Indeed, nanoparticles decorated with T cell targeting ligands (e.g., CD3 or CD8 antibodies)
have shown greater uptake and transfection efficiency than non-targeting

counterpartsl®% 99,1001 Another T cell property hindering efficient transfection is that the
acidification gradient in the endosomal pathway is delayed in primary T cells[®6]. Using
dextran polymers labeled with pH-sensitive fluorophores, one study showed that the endo-
lysosomal pH of primary T cells was higher than HeLa cells throughout a 4-hour
incubation[®6]. The lowest pH was observed at the 4-hour timepoint, with pH 6 for primary T
cells and pH 5 for HeLa cells. Delayed endosomal acidification hinder pH-responsive
carriers that are formulated to trigger endosomal escape of transgenes in response to the
acidic endo-lysosomal condition. Based on these studies, reduced uptake by HSPG and
delayed endosomal acidification should be considered in future designs of nonviral vectors
for CAR-T cell manufacturing.

2.2. Redirecting T cells in situ

The ability to genetically engineer T cells inside the body has the potential to lower costs
and accelerate turnaround times by circumventing the need for a multistep ex vivo
manufacturing pipeline (Figure 1 left). /n situ CAR production requires delivery of CAR
transgenes to T cells in circulation. Early studies focused on the use of viral vectors /n vivo
but resulted in low transfection efficiencies (~7.5% at two weeks post-administration) and
did not improve overall survival in xenograft mouse models!101-103] |mportantly, pre-
existing or treatment-induced antiviral immunity are barriers to achieving high transduction
efficiency as rapid inactivation and clearance of viral vectors limits the number of doses that
can be administered to patients[104]. By contrast, synthetic nanoparticles can be formulated
with reagents that are less immunogenicl1%%] and cheaper to manufacture by cGMP-grade
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production than viruses. Stephan and colleagues demonstrated synthetic nanoparticles for /n
situ CAR manufacturing in preclinical studies using polymeric nanoparticles that
encapsulated a CAR transgene in the form of plasmid DNA or mRNAIL9: 201 (Figure 3).
They formulated these nanoparticles using poly (glutamic acid) (PGA) and poly (p-amino
ester) (PBAE). PGA was coupled to anti-CD3e f(ab’)2 fragments to achieve T cell targeting
and enhance uptake of nanoparticles (Figure 2a and b). To enhance the translocation of
CAR-encoded DNA to the nucleus for CAR expression, PBAE polymers were conjugated to
synthetic peptides containing microtubule-associated sequences and nuclear localization
signals to direct the CAR transgene from the cytosol to the nucleus for CAR expression[19],
In addition, the inclusion of transposons flanking the CAR transgene and a separate plasmid
encoding a hyperactive transposase enabled the efficient integration of the CAR vector into
chromosomes for persistent CAR expression. In leukemia-bearing mice, five sequential
nanoparticle doses resulted in 5.8% of peripheral CD3+ T cells expressing anti-CD19 CAR
two days after the last injection. This relatively low transfection efficiency still resulted in
tumor regression in a mouse model of leukemia comparably to adoptively transferred CAR
T cells that were virally transduced (70% vs. 80% survival respectively). Building on this
success, this group further applied the PBAE polymeric nanoparticle to program circulating
T cells with CAR/TCR-encoded mRNAI2%], Encoding CAR/TCR transgenes in mRNA
offers higher transfection rates and faster CAR expression than plasmid DNA, as mMRNA
molecules are translated into target proteins in the cytosol without the need to enter the
nucleus. The CAR/TCR mRNA loaded PBAE nanoparticles induced potent disease
regression, comparable to ex vivo engineered T cells, in murine models of prostate cancer,
leukemia, and hepatitis B-induced hepatocellular carcinoma. Collectively, these studies
demonstrate the promising potential of using synthetic nanoparticles for /in situ production of
therapeutic T cells.

To achieve durable anti-cancer efficacy of CAR T cells, development of nonviral gene
delivery requires a mechanism for genomic integration of CAR transgenes (Figure 2c), as
nanoparticles and electroporation lack viral machinery to insert transgenes into host DNA.
To address this, strategies include the use of transposons, which have been reported for
nonviral CAR production in preclinical and clinical studies[21-23]. Transposon systems
comprise two essential components: the transposase enzyme and the transposon DNA that
contains the transgene flanked by specific DNA end sequences[19¢]. The transposase enzyme
performs excision at the DNA end sequences and inserts the transgene into the genome of
target cells for stable gene expression[106], Both the transposase enzyme and the transposon
DNA have been encoded and delivered as conventional plasmid DNA[?1-23], Transposon
systems can also be expressed by DNA minicircles[24 1971 a minimal expression cassette
devoid of a bacterial plasmid DNA backbonel198l, Of note, minicircle plasmids have
superior transfection efficiency than conventional plasmid DNA — minicircle plasmids
delivered by electroporation resulted in 64.3% CAR transgene expression 14 days after
transfection, in contrast to 10.6% expression with conventional plasmids24l. This superior
transgene expression afforded by minicircles has been attributed to their reduced size (4k
base pairs for minicircles vs. 6k base pairs for plasmids)[24 1091 which could be beneficial
to improve the limited transfection efficiency seen in many nanoparticle-based transfection
agents for CAR T cell production.
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In addition to transposon systems, CRISPR-Cas9 has received increasing attention in T cell
engineering for site-specific integration, which avoids potential mutagenesis and malignant
transformation resulting from random gene integration by virus or semi-random integration
by some transposon systems[2>: 1101 CRISPR-Cas9 gene knock-in induces DNA double-
strand breaks and homology-directed repair with a donor DNA template containing the
desired insert sequence. This approach has been used to program primary T cells with
engineered T cell receptors (TCR) in the endogenous TCR locus by delivering CRISPR-
Cas9 and CAR/TCR transgenes through electroporation or adeno-associated virus (AAV)
vectors[2> 951, A recent study showed that TCR-engineered T cells produced by CRISPR-
Cas9 knock-in specifically recognized tumor antigens and mounted productive anti-tumor T
cell responses /n vitroand in vivd®l. Notably, care must be taken when using CRISPR-
Cas9 systems for clinical translation due to their potential immunogenicity[*1]. To date,
studies using CRISPR-Cas9 for CAR/TCR T cell production largely rely on electroporation
or AAV vectors, which could potentially be replaced in the future by synthetic
nanoparticles*12 1131 for jn sif CAR production.

Altogether, nonviral transfection approaches that combine the advantages of nonviral
delivery vectors and gene-integrating systems are promising for engineering therapeutic cells
ex vivo and for manufacturing of CAR T cells /n situ. Nonviral vectors have the potential to
reduce manufacturing costs and lead times of engineered T cell therapies and potentially
improve safety of CAR T cell therapies. The potential of synthetic nanoparticles to achieve
in situ delivery of CAR transgene to T cells without induction of anti-viral immunity could
lessen the challenging logistics associated with patient-specific cell manufacturing, thereby
lowering costs and improving accessibility. Specific delivery of CAR to T cells is important
for /n situ CAR production to be realized in the clinic, as off-target delivery of CAR to
cancer cells has led to treatment failure and patient relapsel114l. Consequently, restricting
CAR expression to T cells is among the forefront goals to ensure clinical potency. This
could potentially be achieved by using nanocarriers with preferential delivery at both
organ[!15] and celll116] Jevels or by implementing cell-specific promoters to the transgene
design.

Identifying predictive biomarkers of T cell response

Despite the clinical success of engineered T cell therapies in hematological malignancies,
there remains a need for technologies to assess treatment responses due to modest response
rates in solid tumors and development of resistancel!3: 141, Radiographic evaluation of tumor
morphology is the standard assessment method for cancer immunotherapy, yet atypical
kinetics and patterns of immune-related response can pose a challenge to clinical
interpretationl217]. Therefore, there is a significant interest in the development of
biomaterials-based diagnostic technologies to identify noninvasive and predictive
biomarkers of T cell response including early on-treatment phenotype and functionality of
patient T cells [117-119] (Figure 4). In this setting, progress in multiplexed cytometry such as
the development of new labeling reagents and detection methods are enabling
comprehensive characterization of peripheral T cell populations associated with patient
response. Additionally, microfluidic immunoassays implement advances in microfabrication
and surface-functionalized materials to serially assess tumor reactivity of patient T cells.
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Furthermore, image-based and synthetic biomarkers integrate emergent bioconjugation
strategies with engineered nanomaterials to provide the ability to monitor key features of the
antitumor response such as T cell infiltration and cytotoxicity /n vivo. These emerging
biomarkers of T cell response can play an important role in predicting tumor responses to
improve clinical decision-making during engineered T cell therapy.

3.1. Multiplexed cytometry for cell phenotyping

Multi-parameter analysis by flow cytometry remains the gold standard for analysis of single
cells(27], This technique relies on labeling extracellular or intracellular markers with
fluorophore-conjugated antibodies or other affinity agents to allow analysis or isolation of
target cell populations by fluorescence. Dozens of surface markers are differentially
expressed across naive, memory, and effector T cells, and cells sharing the same lineage can
be polyfunctional (e.g., tumor reactive CD8+ or CD4+ T cells expressing different cytokine
profiles)[128. 1291 Additionally, the TCR repertoire is incredibly diverse (10°-108 unique
clones), and in adoptive cell therapy using tumor infiltrating lymphocytes (TILs), hundreds
of neoantigen-specific T cell clones contribute to the anti-tumor T cell responsel130: 131],
Therefore, the ability to perform densely multiplexed cytometry is important to understand
the phenotype and functionality of manufactured T cells during the course of adoptive
therapy. As the number or parameters that flow cytometry can analyze simultaneously is
limited by the number of fluorophores with nonoverlapping emission spectral132], this has
motivated the development of new labeling agents and methods for multiplexed cytometry
(Figure 4a).

Combinatorial staining by labeling a single cell with a unique combination of fluorophores
has been developed to expand the multiplexing capacity of fluorescence-based cytometry
beyond the limited number of spectrally distinct fluorophores. This strategy is often
employed for labelling T cells with peptide-major histocompatibility complex (pMHC),
whose multivalent variants (e.g., pMHC tetramer, octamer) have increased avidity for
cognate TCRs and are the gold standard reagent for detection and isolation of antigen-
specific T cells[133]. A combinatorial encoding strategy using 8 fluorophores to label pMHC
multimers enabled parallel detection of up to 25 antigen-specific T cell populations from
patient blood samples(26: 271, To further increase multiplexing density, mass cytometry uses
rare earth (lanthanide) heavy metal isotopes as labeling agents whose atomic masses are
discriminated by time-of-flight mass spectrometryl134l. Compared to fluorescence-based
cytometry, cytometry by time-of-flight (CyTOF) has lower background due to the absence of
lanthanides in biological samples and limited overlapping signals between isotopic labels,
allowing simultaneous detection of up to 60 cellular markers[35]. CyTOF has enabled
comprehensive investigation of complex aspects of the anti-tumor T cell response, including
T cell exhaustion[28. 291 characterization of neoantigen-specific TILs[39 311 and tracking the
evolution of T cell subsets during engineered T cell therapy[32: 331,

The large clonal diversity of tumor antigen-specific T cells has motivated the development of
DNA-barcoded methods to track T cell responses!120: 121, 136-138] DNA barcoding
significantly expands the degree of multiplexed analysis relative to fluorescence and mass
cytometry since the number of unique DNA barcodes scales exponentially with the number
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of bases. Dahotre and colleagues reported a programmable cytometry platform, called DNA-
gated sorting (DGS), for cell detection and isolation[129] (Figure 5). This approach relied on
the use of orthogonal DNA gates that function analogously to fluorescence gates; whereas in
FACS, cells are sorted based a threshold fluorescent intensity (i.e., gate), in DGS, target cells
labeled with DNA gates are sorted by barcode-specific strand displacement reactions.
Therefore, DGS allows sequential sorting of target subpopulations by the use of orthogonal
DNA strands without fluorescent labels. The team demonstrated this by isolation of different
immune subsets from an endogenous antiviral immune response. For massively multiplexed
analysis of antigen-specific T cells, Dahotre and team also showed that DNA barcoded
PMHC tetramers retain their ability to bind to antigen-specific T cells to allow detection at
the single cell level by droplet digital PCR (ddPCR)[138]. For high-purity cell sorting,
Kacherovsky et. al. developed a strategy for traceless isolation of CD8+ T cells by first
capturing cells with DNA aptamers followed by strand displacement reactions to release
bound cells. They showed that CAR T cells generated from aptamer-based isolation retained
antitumor activity 77 vivol139l. The authors noted that the use of DNA could allow for
multiplexed sorting applications upon discovery of aptamers for different cell subsets. For
multiplexed analysis of functional neoantigen-specific T cells, Bentzen et. al. generated
DNA-barcoded libraries of pMHC multimers and screened > 1,000 antigen specific T cells
in a single clinical sample by sequencing DNA barcodes[122]. This approach enabled
tracking dynamic changes in melanoma-specific T cells before and after adoptive TIL
transfer. Zhang and colleagues further expanded DNA-barcoded pMHC technology with
TCR sequencing for high throughput determination of T cell antigen specificities!!2l. By
binding a library of DNA-barcoded pMHC tetramers to T cells and sequencing barcodes and
T cell receptors from single T cells, they identified neoantigen-specific T cell receptors that
induce anti-tumor cytotoxicity without cross-reactivity to wild-type antigens. Based on these
studies, the ability to use DNA for multiplexed sorting and analysis has potential for
identifying functional neoantigen-specific T cells and predicting their antitumor activity.

3.2. Microfluidic immunoassays for serial analysis

Advances in microfabrication and biomaterials are enabling the development of microfluidic
immunoassays for high throughput, serial analyses of T cell functionality at single cell
resolution (Figure 4b). Kinetic measurements of cytokines and effector molecules secreted
during T cell activation have the ability to discriminate functional T cell subsets (e.g., T cells
with proliferative and cytotoxic potential)[38: 1321 Microfluidic immunoassays use
antibodies for detection of secretory proteins and are composed of micro-sized channels and
structures fabricated with a biocompatible material (e.g., polydimethylsiloxane (PDMS)) for
single cell culture and analysis!*4%l. The surface of these microdevices can be functionalized
with adhesion molecules (e.g., ICAM-1) or stimulatory ligands (e.g., aCD3, pMHC) to
mimic the cellular environment and T cell activation conditions. By handling single cells or
groups of cells in microliter- or picoliter-scale systems, microfluidic immunoassays enable
analysis of small, valuable clinical samples such as blood and tissue biopsies. Additionally,
they offer the throughput necessary for detection and analysis of rare cell populations, such
as neoantigen-specific T cells.

Adv Healthc Mater. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Page 10

Technologies such as microengraved arrays and single-cell barcoding chips (SCBCs)
facilitate multiplexed and high throughput analyses of secretory proteins (e.g., cytokines,
effector molecules) from activated T cells to evaluate their cytotoxic potential.
Microengraved arrays consist of tens of thousands of subnanoliter microwells to isolate
single T cells and capture secreted proteins by antibodies conjugated to a glass slide used to
cover these wells(36-391 (Figure 6a). The glass slide is then exposed to a series of
fluorescently labeled secondary antibodies, and colorimetric discrimination is used to
analyze single cell protein secretion. Using this technology, researchers performed
longitudinal analyses of proinflammatory cytokines (e.g., IL-2, IFN<y) from arrays
containing single T cells to identify antigen-specific CD8+ T cell clones from patient blood
samples[36] and to reveal the kinetics of cytokine secretion across states of T cell
differentiation[37. 38]. To mimic the surface of antigen presenting cells (APCs), the
microwells were coated with supported lipid bilayers, which maintain the stability and
fluidity of a cellular membrane. The lipid bilayers were then tethered with recombinant
ligands, allowing uniform antigen presentation for assessment of T cell activation by pan
(a.CD3) or antigen-specific (;MHC) ligands[39],

Whereas microengraved arrays achieve multiplexed detection through fluorescent encoding,
SCBC:s spatially encode capture antibodies in patterns on the cover glass slides, facilitating
detection of a greater diversity of secretory proteins[4%-45] (Figure 6b). Moreover, the
addition of programmable control valves enables isolation of single cells and manipulation
of fluidic microenvironments. Fluidic control also allows introduction of a lysis buffer to
facilitate measurements of intracellular proteins (e.g., cytokines, transcription factors),
which can potentially capture the early kinetics of T cell activation and effector function[42].
SCBCs have been used extensively for multiplexed functional profiling of antigen-specific T
cells. Of note, Ma et. al. used this technology to conduct a time-course analysis of T cells
from melanoma patients treated by adoptive transfer of T cells specific for the melanoma
antigen MART-1. By analyzing 19 proteins secreted from single T cells, they characterized
the expansion of effector phenotypes in transferred T cells associated with patient
responsel44].

In addition to analyzing single T cells in isolation, microfluidic arrays can characterize T
cells in engagement with tumor cells or other immune cells. Both microengraved arrays and
SCBCs can be used to study intercellular interactions*40], but the generation of cell-cell
contacts is governed by stochastic events, resulting in limited control in the number of paired
events, cell ratio, and timing of contact formation. By contrast, cell pairing by hydrodynamic
traps exploits fluid dynamics and precise microwell patterning to spatially and temporally
control cell-cell contacts[46-48]. This technique has been utilized to characterize early
activation kinetics and cytokine secretion by T cells and NK cells in respective cocultures
with antigen-presenting cells (APCs) or tumor cells46-48],

By providing spatial and temporal dimensions of the T cell response, microfluidic arrays
offer complementary data to those obtained by conventional cellular assays (e.g., ELISA,
flow cytometry). Their utility for on-chip characterization of engineered T cells can be
further enhanced with biomaterials. For example, metallic nanomaterials display unique
properties (e.g., localized surface plasmon resonance (SPR), metal enhanced fluorescence)
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that can significantly improve the limit of detection for cytokines in antibody-based
assaysl142l. Additionally, tumor 3D scaffolds embedded in microfluidic chips are emerging
to assess the tumoricidal activity of T cells. These models are established by seeding or
encapsulating tumor cells in biomaterial-based scaffolds that resemble the extracellular
matrix of tumors. Advances in biomaterials have led to the development of natural (e.qg.,
collagen, Matrigel) and synthetic materials (e.g., polyacrylamide, polystyrene) that mimic
the biochemical and physical properties of the TME[143]. When coupled with microfluidics,
these systems enable high throughput cellular analysis in a controlled fluidic
microenvironmentl43. 1441 _Sych systems have been used to investigate the cytotoxic
potential of engineered T cells, in addition to various aspects of the TME that could impact
T cell activity[145-147] Qverall, the integration of microfluidic technology and biomaterials
offers exciting opportunities for sensitive, comprehensive, and high throughput functional
assessment of manufactured T cells in engineered T cell therapy.

Molecular probes for imaging immunity

Radiographic imaging is the standard assessment for tracking patient responses to cancer
immunotherapy based on changes in tumor burden. However, distinct immune-related
patterns of response — such as pseudoprogression (i.e., transient increase in tumor volume
before tumor shrinkage) and variable response kinetics across patients — confound
interpretation and have prompted active debate to improve response assessment[!171, This
has motivated continual refinement to evaluation criteria — including immune-related
response criteria to optimize the timing and frequency of radiographic assessment — and has
led to increased interest in the development of molecular imaging probes to monitor T cell
responses with modalities like positron emission tomography (PET), molecular magnetic
resonance imaging (MRI), and single photon emission computer tomography (SPECT)[119],
ImmunoPET is gaining interest as a molecular imaging strategy for sensitive, quantitative,
and noninvasive analysis of T cell responses to immunotherapy148l. In this strategy, affinity
agents (e.g., monoclonal antibodies (mAb), pMHC, binding peptides) are chemically
conjugated with a radioactive nuclide to target and label T cell biomarkers for detection by
PET imaging (Figure 4c).

Tumor infiltration is a key early step in anti-tumor T cell responses, motivating the
development of probes that track T cell trafficking and infiltration. To monitor the
infiltration of T cells, Larimer et. al. engineered PET probes targeting the pan-T cell marker
CD3 by conjugating anti-CD3 mAbs to 89Zr, a long-lived radionuclide (half-life ~ 78.4h)
[49], PET imaging predicted mice responsive to anti-cytotoxic T lymphocyte antigen 4
(aCTLA-4) checkpoint blockade before detectable differences in tumor burden. To
selectively target CD8+ T cells that mediate anti-tumor cytotoxicity, researchers designed
CD8-targeted PET probes based on antibody fragments, such as minibodies[123. 1491,
diabodies!®% 521, single domain antibody (VHH)[3, and single chain variable fragments
(scFv)B33]. For instance, Rashidian et. al. developed 89Zr-labeled anti-CD8 VVHH probes and
showed that homogeneous CD8+ T cell infiltration throughout the tumor is associated with
strong responses to immunotherapy across three tumor models®l. The use of antibody
fragments in these probes also improved tumor penetration, increased clearance kinetics, and
reduced required radiation doses[®l. To track infiltration of antigen-specific T cells that
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drive anti-tumor immunity, pMHC multimers are required. However, conventional pMHC
multimers use foreign proteins such as streptavidin to form a multivalent construct, which is
immunogenic and precludes in vivo usel133. To address this, Woodham et. al. engineered
Fc-based pMHC dimers called SynTacs and site specifically labeled these agents with 64Cu
by enzyme-based conjugation chemistry[123]. PET imaging of 64Cu-labeled SynTacs
selectively tracked antigen-specific T cell populations in mouse models of cancer and viral
infection.

Furthermore, factors like tumor immunosuppression, T cell exhaustion, and resistance can
limit T cell activity even after infiltration, and therefore there is growing interest in
monitoring downstream effectors of T cell-mediated immunity. As activated T cells secrete
molecules like granzyme B (GzmB) and IFN+y during cytotoxic killing, targeting these
molecules facilitates evaluation of /7 vivo T cell activity. To develop PET probes against the
cytotoxic protease GzmB, Larimer et. al. radiolabeled a peptide-based inhibitor, which
contains a substrate for GzmB and an electrophilic trap that binds irreversibly to the
protease, for noninvasive assessment of ICB therapeutic responses. PET imaging with this
probe stratified responding and non-responding mice on combination immunotherapy before
differences in tumor burden[124. 1251 |n addition, Gibson et. al. developed an IFNy-PET
probe to monitor responses to cancer vaccination[26]. In a model of T cell exhaustion, probe
uptake did not increase despite T cell infiltration, indicating the ability to distinguish active
from immunosuppressed T cell infiltrates. These studies underscore the need for biomarkers
of T cell effector functions to assess tumor responses.

3.4. Synthetic biomarkers of immunity

Longitudinal monitoring is necessary to track immune responses over the course of
immunotherapy and predict therapeutic efficacy early on-treatment. This has driven work on
developing noninvasive biomarkers based on shed content of tumor cells (e.g., circulating
tumor DNA (ctDNA)) or immune cells (e.g., circulating cytokines) for the evaluation of anti-
tumor T cell responses during treatment with cancer immunotherapyX17]. In contrast to
endogenous biomarkers, synthetic biomarkers are an emerging class of activatable
biosensors designed to query sites of disease for dysregulated protease activity and release
cleaved reporters in urine for noninvasive detection (Figure 7)[61. 631, Synthetic biomarkers
consist of peptide substrates that are labeled with a reporter (e.g., fluorophore, mass barcode,
or DNA barcode) and conjugated to a carrier (e.g., nanoparticles, polymers, proteins) (Figure
4d) [61], The use of the carrier extends the half-life of free peptides that would otherwise be
cleared rapidly into urine and facilitates delivery of the peptides to the disease sites[®2].
There, dysregulated proteases cleave the peptide substrates, releasing reporters that are
filtered by the kidneys into urine for noninvasive detection. Synthetic biomarkers utilize two
biological processes to improve detection sensitivity. First, these activity-based sensors rely
on enzymatic turnover to generate detection signal. Since one copy of protease can cleave
thousands of synthetic substrates, proteases serve as molecular amplifiers for endogenous
disease signals (>1,000-fold)[150], Second, instead of probing endogenous signals that are
diluted in blood, synthetic biomarkers generate reporter signals that are concentrated in urine
(>50-100-fold relative to blood concentration[151. 1521y to further increase signal-to-noise.

Adv Healthc Mater. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Page 13

This opportunity to challenge current limits of detection has enabled the use of synthetic
biomarkers for early disease detection in cancer and other pathological conditions[54-631,

During target cell killing, cytotoxic CD8+ T cells release granules containing effector
molecules including the protease GzmB to initiate apoptosis in target cells[}>3]. Therefore,
the development of synthetic biomarkers to sense GzmB activity /in vivo has the potential for
early detection of T cell-mediated conditions such as transplant rejection and tumor
responses to cancer immunotherapy[®> 821, To develop GzmB nanosensors for detection of T
cell activity at the onset of acute cellular rejection, Mac et. al. decorated iron oxide
nanoparticles with peptide substrates specific for GzmBI[62]. In mice bearing allogeneic skin
grafts, nanosensors passively accumulated in inflamed grafts and sensed GzmB activity
during alloreactive T cell killing of donor cells. This led to production of reporter signals in
urine several days before observable graft failure, allowing noninvasive and early detection
of acute cellular rejection with high accuracy (area under receiver-operating curve (AUROC)
= 0.98). Moreover, antibody-mediated depletion of CD8+ T cells diminished this increase in
urinary reporter signals, indicating that GzmB+ CD8+ T cells at the onset of rejection are
responsible for nanosensor activation. Synthetic biomarkers monitoring GzmB activity have
also been extended for early on-treatment assessment of T cell responses to ICB therapy. In
this approach, GzmB peptide substrates were directly coupled to therapeutic checkpoint
antibodies (e.g., aPD1, a CTLAA4) to harness the biological functions of therapeutic
antibodies while sensing anti-tumor T cell activity at the same time points of ICB
treatment[®5]. In two syngeneic tumor models, ICB antibody-GzmB sensor conjugates
produced elevated reporter signals in urine of mice responding to therapy, allowing
noninvasive detection of therapeutic responses as early as the second dose of treatment
(AUROC = 0.92-1.00) and before changes in tumor burden were detected. The increases in
reporter signal correlated with observed increases in GzmB+ CD8+ TILs by flow cytometry,
suggesting that GzmB sensor conjugates could detect anti-tumor T cell activity at the onset
of therapy response through production of urinary reporters.

In addition to lowering the limits of detection, synthetic biomarkers offer the potential to
improve detection specificity through multiplexed activity measurement. Multiplexed
detection can be achieved by employing a library of mass- or DNA-barcoded biomarkers to
monitor multiple proteases simultaneously[®4 58. 1541 Additionally, recent advances in
machine learning enable the training of diagnostic classifiers that accurately differentiate
experimental groups based on multiplexed urinary outputs. Mac et. al. extended ICB
response assessment by using a mass-barcoded library of synthetic biomarkers to monitor
both immune- and tumor-associated proteases for classification of refractory tumors based
on resistance mechanisms[®°]. In mouse models of resistance, gene knockout of B2m or Jak1
allowed for evasion of CD8+ T cell-mediated tumor control, leading to resistance to
checkpoint inhibitors. Administration of a multiplexed library of synthetic biomarkers
enabled development of machine learning classifiers based on urinary signatures that
stratified B2m from Jak1 resistance with high accuracy (AUROC = 0.9). This finding was
consistent with observed differences in proteases expression in these resistance models and
highlighted the potential of synthetic biomarkers to identify T cell- and tumor-intrinsic
mechanisms leading to ineffective anti-tumor responses.
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Synthetic biomarkers have shown promise as noninvasive biomarkers of T cell activity,
allowing for early and accurate detection of several T-cell mediated conditions. Strategies to
localize protease activation of synthetic biomarkers to the tumor sites can further improve
assessment of anti-tumor T cell activity. To increase tumor-targeting, these biomarkers have
been conjugated with tumor-penetrating peptides or targeting ligands to enhance on-target
signals from CD8+ TILs[54-56]. Alternatively, biomarkers masked with photolabile
protecting groups have been unmasked in the TME using a light trigger, facilitating selective
activation by local proteasesl>”]. Furthermore, protease activity has been integrated in
synthetic logic circuits, which could further enhance detection specificity of synthetic
biomarkers[155-158]_Qverall, the results discussed in this section have demonstrated the
potential of synthetic biomarkers for assessing anti-tumor T cell responses during
engineered T cell therapy.

4. Augmenting T cell responses by biomaterials

4.1.

Biomaterials-based strategies have the potential to improve treatment outcomes by
addressing important roadblocks such as inefficient T cell infiltration into tumors, limited T
cell persistence/expansion in the TME, and severe systemic toxicity due to hyperactive T
cells[13. 159-166] Bjomaterials are well positioned to address these challenges and others, as
they can be programmed to respond to environmental and user-defined cues for improved
control of anti-tumor immunity. For example, biomaterials can be functionalized with
affinity agents (e.g., antibodies) or stimuli-responsive moieties (e.g., pH sensitive bonds,
protease-cleavable peptides) to selectively interact with the TME or specific cell
populations. In this section, we summarize recent advances of biomaterials that enhance
engineered T cell therapies by controlling the infiltration and effector functions of anti-
tumor T cells in the TME (Figure 8).

Redirecting anti-viral immunity against tumor

An emerging strategy to circumvent the scarcity of anti-tumor T cells in the TME is to
redirect endogenous virus-specific T cells in the host against cancer cells. Antiviral T cells
specific for previously encountered viral infections (e.g., cytomegalovirus [CMV], Epstein-
Barr virus [EBV], influenza virus) circulate in the blood and surveil human tissues,
including tumors, as “bystander T cells” [64. 168] T cells against persistent herpesviruses
such as CMV are especially widespread in healthy individuals as greater than 60% of the
global population has been infected by CMVI169], Moreover, the frequency of CMV-specific
T cells expands with agel170. 1711 and can be as high as 85% of total CD8+ T cells[167].
Viral-specific T cells maintain memory phenotypes, which respond quickly to reactivation,
are capable of cytotoxicity, and have better persistence and proliferation potential then
effector T cellst64 172, 173] These features are in stark contrast to tumor-specific T cells,
which often have exhausted phenotypes due to chronic receptor activation and the
immunosuppressive TMEL74],

Although cancer cells are not recognizable by antiviral CD8+ T cells, recent strategies have
been reported that recruit antiviral CD8+ T cells to trigger antitumor immunity[64. 66, 167],
For example, intra-tumoral injection of viral peptides turned immunosuppressive solid
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tumors into immune-activating environments by simulating a local reinfection that broadly
activated innate and adaptive immunity[®4. Intra-tumoral injection of viral peptides was
found to upregulate MHC | expression on tumor cells, promote the accumulation of CD8+ T
cells, natural killer (NK) cells, and DCs within tumors, activate DCs within draining LN,
and upregulate cytotoxic molecules (e.g., GzmB) by CD8+ T cells and NK cells[®4. This
peptide therapy potently delayed tumor growth and improved survival rates of B16, MC38,
and 4-OHT tumor models in mice pre-infected with a model virus, vesicular stomatitis virus
expressing ovalbumin (OVA) antigen.

Extending these viral peptide therapies, alternative administration methods (e.g., systemic
injection) have been investigated to circumvent the need for intra-tumoral injection in less
accessible tumors and mitigate the fast clearance of peptide epitopes(6: 67. 1671 One
approach is to functionalize viral peptides on tumor-targeting antibodies through cleavable
linkers that conditionally release peptides in the TME. This approach leverages antibodies to
enhance the half-life, biodistribution, and delivery of cargo to the TME65 1751, For example,
a recent study delivered CMV peptide antigens to tumor cell surfaces by antibody—peptide
epitope conjugates (APECs) to reprogram surface antigenicity[1671(Figure 8a). In the TME,
tumor-expressed proteases (e.g., matrix metalloproteases) cleaved the peptide linkers,
liberating viral peptide epitopes from APECs. The epitopes were then loaded onto HLA-I
molecules on the tumor cell surfaces, stimulating antiviral T cells. Notably, injection of
APECs even without adjuvant improved the survival rate in multiple mouse models, such as
human breast cancer (MDA-MB-231) and human liver cancer (SNU-475). A similar
antibody-peptide conjugate was published separately by Sefrin et al. to sensitize tumors to
attack by virus-specific T cells(®], which further supports the feasibility of this approach.
Rather than reprogramming cancer cell surfaces, another approach is to use a fusion protein
composed of a tumor-targeting antibody (immunoglobulin G, 1gG) and a pMHC targeting
CMV-specific T cells, facilitating engagement of antiviral T cells with cancer cells(®71. This
pMHC-IgG recombinant protein can redirect bystander T cells without the need for
conjugation of peptides to tumor-targeting antibodies.

Collectively, viral peptide-based biomaterials represent promising approaches to redirect
antiviral T cells against cancer in the TME. This strategy presents several advantages for T
cell-based immunotherapies by stimulating antiviral T cells in tumors. First, local re-
stimulation of known antiviral immunity not only recruits endogenous antiviral T cells to
fight cancer, but also broadly activates innate and adaptive immunity in the TME. The latter
could potentially enhance the antitumor activity of adoptively transferred T cells against
immunosuppressive solid tumors. Second, localized activation of virus-specific T cells in the
tumor reduces the risk of systemic toxicity associated with BiTEs and cytokine therapies
(e.g., IL-2), which would otherwise stimulate a broad diversity of T cellsl176-178] However,
cellular presentation of viral peptides is restricted to individual patients’ specific human
leukocyte antigen (HLA) alleles, but certain alleles are found at high prevalence (e.g., >30%
of the US populations exhibit HLA A2.1 allele[17%]). Using peptides specific to these alleles
would allow broad application of viral peptide-based approaches. Lastly, redirecting
endogenous virus-specific T cells against cancer mitigates the need for adoptive transfer of
engineered T cells and could therefore reduce manufacturing costs compared to current T
cell therapies.
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4.2. Delivering immunomodulators to T cells

Administering stimulatory cytokines (e.g., IL-2, IL-15) or TME-modulating factors (e.g.,
transforming growth factor beta (TGFp) inhibitor, adenosine receptor inhibitor) are two
approaches for augmenting anti-tumor T cell activity that have been explored in preclinical
and clinical studies to increase response rates and extend ACT to solid tumors[180-183]
However, systemic delivery of these immunomodulators can cause dose-limiting
toxicityl184-1871: therefore, delivery of immunomodulators to the TME or to sites in
proximity to T cells is crucial. To mitigate toxicity associated with systemic administration,
nanomaterials have been explored for targeted delivery of a broad range of cargo, including
cytokines, small molecules, and nucleic acids, to augment T cell functions. One approach is
to leverage T cells themselves as delivery vehicles to infiltrate tumors and delivery cargo.
For example, cytokine-loaded nanoparticle backpacks conjugated to the surface of
adoptively transferred T cells have been demonstrated to preferentially release cargo in the
TME (Figure 8b). This has been shown with cytokines that were crosslinked into nanogels
using reduction-sensitive disulfide bonds, which release the immunostimulatory cytokines in
response to elevated reducing conditions on the surface of T cells during TCR activation by
tumor cells[89]. In preclinical models, T cells carrying cytokine backpacks amplified T cell
expansion by 16-fold in tumors compared to systemic cytokine injections while limiting
systemic stimulation. This backpacking approach allowed at least eight-fold higher doses of
IL-2 and IL-15 to be administered without toxicity, substantially widening the therapeutic
window of cytokine treatments to support T cell therapies. Supported by their therapeutic
potency against murine cancer models (B16-F10 melanoma, U87-MG glioblastoma),
cytokine-backpacked T cells have recently entered clinical trials for a variety of solid tumor
types (NCT03815682). This cell-conjugated nanomaterial approach can also be used to
tether small molecule-supporting drugs to T cells (e.g., TGF inhibitor)[188-190] and is
applicable to other immune cells, such as macrophages[191l, for cancer immunotherapy.

Drug-loaded nanomaterials that directly target lymphocytes /n vivo through chemically
conjugated targeting moieties that bind to T cell surface receptors have also been recently
reported[79-72], The vast majority of nanomaterials delivered by IV injection accumulate in
the liver and spleen, with less than 5% of injected dose accumulating in tumors[92. 193],
Although this biodistribution profile is known to severely limit tumor targeting of
nanomaterials, it favors delivery to T cells as they are present in high number in the
circulating blood and spleenl194], Therefore, in contrast to poor tumor targeting of
nanomaterials, functionalizing PLGA nanoparticles with antibodies that bound to CD8+ T
cells by surface CD8a markers targeted >80% CD8+ T cells in the blood, spleen, and tumor
at 1 hour after injectionl’l. In the context of adoptive cell therapies, liposomes with
antibodies targeting antigens on transferred T cells reached >95% of transferred T cells and
allowed repeated doses of IL-2 to be delivered. The repeated IL-2 doses expanded the
transferred T cells three-fold /n vivo compared to a control group treated with T cells alone,
while avoiding systemic toxicity of 1L-2 treatmentl’]. Moreover, T cells can be used to
carry immunomodulatory molecules to the TME. Huang and colleagues have shown that T
cells actively concentrated their payloads in mouse tumors by two orders of magnitudes
higher than nanoparticles[95]. Consistent with this result, PLGA nanoparticles
functionalized with anti-PD1 antibody targeted endogenous exhausted T cells and delivered
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TLR7/8 agonist to the TME. This strategy led to pronounced therapeutic activity against
solid tumors that was absent from particle formulations lacking the targeting moiety or
equivalent doses of the free drugl7?l.

Collectively, these studies highlight the use of nanomaterials to target, modulate, or enhance
engineered T cells. Moving forward, nanomaterials that enable genetic modulation of
endogenous or adoptively transferred T cells /n situwould offer new opportunities to
modulate genes that currently cannot be targeted pharmacologically by small molecules or
biologics. For example, a recent study using CRISPR for genome-wide screening discovered
that knockout of three gene targets (SOCS1, TCEB2, and RASA2) in human T cells
enhanced both proliferation and /i vitro anti-cancer function[19l. While promising, those
gene targets are currently undruggable by small molecules or biologics. Therefore,
nanomaterials that can deliver gene modulators (e.g., SiRNA, mRNA, CRISPR-Cas9) to T
cells have the potential to augment the anti-cancer efficacy of T cell therapies. These
advances would require new formulations of lipid nanoparticles to be developed for delivery

of nucleic acids, as has been demonstrated recently for delivery of siRNA to splenic T
cellsl1471,

4.3. Remote control of engineered T cells

The push to reduce toxicity and improve response rates against solid tumors has motivated
strategies to increase the precision of engineered T cells. An emerging approach is remote
control of T cell responses using externally applied triggers such as small molecules, light,
or heatl197]. These strategies rely on the unique properties of biomaterials to amplify or
transduce such cues (e.g., the use of plasmonic nanomaterials to convert incident light into
heat) and increasingly sophisticated genetic circuitry to allow T cells to sense-and-respond
to these inputs. Such remotely controlled systems have the potential to tune the duration and
strength of T cell responses, as well as localize signals to tumors or secondary lymphoid
tissues such as draining lymph nodes. Here we highlight work that interfaces biomaterials
with synthetic biology to achieve remote control of engineered T cells.

Recombinant proteins have been designed as pharmacodynamic inducers to allow remote-
and user-control of CAR T cell activity toward specific tumor antigensl?3-78. 198-200] p
shared feature of these designs is that the intracellular signaling components are separated
from the extracellular antigen binding domain. The intracellular components and
extracellular domain can only assemble into a functional CAR complex in the presence of
the pharmacodynamic inducer[198]. Therefore, these CAR constructs remain inactive until
they sense both the inducer and the target tumor antigen. Furthermore, T cell activity can be
tuned and reversibly controlled by titrating the dose of pharmacodynamic inducers.
Pharmacodynamic inducers have been developed with small molecules and antibody-based
adaptors. For example, rapamycin and its derivatives, which are FDA-approved small-
molecule drugs, have been used to control T cells with ON-switch CARs[199: 2001, These
CARs consist of an intracellular signaling component and an extracellular binding region,
each as a separate polypeptide, and a rapamycin-inducible heterodimerization

domain[199. 2001 Administration of rapamycin turns on CAR T cell activity against cancer
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cells. This approach resulted in a significant reduction of tumor burden in a humanized
mouse model of leukemial201],

Another approach is to use antibody-based adaptors, which can control both T cell activity
and antigen specificity[76. 78. 202-204] These antibody-based adaptors comprise a tumor-
targeting antibody (e.g., 19G, Fab, scFv) and a second moiety (e.g., exogenous peptides,
FITC, biotin) that selectively binds the CAR moleculesl?8: 78.202-204] CAR T cell activity is
thus strictly dependent on the formation of the ternary complex between the CAR-T cell,
adaptor, and tumor antigen. This approach not only affords controllable T cell activity but
also enables engineered T cells to target a variety of tumor antigens by changing the
antibody specificity of the adaptors[198]. One example is a split, universal, and
programmable (SUPRA) CAR system that was composed of various pairs of universal
orthogonal CARs expressed by engineered T cells and corresponding tumor-specific (e.g.,
HER2, Mes, Axl) scFv adaptors that engaged the CARs through leucine zipper interactions
(Figure 9a and b)[78]. Notably, the addition of a competitive adaptor that blocked activation
of CAR T cells reduced the cytokine production by the SUPRA CAR T cells /in vivo,
indicating the potential of the SUPRA system to mitigate CRS. Another approach is to use
CD19-antibody fusion proteins as pharmacodynamic adaptors to redirect FDA-approved
anti-CD19 CAR T cells against other tumor antigens[205]. This approach could leverage
FDA-approved CAR T cell therapies to accelerate clinical translation.

Biomaterials can also enable remote control of CAR T cells with high precision[79-81. 206]
which is important to both avoid systemic toxicities and enhance T-cell activity against solid
tumors. Unlike pharmacodynamic adaptors that lack spatial resolution, other biomaterials
have been developed to confine remote triggers, such as ultrasound and heat, within local
tumor tissues. For example, a recent study used microbubbles, consisting of a gas
surrounded by a lipid shell, to amplify low-frequency ultrasound for the activation of
mechanically sensitive Piezol ion channels on the surface of T cells (Figure 9¢)[7°]. The
activated Piezol ion channels could then trigger calcium influx in response to an ultrasound
signal to activate calcium-induced CAR expression on engineered T cells[’?l. An important
feature of this approach is the use of microbubbles modified with RGD peptides for the
coupling of microbubbles to Piezol channels on T cells. This proximity facilitated the
transduction of ultrasound triggers and the spatial control of CAR T cell activation.

Another approach for remote control of T cells is the use of localized hyperthermia to tune
the activities of T cells genetically engineered with the capacity to respond to heat (Figure
8c)[80. 811 Hyperthermial207] has a longstanding history in thermal medicine and is used for
clinical applications such as thermal ablation of tumors[208], increasing transport of
therapeutic molecules2%9] and sensitization of cancer cells to chemotherapy[?19]. Transient
exposure to mild hyperthermia (40-42°C) is well-tolerated due to the induction of heat
shock response (HSR), a highly conserved protective mechanism to cellular stress that
triggers transient expression of cytoprotective genes[?11l. Leveraging this endogenous
pathway, Miller and colleagues constructed and screened panels of synthetic thermal gene
switches containing combinations of endogenous promoters and DNA motifs that drive
transcriptional responses following mild hyperthermia. The optimized thermal gene switches
triggered transgene expression of T cells in response to small elevations in temperature (3-5
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°C), but not to orthogonal cellular stresses like hypoxia. Gamboa et al. further demonstrated
the use of thermal gene switches to control the expression of a catalytically dead CRISPR-
associated protein (dCas9)[?12] to suppress or activate endogenous genes, including a key T
cell effector molecule GzmB[2%8]. For jn vivo control, Miller and team showed that
photothermal heating of plasmonic gold nanorods could be used to activate T cells
engineered with thermal gene switches (Figure 8c) to produce broad classes of
immunostimulatory agents (e.g., CARs, BiTEs, and IL-15 superagonist) to enhance key T
cell functions like proliferation and antigen-specific cytotoxicity. Notably, the heat-induced
release of 1L-15 superagonist in the TME significantly enhanced anti-tumor activity of the
CAR T cells and overall survival of mice bearing solid tumors in both syngeneic and
humanized mouse models[80],

Taken together, these studies highlight how different classes of biomaterials are being
harnessed to interface with engineered T cell therapies for remote control. Further advances
in protein engineering and nanomaterials will continue to expand the immunoengineering
toolbox to allow for combinations of orthogonal switches to independently control T cell
ON/OFF states and targeting specificity. To ensure clinical success, the biodistribution and
half-life of antibody-based inducers and transducers (e.g., microbubbles, gold nanorods) are
important factors to be considered for the design of dosing regimens. Moreover, tissue
localization and penetration depths of remote triggers (e.g., ultrasound and heat source) will
also need to be considered to ensure the accessibility and precision of remote triggers to
engineered T cells in tumor tissues. In this regard, the existing suite of medical platforms,
such as MRI-guided focused ultrasound and intracranial laser heating, could be leveraged as
remote triggers for engineered T cell therapies.

5. Conclusion

Research in biomaterials is making inroads into synthetic T cell therapies by providing new
strategies to increase the affordability of these treatments, anticipate clinical outcomes, and
improve therapeutic efficacy. In this review, we examined emerging strategies in three
frontier arenas comprising manufacturing, monitoring, and modulation (Table 1). In
manufacturing, one central opportunity is the development of nonviral platforms for gene
delivery to T cells as viral vectors remain the gold standard despite challenges associated
with safety and transfection efficiency. Nanomaterials such as lipid- or polymer-based
formulations have the potential to solve these issues and may even lead to the ability to
deliver transgenes directly to circulating T cells without the need for a complex ex vivo
pipeline. An improved manufacturing process will result in dramatically reduced overall
costs, minimized time from diagnosis to treatment, and broaden patient access to these
therapies. We further discussed the need to develop or identify biomarkers for predictive
monitoring of patient response to therapy. Technologies ranging from microfluidic
immunoassays to /n vivo activity-based sensors are providing new avenues for densely
multiplexed and multiparametric analysis of immune cells. These diagnostics have the
potential to unveil immunological features of response and resistance earlier on treatment to
improve clinical decisions. Finally, we reviewed biomaterials that respond to endogenous or
exogenous cues to localize and enhance anti-tumor T cell activity. These strategies could
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lead to new ways to redirect pre-existing antiviral immunity against tumors or remotely
control the activity of engineered T cells to enhance therapy while limiting systemic toxicity.

As the intersection between biomaterials and synthetic immunity continues to rapidly
expand, new biomaterials should be devised with a view towards translation to cGMP-grade
production and extensive evaluation in preclinical models recapitulating human

cancers[213. 2141 Reproducible and scalable chemistry, manufacturing, and controls also
require careful consideration with an emphasis on simplicity in material designs in light of
the challenges of regulatory approval. For these emerging technologies to be realized in the
clinical practice of engineered T cell therapy, rigorous evaluation in carefully selected
patient populations is required to establish safety and efficacy profiles. Solving these
challenges could significantly improve outcomes for patients with intractable disease and
contribute to the goal of democratizing T cell therapies.
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Figure 1. Opportunitiesfor biomaterialsto enhance engineered T cell therapies.
(Left) T cell manufacturing is a personalized, multi-step process that includes isolation of

patient T cells, genetic programming using viral vectors, and ex vivo T cell expansion before
autologous infusion. (Right) /n vivo, engineered T cells need to overcome several challenges
associated with T cell trafficking, tumor immunosuppression (e.g., by Treg, MDSCs),
exhaustion by chronic antigen stimulation, and immune-related toxicities. MDSC, myeloid-
derived suppressor cells; Treg, regulatory T cells; PD-1/PD-L1, programmed death-1/

ligand-1; TME, tumor microenvironment.
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Figure 2. Nanomaterial design for T cell manufacturing.
(a) (Left) Lipid/polymer-based Nanoparticles (NPs) can be used as nonviral vectors to

deliver CAR-encoded DNA to isolated T cells ex vivol17-20. 911 (Right) Examples of lipids
and polymers that have shown to successfully transfect T cells with CAR transgenel18-20],
(b) Systemically administered NPs carrying CAR DNA and displaying T cell targeting
ligands can reprogram endogenous T cells for CAR expression i sittf19. (c)
Transposon[21-23] and CRISPR/Cas9[2> 9] systems present as nonviral approaches that can
integrate CAR transgene into the T cell genome. NP, nanoparticles; CAR, chimeric antigen
receptor; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-

associated protein 9.
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Figure 3. In situ T cell programming with engineered, disease-specific CARsor TCRsusing
polymeric nanocarriers.

Nanocarriers encapsulated with TCR/CAR-encoded mRNA are modified with antibodies
(e.g., anti-CD3 and CD8) that target the nanocarriers to circulating T cells in patients. Upon
binding to T cells, the nanocarriers are taken up by T cells through endocytosis. The
constituent polymer facilitates endosomal escape of the CAR-encoded mRNA for surface
CAR expression through the translational machinery (i.e., ribosomes). Reproduced under the
terms of the CCA 4.0 International License.[2%] Copyright 2020, Springer Nature.
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Figure 4. Engineering biomarkersof T cell response.
(@) pMHC multimer or Ab can be labeled with combinations of fluorophores[26: 271 mass-

encoded peptides!32 331 and DNA barcodes[120-122] for multiplexed T cell phenotyping. (b)
Microfluidic immunoassays[38: 441 are comprised of micro-sized channels and structures
fabricated with PDMS to support analysis of secretory effector molecules using a cover glass
slide coated with detection Ab. (c) Targeting proteins (e.g., Ab, pMHC) can be conjugated
with radionuclides, facilitating PET imaging of T cell localization[51: 1231 and
functionalityl124-126]_(d) Synthetic biomarkers consist of peptide-based protease substrates
coupled to NP scaffolds. Upon sensing proteases, the substrates are cleaved, releasing mass-
encoded reporters into urine for multiplexed analysis by LC/MS-MS[5. 61,621 Ap antibody;
pMHC, peptide-major histocompatibility complex; PDMS, polydimethylsiloxane; PET,
positron emission tomography; NP, nanoparticle; LC/MS-MS, liquid chromatography and
tandem mass spectrometry.
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Figure 5. DNA-gated sorting (DGS) for highly multiplexed detection and isolation of T cells.
(a) In DGS, T cells are labeled with DNA-barcoded antibodies targeting cell surface

markers. The annealing of the DNA barcode, labeled as targeting probe (TP), to a partially
complementary catch probe (CP) facilitates magnetic capture of the target cells. Addition of
a release probe (RP) fully complementary to the DNA barcode displaces the catch probe via
toehold-mediated strand displacement, removing the magnetic label and allowing the labeled
cells to be recovered. (b) DGS is analogous to FACS. In FACS, labeled cells are sorted
based on fluorescence in a flow gate exceeding a preset threshold. In DGS, labeled cells are
sequentially sorted by strand displacement in a given DNA gate. Reproduced with
permission.[120] Copyright 2018, National Academy of Sciences. CP, catch probe; TP,
targeting probe; RP, release probe; FACS, fluorescence-activated cell sorting.
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Figure 6. Microfluidic immunoassays for single-cell analysisof T cell effector functions.
(a) Schematic for microengraved arrays showing the loading of single cells into arrays

containing thousands of microwells. Secreted cytokines are measured by capture antibodies
tethered to a cover glass slide. (b) Schematic for single cell barcoding chips (SCBCs)
showing the use of precisely patterned antibody barcode arrays and microchamber arrays for
high throughput and multiplexed analysis of secreted cytokines. Adapted with permission.
[141] Copyright 2020, Springer Nature. PBMC, peripheral blood mononuclear cell.
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Figure 7. Synthetic biomarkersfor noninvasive detection of protease activity.
Synthetic biomarkers consist of reporter-labeled peptide substrates conjugated to a

nanoparticle or protein carrier. Upon administration, these biomarkers accumulate at the
disease sites where dysregulated proteases cleave substrates on the surface of the carriers,
releasing the reporters into urine. Multiplexed quantification of mass-barcoded reporters in
urine by LC-MS/MS enables diagnostic classification by machine learning. Adapted with
permission.[%3] Copyright 2020, AAAS. LC-MS/MS, liquid chromatography and tandem

mass spectrometry.
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Figure 8. Enhancing T cell immunity against cancer.
(a) Mechanism of action for antibody-viral epitope conjugates to redirect antiviral immunity

against cancer: (1) Antibodies bind to tumor antigens, (2) tumor proteases cleave peptide
linkers to release viral peptides, and (3) the released peptides load into empty MHC
molecules on cancer cell surfaces for recognition by antiviral T cells[!671. (b) Nanogels can
be backpacked on the surfaces of T cells ex vivo, so that T cells migrate through the body
carrying their own agonists, which are released in a pseudo-autocrine manner[68. 691_(c)
Nanomaterials can be used as transducers to locally convert external inputs (e.g., light) into
signals (e.g., heat) that activate engineered T cells to release effector molecules, such as
immunostimulatory cytokines[®: 811, Ab, antibody; MHC, major histocompatibility

complex.
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Figure 9. Remote control of engineered T cellsthrough biomaterials.
(a) A SUPRA CAR system targets multiple tumor antigens using zipFv designed with

different antigen-targeting specificities. Engineered T cells with zipCAR demonstrate
cytotoxicity against K562 cells expressing Her2, Mesothelin (Meso), or Axl. Reproduced
with permission.[78] Copyright 2018, Elsevier. (b) Comparison of conventional and SUPRA
CARs. T cells engineered with the SUPRA CAR system offer controllable activity and
antigen-specificity through binding of signaling zipCARs to antibody-based adaptor zipFv.
Reproduced with permission.[”8] Copyright 2018, Elsevier. (c) Ultrasound-induced cell
activation and CAR expression. Microbubbles functionalized with RGD peptides are
coupled to the surface of T cells. Upon exposure to ultrasound waves, microbubbles amplify
the ultrasound signals to activate mechanosensitive Piezol ion channels that trigger calcium
influx, activating calcium-induced CAR expression on engineered T cells. Reproduced with
permission.[79] Copyright 2018, National Academy of Sciences. SUPRA CAR, split,
universal, and programmable chimeric antigen receptor; scFv, single-chain variable
fragment; US, ultrasound; NFAT, nuclear factor of activated T cells; NFAT RE, NFAT
response element.
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Current progress of biomaterials and technologies to improve engineered T cell therapies

Application

Material & Approach

Advantages & Caveats

Cell manufacturing

EX vivo
nonviral CAR production

Cationic polymerst*1/ Lipid
nanoparticles!!€]

(+) Easier to manufacture than virus
(+) Higher cell visibility than electroporation
(-) Limited transfection efficiency

In situ CAR production

PBAE polymer nanoparticles
loaded with CAR

transposon(19: 201

(+) Lower time and cost than ex vivo production
(-) Off-target CAR delivery

Nonviral transgene
insertion

Transposon system[21-24]

(+) Extended transgene expression
(-) Semi-random gene insertion

CRISPR-Cas9l?]

(+) Extended transgene expression
(+) Site-specific gene knock-in
(-) Potential immunogenicity

Predictive monitoring

Multiplexed phenotyping

Combinatorial staining26: 271

(+) Expand the multiplexing capacity
(=) Complex staining and analysis

Mass barcoding (CYTOF)[28-33]

(+) Low background

(+) Minimal overlap between mass labels

(-) Lower sensitivity than bright fluorophores
() Samples cannot be recovered

DNA-barcoded
mAb, pMHCE4 3

(+) High sensitivity

(+) Absolute quantification

(+) Theoretically limitless multiplexing capacity
(-) Complicated barcode sequence design

High throughput serial
analysis

Micro-engraved arrays[36-39]

(+) Analyze ~ 10* T cells simultaneously
(-) Difficult to analyze cell-cell interaction

Single cell barcoding chip[40-43]

(+) Spatial encoding increases multiplexing
(+) Valves for fluidic control

(+) Capable of analyzing intracellular proteins
(-) Difficult to analyze cell-cell interaction

Cell pairing by hydrodynamic
trapsl46-48]

(+) Precise control of cell-cell interaction
(=) Low throughput

In vivo PET imaging

Radiolabeled mAb[49]

(+) Spatial and temporal analysis

(+) Long circulation extends monitoring time
() Poor tumor penetration

(-) Risks of radiation-induced toxicity

Radiolabeled mAb fragments &
peptidest®0-53

(+) Spatial temporal analysis

(+) Good tumor penetration

(+) Rapid clearance lowers risks of toxicity
(-) Require repeated probe injections

In vivo activity
monitoring

Synthetic biomarkers!54-63]

(+) Amplification of detection signals
(+) High multiplexing capacity

(+) Rapid, cost-effective workflow
(-) No spatial resolution

I'n vivo control

TME modulation

Viral peptides!®4]

(+) Easy to manufacture at GMP facilities

(+) Stimulate both innate and adoptive immunity
(-) Rely on intra-tumoral injection

(-) Require existing antiviral immunity

Redirection of antiviral T
cells to cancer

Tumor-targeting Ab-peptide
conjugates(6>: 661

(+) Deliverable by systemic injections
(-) Require existing antiviral immunity

PMHC-1gG fusion protein(67]

(+) Deliverable by systemic injections
(+) No chemical conjugation needed
(-) Require existing antiviral immunity

Targeted modulation

T cell backpack[68. 691

(+) Selective drug release near T cells or in TME
(=) One-time dosing only
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Application

Material & Approach

Advantages & Caveats

T cell-targeting
nanomaterials(7%-72]

(+) Allow repeated dosing
(+) Broad range of cargo types
(-) Off-target delivery

Remote control

Antibody-based adaptorst’3-78]

(+) Modular antigen specificity
(-) Lack of spatial resolution

Microbubbles + ultrasound!™]

(+) Spatial and temporal control
(=) Unproven /n vivo utility

Gold nanorods + thermal gene
switches(80. 811

(+) Spatial and temporal control
(=) Thermal tolerance

Abbreviations: PBAE, poly (B-amino ester); CRISPR-Cas9, clustered regularly interspaced short palindromic repeats—CRISPR-associated protein
9; TME, tumor microenvironment; mAb, monoclonal antibody; pMHC, peptide major histocompatibility complex; I1gG, Immunoglobulin G; GMP,
good manufacturing practice; CYTOF, cytometry by time-of-flight; PET, positron emission tomography.
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