
cancers

Review

Targeted Cellular Micropharmacies: Cells Engineered
for Localized Drug Delivery

Thomas J. Gardner 1 , Christopher M. Bourne 1,2,† , Megan M. Dacek 1,3,†, Keifer Kurtz 1,3,† ,
Manish Malviya 1,† , Leila Peraro 1,† , Pedro C. Silberman 1,3,† , Kristen C. Vogt 1,4,† ,
Mildred J. Unti 3 , Renier Brentjens 5 and David Scheinberg 1,3,5,*

1 Molecular Pharmacology Program, Sloan Kettering Institute, New York, NY 10065, USA;
gardnert@mskcc.org (T.J.G.); bournec@mskcc.org (C.M.B.); dacekm@mskcc.org (M.M.D.);
kgk4001@med.cornell.edu (K.K.); malviyam@mskcc.org (M.M.); perarol@mskcc.org (L.P.);
silbermp@mskcc.org (P.C.S.); krv4001@med.cornell.edu (K.C.V.)

2 Immunology Program, Weill Cornell Graduate School of Medical Sciences, New York, NY 10065, USA
3 Pharmacology Program, Weill Cornell Graduate School of Medical Sciences, New York, NY 10065, USA;

mju4001@med.cornell.edu
4 Tri-Institutional PhD Program in Chemical Biology, Memorial Sloan Kettering Cancer Center,

New York, NY 10065, USA
5 Department of Medicine, Memorial Hospital, New York, NY 10065, USA; brentjer@mskcc.org
* Correspondence: scheinbd@mskcc.org
† These authors contributed equally to this work.

Received: 17 July 2020; Accepted: 2 August 2020; Published: 5 August 2020
����������
�������

Abstract: The recent emergence of engineered cellular therapies, such as Chimeric antigen receptor
(CAR) CAR T and T cell receptor (TCR) engineered T cells, has shown great promise in the treatment of
various cancers. These agents aggregate and expand exponentially at the tumor site, resulting in potent
immune activation and tumor clearance. Moreover, the ability to elaborate these cells with therapeutic
agents, such as antibodies, enzymes, and immunostimulatory molecules, presents an unprecedented
opportunity to specifically modulate the tumor microenvironment through cell-mediated drug
delivery. This unique pharmacology, combined with significant advances in synthetic biology and
cell engineering, has established a new paradigm for cells as vectors for drug delivery. Targeted
cellular micropharmacies (TCMs) are a revolutionary new class of living drugs, which we envision
will play an important role in cancer medicine and beyond. Here, we review important advances and
considerations underway in developing this promising advancement in biological therapeutics.

Keywords: adoptive cell therapy; armored CARs; CAR T; chimeric antigen receptor T cell; cell
engineering; gene therapy; immunotherapy; synthetic biology; synthetic immunology; targeted
cellular micropharmacy; TCR therapy

1. Introduction

A central aim of modern pharmacology is to selectively treat disease while avoiding harmful
effects to normal cells, tissues, and systems. This is an inherently difficult challenge as traditional
therapeutic agents are distributed systemically throughout the body and can act indiscriminately.
The ratio of the levels of drug needed to affect normal tissues compared to the target is known as the
therapeutic index (TI) and is typically low, especially with cancer therapeutics, resulting in significant
toxicity for many drugs. Monoclonal antibodies, genetic therapies, and pathway-selective agents have
improved the TI for many diseases [1–3]. The recent emergence of engineered cells to treat cancer
(in particular, chimeric antigen receptor (CAR) T cells) offers a new approach to improving the TI
because these cells selectively expand exponentially in the vicinity of the target cancer cells [4,5]. Based
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on this unique pharmacology, new approaches to use cells to deliver drugs have arisen. Cell-mediated
drug delivery, or “cellular micropharmacies”, thus represent a revolutionary approach to the challenge
of more controlled and selective drug administration.

Immune cells are ideal vectors by which to selectively deliver drugs within the human body,
and indeed do so during their normal physiologic functions. Certain cell types have been evolutionarily
optimized to possess several pharmacokinetic properties that pharmacologists still strive to achieve in
drug design, such as precise tissue localization, temporal control of action when needed, and rheostats
to control activity levels locally. In summary, these cells are smarter than current systemically
administered agents. As examples, lymphocytes patrol and persist within the circulatory system,
selectively entering tissues and undergoing receptor-mediated clonal expansion in times of infection to
constitute a local population of specialized antigen-specific cells, which then exhibit receptor-mediated
shut down when not needed. The cells also secrete a number of inflammatory cytokines and other
molecules as effectors in their action or to recruit other components of the immune system. As a
self-constituent of the human body, they can persist and expand, and are not dispersed until finished.
Finally, the cells remain in reserve as “memory cells” to re-emerge when needed.

From a structural standpoint, a human cell also possesses a number of features valuable for drug
delivery. With a large volume and surface area in comparison to exosomes or nanoparticles, cells
permit the expression or attachment of a large amount of therapeutic cargo. Conjugation of molecular
elements via enzymatic or chemical means is also relatively facile. Furthermore, as living biological
systems, human cells can be genetically altered by the introduction of customized genetic elements
that enable numerous options for the expression and temporal control of delivery of biologic cargo.

Immunotherapy based on the development of cellular therapeutics has seen promising results
observed with CAR T cells, T cell receptor (TCR) gene therapy, and tumor-infiltrating lymphocyte (TIL)
technologies, which have garnered considerable attention for their striking efficacy in treating various
malignancies. A paradigm shift in biological therapy is currently underway as various approaches
emerge to co-opt these cells as carriers and producers of drugs locally to the disease site. Significant
recent advances in gene editing and delivery, synthetic biology, as well as an improved understanding
of the immune axes involved in cancer and disease are rapidly converging, leading to a revolution in the
design and utilization of targeted cellular therapies. ‘Armored CAR T cells’, which exogenously express
proteinaceous immunomodulatory agents to engender more potency or resistance of the immune cell,
are among the first of these promising technologies [6]. Here, we introduce the term “targeted cellular
micropharmacies” (TCM) to refer to the much broader universe of cellular therapies that have been
engineered to selectively deliver therapeutic payloads of various types to a diseased tissue environment.
By doing so, the TCM may boost the efficacy of existing cellular therapies, improve the therapeutic
indices of the drugs, or provide entirely orthogonal pharmacologic activity through controlled delivery
of therapeutic agents. We describe the important advances and considerations underway in developing
this promising advancement in biological therapeutics, restricting our discussion to the use of human
cells. Viruses, bacteria, exosomes, and other nanoparticles have been described elsewhere and are
beyond the scope of this review [7–10].

2. Choice of Cells for Targeted Drug Delivery

There are various methods to obtain or generate cells that will aggregate in tissues, especially
cancers. In the case of T cells, these include isolating and expanding tumor-infiltrating lymphocytes
(TILs) ex vivo, or by genetically engineering a patient’s own polyclonal T cells (autologous) to express
tumor-associated antigen (TAA)-specific TCRs or CARs. Human leukocyte antigen (HLA)-matched
donor peripheral blood mononuclear cells (PBMC)-derived T cells (allogeneic T cells) can also be
used for this purpose. Other immune cells are also capable of recognizing and eliminating cancer
cells, such as Natural killer (NK) cells, NK-T cells, macrophages, and B cells. These cells use diverse
trafficking, signaling, and target killing strategies that can be utilized independently or in combination
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with adoptive T cell therapy to eliminate immune-evading cancer cells, and can be further enhanced as
TCMs to deliver therapeutic payloads to the tumor environment (Table 1).

Table 1. Choices of cells in which to engineer a TCM.

Cell Type Advantages and Disadvantages Citations

TILs

Patient specific; difficult to obtain; may be highly cancer
specific. TCR is typically low affinity. Cells engineered to
express IL-2, IL-7, IL-12, IL-15, and IL-18 show enhanced

expansion and function; IL-12 secretion produced toxicity.

[11–18]

TCR engineered
T cells

High affinity and specific; patient specific or disease specific.
Difficult to make. Mispairing with endogenous TCR and

variability of expression are issues.
[19,20]

CAR T cells
Highly effective with B cell neoplasms. Patient specific,
expensive, and sometimes toxic. Already an established

carrier of many biologics as “armored CARs”.
[6,21]

Macrophages
Limited experience to date in secreting drugs. May be difficult

to obtain and expand. Can link the innate and adaptive
immune response.

[22–24]

B cells Cells are capable of large protein production. May be difficult
to obtain and expand. [25–31]

CIK and NK cells May be less toxic than T cells. Less GVHD and CRS may allow
allogeneic uses. IL-15 armoring prolongs activity. [32–34]

iPSCs Off-the-shelf cells are possible. Risks of insertional
mutagenesis exist. [35–39]

2.1. Tumor-Infiltrating Lymphocytes

Adoptive cell therapy with cytokine-engineered TILs could be used to prolong the in vivo
survival of transferred cells and also minimize the toxicity associated with exogenous cytokine
administration [11,12]. For example, IL-2-engineered TILs displayed up to 10-fold enhanced
proliferation and retention of CD8 T cells and NK cells in the tumor microenvironment (TME)
with a minimal effect on Tregs [13]. Such an approach with IL-7, IL-12, IL-15, and IL-18 engineered
TILs could also support TILs’ expansion and function in vivo [14–17].

2.2. Engineered T Cells

Through TCR gene transfer technology, a large population of polyclonal T cells can be redirected
to attack and kill the specific target tumor associated antigen (TAA)-bearing cancer cells. An advantage
of TCR-based targeting is that receptor affinity can be artificially enhanced up to thousands fold by
substituting amino acids in the antigen-binding regions of the TCR using in vitro genetic engineering
and library screening technologies [19]. TCR-engineered T cells have also shown promise in solid
tumor treatment [40].

CAR-engineered T cells have revolutionized cancer therapy, with an impressive success rate
in patients with B cell leukemia and lymphoma [41]. CAR T cell benefits can last for many years,
with memory CAR T cells observed in various patients at long-term follow up and can be directed
to a variety of cell surface targets [41–44]. However, CAR T cell therapies have not generally been
successful for the majority of solid tumors due to the lack of unique TAAs, and inhibition by the
immunosuppressive TME [21,45,46], with severe toxicities in some cases [47], and relapse in some
patients due to either CAR T cell exhaustion [48,49] or downregulation of the cognate antigen by tumor
cells [50].
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2.3. NK Cells

Natural killer (NK) cells are large granular cytotoxic cells originating from a common lymphoid
progenitor cell that detect and kill cancer cells and virally infected cells [51,52]. NK receptors can
recognize both classical and non-classical human leukocyte antigen (HLA) class I molecules and
transduce context-dependent activating or inhibitory signals [53,54]. Like T cells, the effector function
of activated NK cells is mediated by multiple approaches, such as granzymes, perforin, Fas/FasL
interaction, tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)/TRAIL receptors,
FcγRIIIa (CD16a) mediated antibody-dependent cell cytotoxicity (ADCC), and the release of cytokines,
such as IFNγ and TNFα, to activate and induce the homing of other innate and adaptive immune
cells [55,56]. NK cells may be pre-activated with cytokines or engineered with CARs and are relatively
easy to generate from umbilical cord blood, induced pluripotent stem cells (iPSCs), and the NK-92 cell
line [34,57–64].

2.4. B Cell-Based Cancer Immunotherapy

Tumor-infiltrating B cells can be isolated from tumors and engineered to express therapeutic
agents [25–27]. An alternative strategy to the infusion of therapeutic monoclonal antibodies
is the adoptive transfer of B cells genetically engineered to secrete anti-TAA antibodies in vivo,
thereby eliminating the need for multiple infusions of monoclonal antibodies [28]. Recently, genetic
manipulation of B cells using CRISPR/Cas9 has been successfully demonstrated, potentially opening the
door to a large number of applications for genetically engineered B cell therapies [29,30]. Furthermore,
lentivirus-mediated gene transfer into human hematopoietic stem/progenitor cells (HSPCs), followed
by differentiation of the transduced cells into B cells has successfully produced a broadly neutralizing
anti-HIV antibody [30].

2.5. iPSC-Based Cancer Immunotherapy

Most immune cells, such as T cells, B cells, NK cells, DCs, and macrophages, have been successfully
generated from iPSCs for cancer immunotherapy [35,36,65–67]. To overcome the problem of primary
T cell exhaustion and senescence due to prolonged activation and proliferation, tumor antigen-specific
T cell clones are reprogrammed into iPSCs (T-iPSCs) and then successfully differentiated back into
T cells again (T-iPSCs T cells) [37,68,69]. Some example of such T-iPSC cells with defined specificity are
anti-MART-1 (melanoma), anti-pp65 antigen (cytomegalovirus), anti-LMP2 (EBV antigen), anti-GPC3
(hepatocellular, ovarian, and lung carcinoma), and anti-WT-1 (leukemia) CD8 T cells [38,39,68,69].
Tumor antigen specificity can be assigned to iPSCs or T-iPSCs and their T cell derivatives by introducing
exogenous TCR or CAR transgenes [70,71].

2.6. Macrophage-Based Cancer Immunotherapy

One strategy to enhance the antitumor effector function of macrophages is by adoptive transfer of
macrophages genetically engineered to reduce IL-10 and PD-L1 expression, and increase the production
of IL-21 and soluble TGFβ receptor [22,23]. IL-21 promotes proliferation of antitumor T cells and NK
cells, whereas the soluble TGFβ receptor neutralizes immunosuppressive TGFβ by serving as a decoy
receptor in the TME. Macrophages engineered to express CAR-targeting TAAs, such as anti-CD19 and
anti-HER2, have recently been reported. These CAR-engineered macrophages not only sustained a
proinflammatory M1 phenotype but also converted bystander immunosuppressive M2 macrophages
into M1, boosted antitumor T cell activity, and demonstrated antigen-specific phagocytosis and
tumor clearance [23]. Another strategy to enhance the antitumor effector function of macrophages
is by blocking the CD47/SIRPα axis. Macrophages expressing an anti-CD47 CAR with an activating
intracellular domain, or secreting anti-CD47 peptides/scFv may be incorporated in future therapeutic
approaches [24].
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3. Vector Design and Gene Transfer for Engineered Cells

TCMs may rely on multiple genetically encoded elements that enhance the function of the
cellular therapy. Traditionally, genes are transferred to patient-derived cells via lentiviral or retroviral
vector transduction, but these vectors are severely limited in size to generally about 10 and 8kb,
respectively [72,73]. Therefore, various methods have been developed to enable robust expression of
multiple gene elements while still maintaining a reasonable vector size (Table 2).

3.1. Multicistronic Vector Design

Self-cleaving peptides, such as T2A and P2A, are 18-22aa peptides derived from picornavirus that
induce ribosome stalling and separate a polyprotein into two distinct cistrons [74]. Furin cleavage
sites can also induce separation of a polyprotein into individual elements through cleavage by the
golgi-resident protease furin [75]. A single shared promoter and the small size of these elements
results in little impact on gene transfer and viral titer, while allowing the inclusion of multiple protein
elements in one vector. Internal ribosome entry sites (IRESs) also permit constitutive expression of two
proteins under control of the same promoter element [76,77]. Since IRES sequences are quite large
(>400 bp), this is not often a desirable approach. Importantly, expression of the protein downstream of
the IRES may be diminished compared to the upstream element [78], though this may be used as an
approach to “titrate” the expression of the therapeutic protein [16].

Table 2. Approaches to transduction of cellular therapeutic agents.

Vector Design or Approach Advantages and Disadvantages Citations

Multicistronic with 2A peptide or furin cleavage site
Small size. Allows the production of separate proteins from one promotor,
but cistrons cannot be differentially regulated. Varied expression on either

side of the 2A element.
[74,75]

Multiple promoters or bicistronic with an IRES site Large size and often reduced expression of the second product, which may or
may not be desired. [78,79]

Co-transduction Efficiencies often low and increases cost and complexity. [80–82]

Nanoparticle with DNA or RNA for in vivo use Allows off-the-shelf engineering as cells manipulated in vivo. Size of
constructs and persistence may be limiting. RNA may require multiple doses. [83–85]

Gene editing and transposons. Allows control of the insertion site, reducing potential adverse effects and
controlling expression; reduces TCR misparing. Low efficiency. [86–89]

Implanted polymers for in vivo use Allows off-the-shelf engineering as cells manipulated in vivo. Limited by
access to tumors. Long-term effects of implant unknown. [90–92]

3.2. Multiple Promoter Systems and Co-Transduction

Two or more promoters can be used to drive separate transcription of each transgene element [79];
however, careful considerations must be made so that the total vector size is kept low and promoters
and terminator elements do not interfere with the expression of either transgene or the generation
of infectious virus [93]. When gene constructs larger than the limit of lentiviral or retroviral vectors
are needed, multiple transgene elements may be introduced via co-transduction with two or more
viral preparations [80,81]. Since co-transduction requires the packaging of separate viral batches,
these methods are limited due to the difficulty of large-scale viral production and the low efficiency of
transducing both vectors into every cell [82].

3.3. Non-Viral Gene Delivery Methods

The aforementioned strategies focus on viral transduction, but gene editing technology using
non-viral techniques are emerging as a promising strategy for cell editing. Zinc finger nucleases
(ZFNs), TALE nucleases (TALENs), and CRISPR-Cas systems allow for targeted insertion of transgenes
through homology-directed repair (HDR), which minimizes the likelihood of adverse events caused by
semi-random retroviral gene insertion [94]. Current work directed toward increasing the efficiency of
CRISPR-mediated gene insertion will undoubtedly lead to more sophisticated targeting and insertion
of therapeutic genes [86–88].
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Additional non-viral gene transfer methods include transposon and mRNA delivery [89].
In transposon delivery, semi-random integration of a transgene is facilitated by Sleeping Beauty
or piggyBac transposon systems and co-transfection of a transposase enzyme. This method allows for
larger transgene constructs but is less efficient than viral transduction and causes significant cellular
toxicities [95]. mRNA-mediated transgene delivery similarly allows for larger gene cassettes, but
since expression is driven by the translation of exogenously delivered mRNA, the transgene is rapidly
diluted and degraded as cells divide [96].

4. Approaches to Engineering Cells Inside the Patient

Clinical use of viral vectors to engineer cells ex vivo, discussed briefly above, has been extensively
reviewed elsewhere and includes adenoviruses, retroviruses, lentiviruses, and others [97–99]. While
proven successful in the clinic for many B cell neoplasms, these methods are time intensive, expensive,
and require unique processes for each patient. Furthermore, generating clinical-grade homogenous
preparations of virus on a large scale remains a limiting factor for the scalability of adoptive cell
therapies (ACTs). Developing universal technologies for editing cells in situ will help address each of
these significant hurdles and expand the utility of TCMs (Table 2). Dendritic cell vaccines, reviewed
elsewhere, represent another approach for artificially focusing an the antitumor response within the
patient, with well-documented safety and clinical responses observed despite limited long-term clinical
benefits [100–102].

4.1. Transposase Delivery

A recently developed technology that uses targeted DNA nanoparticles to deliver CAR-encoding
genes specifically to T cells in situ demonstrates the feasibility of such therapies [83]. Co-delivery
of piggyBac transposase and CAR plasmids allowed for the integration of CAR genes into T-cell
chromosomes, permitting stable expression of leukemia-specific 19-41BBz CARs. Coupling anti-CD3e
f(ab’)2 fragments to the surface of the nanocarriers enabled T-cell-specific endocytosis and cargo
delivery. Importantly, T cells reprogrammed via polymeric nanocarriers demonstrated comparable
efficacy to those transduced with conventional ex vivo approaches. This DNA nanocarrier technology
may provide a practical alternative to traditional CAR T cell therapy, with the potential to be a broadly
applicable cancer treatment.

4.2. mRNA Delivery

Another risk of ACT is the permanent expression of an introduced transgene, which could
potentially mutate, dysregulate, disrupt an essential gene, or integrate into an incorrect cell
type [5,103]. Targeted mRNA-loaded nanocarriers that reprogram T cells via transient expression
could solve this problem [84]. For example, the transient expression of Foxo1 was shown to
reprogram the differentiation of effector cells into functionally competent memory cells. Additionally,
immunosuppressive tumor-associated macrophages were shown to be transiently reprogrammed
to a proinflammatory phenotype via nanoparticles containing in vitro-transcribed mRNA encoding
M1-polarizing transcription factors [85]. This cost-effective and scalable technology demonstrates the
utility of transient genetic modifications in enhancing immune cell therapeutic value.

4.3. Cellular Implants

Implantable devices carrying a variety of biologic agents have proven useful for the site-specific
delivery of engineered immune cells to sites where a tumor has been excised, or on the surface of
nonresectable tumors. For example, micro-patterned nickel titanium (nitinol) films impregnated with
ovarian tumor-specific CAR T cells recognizing ROR1 were shown to deliver a high density of T cells
directly to solid tumors [90]. Although these biocompatible implants eradicated OVCAR-3 tumors in the
treated mice, their poor biodegradability raised long-term safety concerns of permanent implantation.
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Porous biopolymeric scaffolds produced from alginate, a biodegradable and biocompatible
polysaccharide, present a safer alternative to nitinol films [91]. This technology has been further
expanded by co-delivering engineered T cells with stimulators of IFN genes (STING) agonists, such as
cyclic di-GMP, to improve the effectiveness of CAR T cell therapy [92]. These biomaterial-supported
T cell implants demonstrate the utility of localized immunotherapy, especially in the treatment of solid
tumors. The use of various materials to deliver transgenes in either a stable or transient manner offers
a simple scalable alternative to current ex vivo viral-based transduction strategies. These innovations
have the potential to expand the scope of CAR T cell therapy toward many more malignancies.

5. Cellular Delivery of Therapeutic Antibodies and Their Derivatives

Monoclonal antibodies and their derivatives have revolutionized cancer treatment due to their
selective tumor targeting, long plasma half-life, predictable toxicities, and multiple modes of therapeutic
action [104]. However, on-target off-tumor toxicities, large frequent dosing, as well as poor tumor
penetration have limited their success. Most notably, checkpoint blockade antibodies against CTLA-4
and PD-1/PDL-1 are highly effective in activating immune responses against a variety of cancers but
are limited by a high incidence of immune-related severe adverse events, including death [105–108].
As such, antibodies that promote immune checkpoint blockade are ideal candidates for use in cell-based
local delivery of antibody therapeutics (Figure 1). This strategy can simultaneously limit the systemic
toxicity of these agents to the sensitive tissues of the gastrointestinal tract, skin, and endocrine organs,
while aiding in local antibody penetration within the tumor milieu.
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5.1. CAR T Cells Secreting Antibodies to PDL-1/PD-1

CAR T cell activity is inhibited by overexpression of PDL-1 and PDL-2 on tumor cells [109,110],
as well as by expression of PD-1 on the CAR T cells themselves [110–113]. Accordingly, in a model of
renal cell carcinoma (RCC), CAR T cells targeting carbonic anhydrase IX were engineered to secrete
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full-length anti-PDL-1 antibodies [114]. Enhanced killing of PDL-1-expressing tumors in vitro and
in vivo was observed, as well as a decrease in T cell surface exhaustion markers PD-1, Tim3, and Lag3
on TILs. The-full length IgG1 was able to recruit NK cells in vivo, as well as induce antibody dependent
cellular cytotoxicity (ADCC) in vitro [114]. Similarly, enhanced efficacy was seen in a fully immune
competent model with CAR T cells secreting anti-PD-1 single chain variable fragments (scFvs) [110,115].
Strikingly, CAR T cells secreting PD-1 scFv persisted in surviving mice and re-invigorated endogenous
TILs were observed upon re-challenge [110].

5.2. CAR T Cells Secreting Antibodies to CTLA4

CTLA-4 knockout in T cells [116] and knockdown in CAR T cells [117] leads to enhanced cytolytic
efficacy of these effector cells. Consequently, CAR T cells secreting anti-CTLA-4 antibody fragments
are being developed for clinical use. Interestingly, in a model of glioma, IL13-Ra2-targeted CAR T cells
engineered to secrete an anti-CTLA-4 minibody, but not anti-PD1 or –TIM3, were able to significantly
control tumor growth [118]. In addition, CARs targeting EIIIB modified to secrete anti-CTLA-4
single-domain antibodies showed decreased expression of PD-1 and PDL-1 on the CAR T cells and
improved persistence in an immune-competent tumor model [119].

5.3. Cells that Disrupt the CD47–SIRPα Signaling Axis

Blockade of the CD47–SIRPα signaling axis, often referred to as the “do not eat me” signal [120,121]
through cell secretion, improved FcγR-mediated phagocytosis and cross presentation by dendritic
cells [122–125]. CAR T cells secreting single-domain antibody fragments (VHHs) against CD47 showed
improved antitumor activity and epitope spreading in syngeneic models when combined with the
TA99 antibody against B16-F10 melanoma cells [126]. In an alternative approach, CAR T cells secreting
CV1, a high-affinity peptide that also disrupts the CD47–SIRPα axis, also improved efficacy in mouse
models of lymphoma [127].

5.4. Cellular Delivery of Antibodies Against Tumor-Associated Antigens

Local antibody secretion can be used to improve specificity against TAAs [104], such as Her2
and EGFR, which can be overexpressed by cancers but are also found on a variety of healthy tissues,
leading to toxicities when targeted by systemic antibody-based therapeutics [128–130]. To overcome
this limitation for the EGFR variant, CAR T cells directed toward EGFRvIII were engineered to secrete a
bispecific T cell engager (BiTE) against wild-type EGFR, found on the larger proportion of glioblastoma
cells. BiTEs secreted locally in glioblastoma tissue were able to redirect non-CAR T cells to kill the
tumor, resulting in superior tumor clearance and mitigation of antigen loss from the tumor mass [131].

6. Delivery of Cellular-Modulating Agents in Cancer

The TME is often comprised of inhibitory factors that blunt the immune response, including cellular
elements, such as myeloid-derived suppressor cells, regulatory T cells (Tregs), and tumor-associated
macrophages. ACT therapies, such as CAR T cells, must overcome these barriers in order to effectively
manage the full breadth of cancer types. TCMs offer a promising strategy to deliver elements to
the TME that may potentiate the antitumor immune response, such as with armored CAR T cells,
or provide orthogonal antitumor activity by sensitizing tumor cells to immune clearance (Figure 1).

6.1. TCMs Expressing Tumor Suppressor Proteins

Loss-of-function mutations in tumor suppressor genes and their regulators can result in the onset
and progression of cancers [132]. Continuous delivery of functional tumor suppressor protein to the
tumor by cellular micropharmacies can overcome these mutations. For example, herpes virus entry
mediator (HVEM) is frequently mutated in germinal center lymphomas, stimulating neoplastic B cell
receptor signaling and B cell growth. CD19-targeted CAR T cells engineered to deliver soluble HVEM
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to lymphomas showed superior efficacy than CAR T cells alone due to soluble HVEM binding to the
inhibitory receptor BTLA on B cells [133]. This creative approach highlights the potential role of TCMs
as therapeutic agents that can directly deliver an unstable protein or peptide to the diseased tissue.

TCMs can be genetically programmed to carry diverse agents into the tumor environment. These
elements may potentiate the activity of the TCM itself, condition the tumor microenvironment by
activating additional immune effector cells, or provide an orthogonal antitumor activity.

6.2. Cytokines in the TME

Immune effector proteins, such as cytokines and costimulatory proteins, act on tissues to orchestrate
local immune responses [134–137]. However, excessive systemic elevation in cytokine levels can be
toxic or fatal [138,139]. Furthermore, suppressive cytokines may support tumor growth by inhibiting
antitumor immune effector cells. Therefore, altering the balance of stimulatory effector proteins
specifically in the tumor milieu represents an important opportunity for therapeutic intervention.
While the direct cytotoxicity of tumor-specific lymphocytes requires engagement of the cognate
antigen [140,141], cytokine secretion and costimulation can act non-specifically to promote inflammation
through the release of proinflammatory type 1 cytokines by other cells in the tumor [134,142,143].
Efforts to augment cytokine delivery by adoptively administered lymphocytes has achieved success in
both hematologic and solid tumors.

6.3. Cytokines that Promote T Cell Persistence

Early attempts to create cellular therapeutic agents that secrete immune-modulating proteins
began with cytokines that support T cell proliferation and persistence, including IL-2 and IL-15,
using TILs from patients. TILs engineered to express IL-2 had increased persistence in vitro but
failed to demonstrate efficacy or enhanced persistence in melanoma patients [12], possibly due to the
promotion of regulatory T cells (Tregs) [144]. IL-15 promotes persistence and memory in T cells without
Treg activation [145], leading investigators to engineer adoptive T cells that secrete exogenous IL-15.
These T cells persisted without the need for exogenous cytokine in vitro and persisted significantly
better than wild-type T cells in mice [17,146]. To address the risk of possible leukemic transformation
or unrestrained proliferation, a kill switch was also encoded in IL-15 CAR T cells [147]. These studies
indicated that rational genetic engineering can tune the efficacy and safety profiles of cellular therapeutic
agents. Similar findings were seen with NK cells, which can have antileukemic effects without antigen
specificity [148].

More recent efforts to engineer cytokine-enhanced tumor-specific T cells have attempted to engage
endogenous effector cells with secreted CCL19, CCL21, and IL-7. CAR T cells that produce CCL19
and IL-7 turned immunosuppressive tumors into T cell niches by recruiting endogenous T cells to
tumors. Interestingly these modified CAR T cells performed best without preconditioning, suggesting
an important role for endogenous T cells in an antitumor response [149].

IL-23 has effects on Th1 and type 3, Th17 antitumor responses. CAR T cells express the shared
p19 subunit of IL-12 and IL-23. Therefore, engineering cells to constitutively secrete p40, the second
subunit of IL-23, led to activation-inducible IL-23-secreting cells that resisted exhaustion, were less
toxic, and performed better in neuroblastoma and pancreatic cancer models [150].

6.4. TCMs that Prime Immune Effectors

Priming or costimulation is an essential component of T cell activation. Inclusion of costimulatory
domains in CAR constructs, such as CD80 and 4-1BBL, markedly improved CAR T cell efficacy [151]
and can also prime bystander T cells by trans-activation and auto-activation of T cells [152]. A similar
approach was taken by overexpressing CD40L in CAR T cells with a potential added advantage
of activation of innate antitumor immunity [153]. CD40L-expressing CARs upregulated antigen
presentation in B cell malignancies and antigen-presenting cells in syngeneic mouse models of B cell
lymphoma [154].
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IL-12 is secreted by professional antigen-presenting cells and activates IFN-y secretion in
T cells and NK cells, but it has proved too toxic for systemic use. Fibroblasts, dendritic cells,
and tumor cells themselves have been engineered as IL-12 micropharmacies. Fibroblasts engineered to
secrete IL-12 successfully eradicated established solid tumors when injected directly into the tumor,
and T-cell-mediated abscopal effects were observed [155]. In patients, this therapeutic modality
demonstrated modest clinical efficacy, and activated endogenous T cells [156]. Engineered DCs that
secrete both IL-12 and IL-18 were able to eradicate established solid tumors and also produced
abscopal effects when given intratumorally in mice [157]. Nonetheless, IL-12-secreting DCs had modest
antitumor effects in patients [156]. Because intratumoral injections are not feasible for a majority of
tumors, T cells, which are capable of homing and accumulating in tumors, have been successfully used
as TCMs to deliver IL12, demonstrating potent antitumor effects in syngeneic melanoma, lymphoma,
and ovarian cancer models [158]. Additionally, T cell-secreted IL-12 reprogrammed innate immune
cells to adopt an inflammatory type 1 immune response [6,16,158–161]. IL-18 is secreted in conjunction
with IL-12, and these cytokines synergize to stimulate IFN-y production in T cells and NK cells,
providing potent antitumor responses in pancreatic and lung cancer models. IL-18 secretion also
polarized T cells to memory differentiation while skewing the tumor microenvironment towards an
inflammatory state [162]. Recently, T cells have been engineered to secrete Flt3L, a potent dendritic cell
growth factor. These Flt3L-armored T cells promoted DC development and epitope spreading [163].
Granulocyte-macrophage colony-stimulating factor (GMCSF) cellular immunotherapy (GVAX) has
also been explored for recruitment and activation of DCs to boost the antitumor response [164]

While cytokines orchestrate immune responses, microbial products are also potent inflammatory
agents [165]. An interesting TCM approach could convert “cold” tumors to “hot” by the expression of
pathogen-associated molecular patterns (PAMPS), such as flagellin, which are constituents of microbial
pathogens that could also be delivered by T cell micropharmacies [166].

7. Enzyme Delivery Strategies

An alternative cell engineering approach takes advantage of the ability of TCMs to express and
deliver exogenous enzymes to the tumor microenvironment to add new functionality. One such
approach used solid tumor-targeting CAR T cells that express the enzyme heparanase (HPSE), which
degrades heparin sulfate proteoglycans, a major constituent of the extracellular matrix [167]. Long-term
ex vivo expanded CAR T cells engineered to express HPSE degraded ECM at greater levels, which
promoted T cell infiltration and antitumor activity in a matrigel-embedded neuroblastoma tumor
model. Another strategy, which addresses the generation of reactive oxygen species (ROS) in the tumor
microenvironment, uses CAR T cells engineered to express a catalase enzyme [168].

A TCM platform recently developed by our lab enables an adoptively transferred cell to effectively
synthesize a small molecule at the tumor site [169,170]. The strategy, called synthetic enzyme armed
killer cells (SEAKER), utilizes TCM-mediated delivery of prodrug-activating enzymes to the tumor.
Subsequent administration of a non-toxic prodrug results in conversion to a potent chemotherapeutic
agent only when it encounters the enzyme, providing a localized antitumor effect that vastly improves
drug TI [171]. In this TCM approach, CAR T or transgenic TCR cells are engineered to express one of
two bacterial enzymes, pseudomonas carboxypeptidase or enterobacter beta-lactamase. These enzymes
are robustly secreted at sites of SEAKER cell aggregation and expansion. Systemic delivery of any one
of a panel of prodrugs results in localized chemotherapy activation and enhanced tumor clearance.
Analogous enzyme prodrug strategies have been developed in macrophage-based platforms [172,173].
Importantly, the clonal expansion of activated SEAKER cells, together with the processivity of the
exogenous enzymes, leads to a significant amplification of prodrug activation at the site of the tumor,
and couples the antitumor effect of an adoptively transferred cell to potent localized chemotherapy.
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8. Cellular Gating Strategies

Current engineered cell therapies for the treatment of cancer are typically limited by a lack of
truly tumor-specific antigens, leading to adverse effects on normal cells and tissues. To address this
challenge, “gating” strategies are under development to improve the selectivity of current generation
cellular therapies, primarily CAR T-cells. These expression systems are activated by simple circuits that
lead to a logic gate function (i.e., if cells see A, then they do B; if cells see A and B, then they do C; and so
on.) The benefit of gating controls is particularly important for the development of TCMs that express
additional agents to enhance their potency. If not properly controlled, aberrant activation or secretion
of therapeutic cargo may pose an even greater risk to patients. In addition, as engineered cells may not
remain completely localized to the tumor site, restricting the delivery of adjuvant technologies only
to where and when the cell encounters its targets should be beneficial by use of smarter logic-gated
systems (Figure 2 and Table 3).
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Gating strategies provide a sophisticated way to modulate the expression of therapeutic cargo
delivered by TCMs. Current technologies include autonomous systems, which are programmed to
automatically respond to an external stimulus, or remote-controlled systems, which allow toggled
expression or localization of the cellular agent or cargo.
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Table 3. Gated “smart” synthetic cell systems.

Gating System System Type Logic Decision Made by Cell (Examples) Citations

Autonomous Gating Systems Canonical CAR T cell If antigen, then activate to kill cells. [174]

Multiantigen activation If multiple antigens, then activate to kill cells. [175]

Activation dependent If activated, then initiate transcription of transgene. [176]

SynNotch If membrane-bound ligand, then initiate transcription of transgene. [166,177,178]

MESA If soluble ligand, then initiate transcription of transgene. [179]

TME gated If TME, then do B. [180,181]

iCAR If off-target ligand, then do not kill cell antigen-positive cells. [182]

Remote-controlled Gating Systems Kill switch If drug is present, then end therapy. [183,184]

SUPRA CAR and UniCAR If modular recognition molecule bound to cells, then kill cells. [185,186]

Synthetic receptor/ligand pairs If drug, then do or do not B. [187–189]

Geography restricted If localized external stimulus, then do B. [190,191]

8.1. Autonomous Gating Systems

Current FDA-approved CAR T cells are designed to kill cells based solely on tumor antigen
recognition, such as “if antigen, then activate to kill cell”. This simple autonomous logic gate can cause
adverse events, such as “on target, off tumor” killing [192]. Gated autonomous systems attempt to
address this limitation by introducing more sophisticated instruction sets for cells in order to kill.

8.2. Activation-Dependent Systems

CAR T cells can be designed to activate upon CAR binding to two or more different antigens on
a target cell by distributing costimulatory domains between multiple CARs, requiring recognition
of both antigens to activate, which may be important when designing engineered T cell therapies
to express products that are systemically toxic, such as in TCMs [175]. Multiantigen systems are an
“if multiple antigens, then activate to kill cells” logic gate.

Activation via canonical T cell stimulatory domains, such as CD28 and 4-1BB, drives various
transcription programs, including genes downstream of the nuclear factor of activated T cells (NFAT)
promotor. NFAT promotors are thus the most commonly used system for inducible production of
additional agents in CAR T cell therapies because proteins driven under NFAT activation require CAR
T cell activation [176]. Activation-dependent systems are an “if activated, then initiate transcription of
transgene” logic gate.

8.3. Activation-Independent Systems

Decoupling cellular output from CAR activation allows for independent cellular production
of cytokines and/or therapeutic cargo. Synthetic Notch (synNotch) receptor systems enable control
of cellular output upon engagement of the synNotch receptor with membrane-bound ligands on
target cells [166,177,178]. In this system, both the synNotch receptor and the cellular response can be
customized. SynNotch systems use a cell surface synNotch receptor comprised of an scFv that binds to
the antigen of choice, a transmembrane domain adapted from the endogenous Notch receptor, and a
membrane-sequestered intracellular transcription factor. Following synNotch receptor binding to its
target ligand, the transmembrane region is cleaved, and intracellular portions of the synNotch receptor
translocate to the nucleus and initiate transcription at its promoter. SynNotch-induced expression
can drive virtually any class of biologic agent, including additional CARs, cytokines, proteins,
and enzymes. SynNotch systems are an “if membrane-bound ligand, then initiate transcription of
transgene” logic gate.

Modular extracellular sensor architecture (MESA) receptors enable control of cellular output upon
engagement with a soluble antigen [179]. MESA receptors utilize two distinct scFvs targeting the
same antigen. When both MESA receptors bind to the target antigen, their close proximity causes
the protease from one MESA receptor to release the membrane-bound transcription factor from the
other MESA receptor, which initiates transcription downstream from its promotor. MESA receptor
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technology has been used to express CARs but can be designed to drive expression of any genetically
programmable biologic. MESA receptor systems are an “if soluble ligand, then initiate transcription of
transgene” logic gate.

Solid tumors often grow within TMEs that can be exploited by CAR T cells. Often, TMEs are
hypoxic compared to normal tissue, which has prompted the development of hypoxia-induced gating
systems to drive CAR expression [180]. Using the Hif1alpha motif on CAR proteins, HIF-CARs are
constitutively degraded under normoxic conditions (21% oxygen) and therefore have limited CAR
surface expression. Under hypoxic conditions (1%), HIF-CAR protein degradation is reduced, therefore
enabling therapeutic levels of HIF-CAR surface expression and CAR T cell tumor killing. Alternative
strategies that take advantage of TME-associated proteases have also been developed. CARs in these
systems are unable to bind to their cognate antigen due to the presence of small cleavable peptides
that block their function. Upon cleavage by TME-associated proteases, the CARs are unmasked,
and TAA-specific killing is enabled [181]. These systems are “if TME, then do B” logic gates, which
may be incorporated into cellular micropharmacies.

iCARs are inhibitory receptors used for the inhibition of T cell activation, which consist of
an extracellular scFv linked to the intracellular signaling domains of PD1 or CTLA4 inhibitory
receptors [182]. In contrast to traditional CAR signaling, T cell activation is inhibited upon binding of
an iCAR to its ligand. By co-opting these signaling pathways, constitutive production of cytokines and
enzymes, or other cell functions can be inhibited. iCARs are an “if off-target ligand, then do not kill
cell antigen-positive cells” logic gate.

8.4. Remote-Controlled Gating Systems

While autonomous systems have inherent limitations due to their lack of user control,
remote-controlled systems allow direct control of CAR T cell function and can permit pharmacological
regulation of TCMs.

Inducible caspase-9 (iCasp9) and anti-EGFRt antibody are systems developed as kill switches
for CAR T cell therapy [183,184]. In kill switch systems, CAR T cells are transduced with transgenes
encoded to respond to exogenous administration of selective drugs that will kill CAR T cells to end
treatment in the case of toxicity. These systems are an “if drug is present, then end therapy” logic gate.

SUPRACARs and UniCARs are universal CAR systems that direct a generic CAR T cell to specific
targets [185,186]. Unlike traditional CARs, antigen engagement is mediated through binding of a
bispecific antibody directed toward a tumor antigen. Upon infusion, the bispecific antibody engages the
SUPRACAR/UniCAR T cell and the tumor cell, initiating T cell activation. These modular therapies can
be designed to target multiple antigens at once without the need to engineer new CARs. Furthermore,
the activity of the CAR T cells is tunable based on the affinity and administration of the bispecific
antibody. SUPRA and UniCAR systems are an “if modular recognition molecule bound to cells,
then kill cells” logic gate.

Synthetic receptor–ligand strategies permit an engineered cell to respond independently of
endogenous signaling molecules. Mutated IL2 receptor and IL2 ligands have allowed investigators
to control T cell expansion, survival, and function independent of endogenous IL2 signaling [187].
Synthetic ligand and substrate pairs have also been used to create inducible CAR systems controlled
by the administration of a drug through drug-on and drug-off systems [188,189]. These tools allow
for exogenous drug control of CAR T cells and can be used in cellular micropharmacy technologies.
Synthetic receptor–ligand pairs are an “if drug, then do or do not do B” logic gate.

Geography-restricted gating technologies enable inducible CAR expression and directed
cell trafficking based on user-determined location. The light-inducible nuclear translocation and
dimerization (LINTAD) system uses optogenetics to express CAR upon the administration of light [191].
LINTAD modulates the expression of CARs through a user-controlled light source in shallow tissues
for the treatment of diseases, such as melanoma in the skin. Alternatively, CAR T cells can be
magnetized ex vivo by membrane-coated or internalized magnetic particles. External magnetic fields
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can subsequently guide them to the tumor site [190]. Geo-restricted gating technologies are an
“if localized external stimulus, then kill do B” logic gate.

8.5. Challenges of Gated Systems in TCMs

TCMs are complex systems that require careful assessment of cytokine and enzyme production to
ensure reproducibility and safety. When constitutively expressed, cytokine and enzyme levels can
be measured and monitored, and CAR T cell therapy can be dosed accordingly. However, in gated
systems, the amount of therapeutic fluctuates with the gating stimulus. While providing an extra level
of control, it also adds a layer of complexity when considering the therapeutic window for cellular
therapies, especially in autonomous systems where control is limited. Remote gating through ex vivo
stimuli could help maintain armored T cells and micropharmacies within the therapeutic window by
controlling the dosage as needed.

9. Non-Genetic Engineered TCs

While the genetic reprogramming of cells described above is a powerful tool [193], gene transfer
has several important limitations that have precluded their widespread clinical implementation.
Non-genetic engineering strategies, which are less laborious than viral transduction, allow for the
controlled ex vivo modification of cells that does not typically impact intracellular signaling or the
cellular phenotype. Additionally, such alterations are transient processes that allow timely reversal of
the cellular modification to prevent unwanted side effects and toxicities. A key benefit of non-genetic
engineering is that its modifications can include both the introduction of biological agents (proteins,
antibodies, and peptides) as well as elements that cannot be genetically programmed into a cell (small
molecules, oligonucleotides, polymers, nanoparticles, and more) [194]. Prior reviews have described in
detail how cells can be utilized as drug delivery agents [195,196] and how nanotechnology can enhance
immunotherapy [197]. Here, we will focus on the central approaches to non-genetic engineering of
cellular therapies, which can be categorized into three major groups: Encapsulation of molecules inside
cells, non-covalent cell surface modification, and covalent cell membrane conjugation (Figure 3).
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Cells may be functionalized to carry therapeutic cargo through non-genetic means. These include
(1) encapsulation through osmosis, phagocytosis, or endocytosis; (2) non-covalent modifications
through hydrophobic insertion into the lipid bilayer, liposome-mediated membrane fusion resulting
in cell surface decoration, or coating the cell with positively charged particles; and (3) covalent
modifications, including amine/thiol chemistry, metabolic engineering resulting in modified surface
residues that enable coupling, or biotinylation of the cell surface followed by attachment of streptavidin
fusion molecules.

9.1. Intracellular Encapsulation

Small molecules, peptides, and enzymes can be readily encapsulated into erythrocytes
with osmotic pressure to improve drug pharmacokinetics [198–200]. Erythrocytes encapsulating
L-asparaginase are currently being tested in a phase II trial for the treatment of Philadelphia
chromosome-negative acute lymphoblastic leukemia [199]. Autologous transfer of erythrocytes
encapsulated with dexamethasone sodium phosphate allowed for slower release of the drug over a
period of 20–30 days, and showed a significant improvement of neurological symptoms in a phase II
clinical trial for ataxia–telangiectasia [198].

The phagocytic properties of macrophages can also be leveraged for drug encapsulation to
improve biodistribution. Such applications include the delivery of Au nanoshells to inaccessible solid
tumors [201], and loading of the nanoparticle-encapsulated HIV-1 drug Indinavir (NP-IDV) [202].
Additional circulating leukocytes have also been loaded with nanoparticles as delivery vehicles for the
treatment of inflammation and cancers [203].

9.2. Non-Covalent Surface Modifications

Modifications that rely on physical and electrostatic interactions as well as hydrophobic insertion
and liposome fusion with the cell membrane are amenable to any cell type and have minimal impact on
cell function. Cellular “hitchhiking” relies on electrostatic interactions, where retroviral particles adhere
to the cellular membrane and are used to systemically deliver therapeutic genes. Hitchhiking viruses
encoding IL-12 or herpes simplex virus thymidine kinase (HSVtk) enhanced the immunotherapeutic
effect of OT-1 T cells in mice [204].

Hydrophobic insertion of chemical moieties into the cell membrane is an appealing and noninvasive
method of cell surface modification. Molecules conjugated to alkyl chains, polymers, aptamers,
nucleotides, lipids, and glycolphosphatidylinositol (GPI) anchors have been embedded in the cell
membrane [205]. An alternative approach, which yields hydrophobic incorporation into the membrane,
is liposome fusion, where phospholipid vesicles possessing unique chemical moieties fuse with the cell
membrane and decorate the entire cell surface [206]. Such an approach could be applied to display
targeting antibodies or small molecule moieties.

9.3. Covalent Membrane Conjugations

The most straightforward method for covalent conjugation to the cell membrane is via primary
amines or thiols [207,208]. In a phase 1 clinical trial for the treatment of multiple sclerosis, patients were
infused with autologous PBMCs decorated with myelin-derived peptides conjugated to the surface
using amine chemistry in order to achieve antigen-specific tolerance [209]. Direct conjugation has also
been widely used to biotinylate the cell surface [210], followed by “bridging” to streptavidin-fusion
molecules to attach cargo (enzymes, antibodies, carbohydrates) to the cell [211,212].

More complex surface labeling can also be achieved by converting native surface groups into
amine-reactive residues [213], as well as through metabolic engineering to incorporate unnatural
amino sugar analogs [214]. NK cells metabolically engineered to display a sialic acid derivative
showed enhanced binding to CD22-positive tumor cells, resulting in tumor killing and therapeutic
efficacy [215].
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In cellular “backpacking”, synthetic nanoparticles loaded with drug cargo are attached to the
cell to provide cytokine support for tumor-targeting T cells [216]. This strategy can also be used to
deliver a potent chemotherapeutic agent by loading it on T cells or NK cells that traffic to tumor
sites [208,217–219]. Backpacks reversibly coupled to the cell surface via disulfide bonds between
thiols and cargo-loaded nanoparticles allow for triggered release upon the increased surface reduction
potential following TCR activation [217,218]. Disulfide-linked IL-15 nanogel backpacks were used to
improve the therapeutic activity of T cells by increasing their intratumoral expansion and allowing
increased cytokine dosing [217]. CAR T cells cross-linked with liposomes containing A2a adenosine
receptor antagonist displayed enhanced efficacy in an ovarian cancer xenograft model and rescued
hypofunctional TILs in the tumors [220].

10. Additional Considerations and Applications in the Clinical Use of TCMs

As the technologies discussed above advance, the opportunities for TCM therapies will greatly
increase. The primary determinants for the selection of an appropriate TCM will include the nature of
the desired tissue and disease target, acuteness of the disease, as well as potential resistance mechanisms.
Cellular localization of the ligand targeted by both the cell and the delivered cargo (membrane bound,
cytosolic, or nuclear target), relative abundance and distribution of the targets, and pharmacokinetics
of the cells and the cargo as well as their mechanisms of action are also critical considerations (Table 4).
Despite the evolution of these therapies, TCM strategies may not be plausible for the treatment of
various forms of cancers where tumor infiltration by the TCM is not possible, or potential off-target
effects are too harmful. For those cancers where TCMs do offer an advantage, various considerations
must be taken to maximize clinical efficacy.

Table 4. Comparisons of the local delivery of drugs by TCM vs. systemic drug delivery.

Characteristic Systemic Drug Delivery Targeted Cellular Micropharmacy (TCM)

Oral or subcutaneous administration Yes, for many agents. No. Generally intravenous.

Off-the-shelf availability;
Long-term storage Yes, for most agents Generally, not currently, but methods to change this are

in development.

Control of doses and schedule Yes, but dose at target site can be variable Limited to cases in which gating or prodrugs are used.

Systemic toxicity Often. Can be severe or fatal. Promises to create less systemic toxicity for the
cell-delivered drug.

Therapeutic index (TI) Often quite limited, resulting in poor
efficacy and systemic toxicity.

Local expansion promises to improve TI. Allows drug
secretion at target site only.

“Logic” or feedback driven actions No. “Smart” logic gates engineered into some forms.

Persistence in body Typically, hours to days. Can be days or months to years.

Reactivation when needed. No. Yes.

Cost Low to high. Currently extremely high.

Pharmacokinetic and pharmacodynamic (PK/PD) relationships of the delivered cargo must be
evaluated for the use of TCMs. As precise temporal control of the cargo is not currently feasible after cell
administration, targets that require specific time-dependent target modulation may be difficult to treat
with current technology. However, the PK/PD profile of TCMs and their cargo can be altered as more
advanced cell engineering and gating technologies are developed (Figure 4). For example, transient
delivery of TCMs traditionally results in a Cmax-dependent PK/PD profile. As such, targets that respond
optimally to this PK/PD profile would be best suited for this infusion method. Activation-induced cargo
release, logic gates, feedback loops, and remote-control strategies will likely permit a more sophisticated
PK/PD profile that can be tailored to the specific disease and tissue. Such features may be particularly
important for the treatment of advanced cancer progression, such as disseminated metastatic disease,
or instances where tumor escape limits the efficacy of a single agent. Notably, due to the delay in
achieving cellular localization at the disease site after cell infusion, the therapeutic benefit of the TCM
may not be useful in urgent situations. For example, the use of CAR T cells targeting the fungal cell
wall protein β-glucan has been proposed as a potential tool in combating Aspergillus infections [221],
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but this would be limited to patients in which immediate treatment is not critical. Long-term treatment,
on the other hand, may present its own limitations, such as potential immunogenicity of the engineered
cellular agent, or transformation and outgrowth of a TCM. The growing number of suicide switch
strategies for deactivating engineered cells will likely address many of these concerns.
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Current TCMs possess transient drug delivery profiles that wane as the adoptively transferred
cells are cleared from circulation. Future technologies will permit extended drug delivery profiles,
such as with cellular implants or memory T cells, oscillating drug delivery enabled through feedback
loops, or pulsed drug delivery mediated by remote-controlled gating systems.

10.1. Mesenchymal Stem Cell (MSC)-Based Strategies for Cancer Treatment

As discussed above, a wide range of cell types have been engineered as micropharmacy
treatments for cancer, including CAR T, natural killer (NK), and macrophages. MSCs represent
an additional micropharmacy platform for controlled release of therapeutic agents. Preclinical studies
of an MSC-delivered enzyme prodrug using thymidine kinase/ganciclovir and cytosine deaminase/5-FU
enzyme prodrug systems have been shown to be effective in the treatment of glioblastoma, melanoma,
gastric, hepatic, and pancreatic cancers [222]. In addition to enzyme prodrug therapy, MSCs transduced
with anticancer protein ligands, such as TRAIL, TNF-α, and NK-4, and immunomodulatory cytokines,
such as IL-2 and IL-12, increase the survival rates of tumor-bearing rodents [223].

10.2. TCM for Autoimmune Disease

MSCs, dendritic cells, and T-cells have been engineered as micropharmacies to promote
immunosuppression in preclinical models of autoimmune disease. In a collagen-induced mouse
model of arthritis, TGF-β-producing MSCs prevented joint inflammation via the promotion of Treg
expansion and inhibition of TH17 cell production [224]. Additionally, TGF-β MSCs reduced the severity
of acute graft versus host disease attributed to a shift in the MSC-derived macrophage population
to a predominately anti-inflammatory M2 subtype [225]. Besides promoting specific differentiation
patterns, MSCs have been proposed for use in enzyme prodrug therapy to selectively ablate rapidly
proliferating keratinocytes that contribute to psoriasis, a skin disorder caused by excessive proliferation
of cells in the epidermis [9]. Tolerogenic dendritic cells (tDCs) engineered to produce high levels of
vitamin A and D metabolites have been utilized as an immunosuppressive therapy in mouse models of
TNBS-induced colitis. Artificial tDC synthesis of vitamin A and D metabolites was shown to promote
T cell migration to the gut and induce Treg expansion, respectively [226].
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10.3. TCM for Neurological Disorders

Spinal cord injury repair is one well-studied example of a TCM strategy. Brain-derived neurotrophic
factor (BDNF) has been delivered to injured spinal cord sites with cells to enhance neurite growth [227].
Synthetic BDNF-secreting Schwann cells and fibroblasts are two cell types that have successfully restored
axons in rat models of spinal cord injury. Macrophages have also been used to treat neurodegeneration
due to their ability to deliver therapeutic proteins, such as glial cell line-derived neurotrophic factor
(GDNF), and promote cellular regeneration via M2-induced mechanisms [228].

10.4. Other Disease Targets of TCM

Acute lung conditions, bone regeneration, and fibrosis represent additional targets of TCMs.
MSCs expressing exogenous IL-10 prevent ischemia reperfusion injury, a common side effect of
lung allotransplantation, in rats through a reduction of the lung inflammatory response [229].
Additionally, several animal models of acute respiratory distress syndrome (ARDS) have been
successfully treated with MSCs or fibroblasts modified to express angiopoietin 1, a protein that
antagonizes vascular inflammation observed in ARDS [230]. MSCs have also been equipped with
BMP-2, a bone morphogenetic protein that is FDA approved for the treatment of skeletal defects,
to promote bone growth in mouse models simulating radial defects [231]. Several cell engineering
strategies have been utilized to treat fibrosis. For example, MSCs transduced with microRNA-let7c,
a negative regulator of the pro-fibrotic TGF-β, reduce kidney fibrosis in mouse models of unilateral
ureteral obstruction [232]. In chronic liver fibrosis models, MSCs engineered to produce insulin-like
growth factor 1 reduced fibrotic pathology, collagen deposition, and pro-fibrotic protein expression [233].

11. Conclusions/Perspectives

TCMs are a revolutionary class of agents that embody critical advances in modern synthetic biology,
in which cellular engineering, chemistry, and immunology are applied to achieve an unprecedented
level of diversity and control of drug delivery. Continued rapid innovation in these areas is accelerating
more of these products into the clinic. While the development of these technologies requires a
daunting blend of expertise, the clinical success already observed for armored CAR T cells points
to the promise of these next-generation cell-based strategies. Investigators have now turned their
attention to broadening the therapeutic benefit of cellular therapies, not only beyond cancer, but also
to uncovering myriad strategies to improve the efficacy and scalability of these therapies. These efforts
have shed light on the vast potential for clever and more complex engineering. At the current time,
most of the technologies discussed in this review are not available as FDA-approved therapeutic agents.
To achieve the broad implementation and success of TCMs, researchers will need to develop strategies
to simplify or lower the cost of cell engineering, either through the use of off-the-shelf technologies,
in vivo engineering, or more efficient methods of gene delivery and cell transfer. Improvements in the
immunogenicity and safety profile of these products by the use of de-immunization, kill switches, logic
gates, and remote control will permit more sophisticated control of their activity and greater therapeutic
indices. Critical to the advancement of TCMs will be a greater understanding of the biodistribution
and pharmacokinetics of adoptively transferred cells, and how the addition of therapeutic cargo may
modulate those properties.

We are at the beginning of a revolution in the treatment of serious human illnesses, much as we
were two decades ago with the introduction of monoclonal antibodies, which was a new class of drugs
at that time, and now dominates the treatment of many cancers and autoimmune disorders. We expect
that 10–20 years hence, targeted smart cellular micropharmacies will hold a prominent role in the
treatment of many human diseases.

Funding: This work is supported by NIH NCI P30008748, P01 323766, R01 55349, R35 CA241894 to DAS, F32
CA224438 to TG, F31CA239511 to MD. P01 CA190174-03 and 5 P50 CA192937-02 to RJB.

Acknowledgments: Illustrations were generated using BioRender.com.

BioRender.com


Cancers 2020, 12, 2175 19 of 30

Conflicts of Interest: D.S. has equity in or is a consultant for: Actinium Pharmaceuticals, Arvinas, Eureka
Therapeutics, Iovance Biotherapeutics, OncoPep, Sapience, Coimmune and Pfizer. R.B. is a co-founder, and receives
royalties from Juno Therapeutics/Celgene. MSKCC has filed for patent protection for technology related to this
review for inventors: T.J.G., R.B., M.M.D., L.P., D.S.

References

1. Ferguson, F.M.; Gray, N. Kinase inhibitors: The road ahead. Nat. Rev. Drug Discov. 2018, 17, 353–377.
[CrossRef] [PubMed]

2. Dunbar, C.E.; High, K.A.; Joung, J.K.; Kohn, D.B.; Ozawa, K.; Sadelain, M. Gene therapy comes of age. Science
2018, 359, eaan4672. [CrossRef] [PubMed]

3. Carter, P.J.; Lazar, G.A. Next generation antibody drugs: Pursuit of the ‘high-hanging fruit’. Nat. Rev.
Drug Discov. 2017, 17, 197–223. [CrossRef] [PubMed]

4. Sheih, A.; Voillet, V.; Hanafi, L.-A.; DeBerg, H.A.; Yajima, M.; Hawkins, R.; Gersuk, V.H.; Riddell, S.R.;
Maloney, D.G.; Wohlfahrt, M.E.; et al. Clonal kinetics and single-cell transcriptional profiling of CAR-T cells
in patients undergoing CD19 CAR-T immunotherapy. Nat. Commun. 2020, 11, 1–13. [CrossRef]

5. Fraietta, J.A.; Nobles, C.L.; Sammons, M.A.; Lundh, S.; Carty, S.A.; Reich, T.; Cogdill, A.P.; Morrissette, J.J.D.;
DeNizio, J.E.; Reddy, S.; et al. Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T cells.
Nature 2018, 558, 307–312. [CrossRef]

6. Yeku, O.O.; Brentjens, R.J. Armored CAR T-cells: Utilizing cytokines and pro-inflammatory ligands to
enhance CAR T-cell anti-tumour efficacy. Biochem. Soc. Trans. 2016, 44, 412–418. [CrossRef]

7. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.;
Grillo, R.; Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and
future prospects. J. Nanobiotechnol. 2018, 16, 71. [CrossRef]

8. Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined
biological nanoplatforms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754–763. [CrossRef]

9. Claesen, J.; Fischbach, M.A. Synthetic Microbes as Drug Delivery Systems. ACS Synth. Boil. 2014, 4, 358–364.
[CrossRef]

10. Lockney, D.; Franzen, S.; Lommel, S. Viruses as Nanomaterials for Drug Delivery. Methods Mol. Biol. 2011,
726, 207–221.

11. Quintarelli, C.; Vera, J.F.; Savoldo, B.; Attianese, G.M.P.G.; Pulé, M.; Foster, A.E.; Heslop, H.E.; Rooney, C.M.;
Brenner, M.K.; Dotti, G. Co-expression of cytokine and suicide genes to enhance the activity and safety of
tumor-specific cytotoxic T lymphocytes. Blood 2007, 110, 2793–2802. [CrossRef] [PubMed]

12. Heemskerk, B.; Liu, K.; Dudley, M.E.; Johnson, L.A.; Kaiser, A.; Downey, S.; Zheng, Z.; Shelton, T.E.;
Matsuda, K.; Robbins, P.F.; et al. Adoptive Cell Therapy for Patients with Melanoma, Using Tumor-Infiltrating
Lymphocytes Genetically Engineered to Secrete Interleukin-2. Hum. Gene Ther. 2008, 19, 496–510. [CrossRef]
[PubMed]

13. Bernatchez, C.; Haymaker, C.L.; Hurwitz, M.E.; Kluger, H.; Tetzlaff, M.; Jackson, N.; Gergel, I.; Tagliaferri, M.A.;
Zalevsky, J.; Hoch, U.; et al. Effect of a novel IL-2 cytokine immune agonist (NKTR-214) on proliferating
CD8+ T cells and PD-1 expression on immune cells in the tumor microenvironment in patients with prior
checkpoint therapy. J. Clin. Oncol. 2017, 35, 2545. [CrossRef]

14. Butler, M.O.; Friedlander, P.; Milstein, M.I.; Mooney, M.M.; Metzler, G.; Murray, A.P.; Tanaka, M.;
Berezovskaya, A.; Imataki, O.; Drury, L.; et al. Establishment of Antitumor Memory in Humans Using in
Vitro-Educated CD8+ T Cells. Sci. Transl. Med. 2011, 3, 80ra34. [CrossRef]

15. Carroll, R.G.; Carpenito, C.; Shan, X.; Danet-Desnoyers, G.; Liu, R.; Jiang, S.; Albelda, S.M.; Golovina, T.;
Coukos, G.; Riley, J.L.; et al. Distinct Effects of IL-18 on the Engraftment and Function of Human Effector
CD8+ T Cells and Regulatory T Cells. PLoS ONE 2008, 3, e3289. [CrossRef]

16. Pegram, H.J.; Lee, J.C.; Hayman, E.G.; Imperato, G.H.; Tedder, T.F.; Sadelain, M.; Brentjens, R.J. Tumor-targeted
T cells modified to secrete IL-12 eradicate systemic tumors without need for prior conditioning. Blood 2012,
119, 4133–4141. [CrossRef]

17. Hsu, C.; Hughes, M.S.; Zheng, Z.; Bray, R.B.; Rosenberg, S.A.; Morgan, R.A. Primary Human T Lymphocytes
Engineered with a Codon-Optimized IL-15 Gene Resist Cytokine Withdrawal-Induced Apoptosis and Persist
Long-Term in the Absence of Exogenous Cytokine. J. Immunol. 2005, 175, 7226–7234. [CrossRef]

http://dx.doi.org/10.1038/nrd.2018.21
http://www.ncbi.nlm.nih.gov/pubmed/29545548
http://dx.doi.org/10.1126/science.aan4672
http://www.ncbi.nlm.nih.gov/pubmed/29326244
http://dx.doi.org/10.1038/nrd.2017.227
http://www.ncbi.nlm.nih.gov/pubmed/29192287
http://dx.doi.org/10.1038/s41467-019-13880-1
http://dx.doi.org/10.1038/s41586-018-0178-z
http://dx.doi.org/10.1042/BST20150291
http://dx.doi.org/10.1186/s12951-018-0392-8
http://dx.doi.org/10.1038/aps.2017.12
http://dx.doi.org/10.1021/sb500258b
http://dx.doi.org/10.1182/blood-2007-02-072843
http://www.ncbi.nlm.nih.gov/pubmed/17638856
http://dx.doi.org/10.1089/hum.2007.0171
http://www.ncbi.nlm.nih.gov/pubmed/18444786
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.2545
http://dx.doi.org/10.1126/scitranslmed.3002207
http://dx.doi.org/10.1371/journal.pone.0003289
http://dx.doi.org/10.1182/blood-2011-12-400044
http://dx.doi.org/10.4049/jimmunol.175.11.7226


Cancers 2020, 12, 2175 20 of 30

18. Zhang, L.; Morgan, R.A.; Beane, J.; Zheng, Z.; Dudley, M.E.; Kassim, S.H.; Nahvi, A.V.; Ngo, L.T.; Sherry, R.M.;
Phan, G.Q.; et al. Tumor-infiltrating lymphocytes genetically engineered with an inducible gene encoding
interleukin-12 for the immunotherapy of metastatic melanoma. Clin. Cancer Res. 2015, 21, 2278–2288.
[CrossRef]

19. Varela-Rohena, A.; Molloy, P.E.; Dunn, S.M.; Li, Y.; Suhoski, M.M.; Carroll, R.G.; Milicic, A.; Mahon, T.;
Sutton, D.H.; Laugel, B.E.; et al. Control of HIV-1 immune escape by CD8 T cells expressing enhanced T-cell
receptor. Nat. Med. 2008, 14, 1390–1395. [CrossRef]

20. Malviya, M.; Saoudi, A.; Bauer, J.; Fillatreau, S.; Liblau, R. Treatment of experimental autoimmune
encephalomyelitis with engineered bi-specific Foxp3+ regulatory CD4+ T cells. J. Autoimmun. 2020,
108, 102401. [CrossRef]

21. Ramakrishna, S.; Barsan, V.; Mackall, C.L. Prospects and challenges for use of CAR T cell therapies in solid
tumors. Expert Opin. Boil. Ther. 2020, 20, 503–516. [CrossRef] [PubMed]

22. Moyes, K.W.; Lieberman, N.A.; Kreuser, S.A.; Chinn, H.; Winter, C.; Deutsch, G.; Hoglund, V.; Watson, R.;
Crane, C.A. Genetically Engineered Macrophages: A Potential Platform for Cancer Immunotherapy.
Hum. Gene Ther. 2017, 28, 200–215. [CrossRef] [PubMed]

23. Klichinsky, M.; Ruella, M.; Shestova, O.; Lu, X.M.; Best, A.; Zeeman, M.; Schmierer, M.; Gabrusiewicz, K.;
Anderson, N.R.; Petty, N.E.; et al. Human chimeric antigen receptor macrophages for cancer immunotherapy.
Nat. Biotechnol. 2020, 1–7. [CrossRef] [PubMed]

24. Yang, H.; Shao, R.; Huang, H.; Wang, X.; Rong, Z.; Lin, Y. Engineering macrophages to phagocytose cancer
cells by blocking the CD47/SIRPa axis. Cancer Med. 2019, 8, 4245–4253.

25. Germain, C.; Gnjatic, S.; Tamzalit, F.; Knockaert, S.; Remark, R.; Goc, J.; Lepelley, A.; Becht, E.; Katsahian, S.;
Bizouard, G.; et al. Presence of B Cells in Tertiary Lymphoid Structures Is Associated with a Protective
Immunity in Patients with Lung Cancer. Am. J. Respir. Crit. Care Med. 2014, 189, 832–844. [CrossRef]

26. Lund, F.E.; Garvy, B.A.; Randall, T.D.; Harris, D.P. Regulatory Roles for Cytokine-Producing B Cells in
Infection and Autoimmune Disease. Current Dir. Autoimmun. 2005, 8, 25–54. [CrossRef]

27. Nguyen, K.-P.; Yang, W.; Saxena, R.; Thung, S.N.; Woo, S.L.; Chen, S.H. Role of NK and T cells in IL-12-induced
anti-tumor response against hepatic colon carcinoma. Int. J. Cancer 1999, 81, 813–819. [CrossRef]

28. Moutai, T.; Yamana, H.; Nojima, T.; Kitamura, D. A novel and effective cancer immunotherapy mouse model
using antigen-specific B cells selected in vitro. PLoS ONE 2014, 9, e92732. [CrossRef]

29. Moffett, H.F.; Harms, C.K.; Fitzpatrick, K.S.; Tooley, M.R.; Boonyaratanakornkit, J.; Taylor, J.J. B cells
engineered to express pathogen-specific antibodies protect against infection. Sci. Immunol. 2019, 4, eaax0644.
[CrossRef]

30. Johnson, M.J.; Laoharawee, K.; Lahr, W.S.; Webber, B.R.; Moriarity, B.S. Engineering of Primary Human B
cells with CRISPR/Cas9 Targeted Nuclease. Sci. Rep. 2018, 8, 12144. [CrossRef]

31. Luo, X.M.; Maarschalk, E.; O’Connell, R.M.; Wang, P.; Yang, L.; Baltimore, D. Engineering human
hematopoietic stem/progenitor cells to produce a broadly neutralizing anti-HIV antibody after in vitro
maturation to human B lymphocytes. Blood 2009, 113, 1422–1431. [CrossRef] [PubMed]

32. Ren, X.; Ma, W.; Lu, H.; Yuan, L.; An, L.; Wang, X.; Cheng, G.; Zuo, S. Modification of cytokine-induced
killer cells with chimeric antigen receptors (CARs) enhances antitumor immunity to epidermal growth
factor receptor (EGFR)-positive malignancies. Cancer Immunol. Immunother. 2015, 64, 1517–1529. [CrossRef]
[PubMed]

33. Pizzitola, I.; Anjos-Afonso, F.; Rouault-Pierre, K.; Lassailly, F.; Tettamanti, S.; Spinelli, O.; Biondi, A.; Biagi, E.;
Bonnet, D. Chimeric antigen receptors against CD33/CD123 antigens efficiently target primary acute myeloid
leukemia cells in vivo. Leukemia 2014, 28, 1596–1605. [CrossRef] [PubMed]

34. Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Kerbauy, L.N.; Overman, B.;
Thall, P.; Kaplan, M.; et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors.
N. Engl. J. Med. 2020, 382, 545–553. [CrossRef]

35. Vizcardo, R.; Klemen, N.D.; Islam, S.R.; Gurusamy, D.; Tamaoki, N.; Yamada, D.; Koseki, H.; Kidder, B.L.;
Yu, Z.; Jia, L.; et al. Generation of Tumor Antigen-Specific iPSC-Derived Thymic Emigrants Using a 3D
Thymic Culture System. Cell Rep. 2018, 22, 3175–3190. [CrossRef] [PubMed]

36. Zeng, J.; Tang, S.Y.; Toh, L.L.; Wang, S. Generation of “Off-the-Shelf” Natural Killer Cells from Peripheral
Blood Cell-Derived Induced Pluripotent Stem Cells. Stem Cell Rep. 2017, 9, 1796–1812. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-14-2085
http://dx.doi.org/10.1038/nm.1779
http://dx.doi.org/10.1016/j.jaut.2020.102401
http://dx.doi.org/10.1080/14712598.2020.1738378
http://www.ncbi.nlm.nih.gov/pubmed/32125191
http://dx.doi.org/10.1089/hum.2016.060
http://www.ncbi.nlm.nih.gov/pubmed/27758144
http://dx.doi.org/10.1038/s41587-020-0462-y
http://www.ncbi.nlm.nih.gov/pubmed/32361713
http://dx.doi.org/10.1164/rccm.201309-1611OC
http://dx.doi.org/10.1159/000082086
http://dx.doi.org/10.1002/(SICI)1097-0215(19990531)81:5&lt;813::AID-IJC24&gt;3.0.CO;2-I
http://dx.doi.org/10.1371/journal.pone.0092732
http://dx.doi.org/10.1126/sciimmunol.aax0644
http://dx.doi.org/10.1038/s41598-018-30358-0
http://dx.doi.org/10.1182/blood-2008-09-177139
http://www.ncbi.nlm.nih.gov/pubmed/19059876
http://dx.doi.org/10.1007/s00262-015-1757-6
http://www.ncbi.nlm.nih.gov/pubmed/26386966
http://dx.doi.org/10.1038/leu.2014.62
http://www.ncbi.nlm.nih.gov/pubmed/24504024
http://dx.doi.org/10.1056/NEJMoa1910607
http://dx.doi.org/10.1016/j.celrep.2018.02.087
http://www.ncbi.nlm.nih.gov/pubmed/29562175
http://dx.doi.org/10.1016/j.stemcr.2017.10.020


Cancers 2020, 12, 2175 21 of 30

37. Kaneko, S. In Vitro Generation of Antigen-Specific T Cells from Induced Pluripotent Stem Cells of
Antigen-Specific T Cell Origin. Methods Mol. Biol. 2016, 1393, 67–73. [CrossRef]

38. Minagawa, A.; Yoshikawa, T.; Yasukawa, M.; Hotta, A.; Kunitomo, M.; Iriguchi, S.; Takiguchi, M.; Kassai, Y.;
Imai, E.; Yasui, Y.; et al. Enhancing T Cell Receptor Stability in Rejuvenated iPSC-Derived T Cells Improves
Their Use in Cancer Immunotherapy. Cell Stem Cell 2018, 23, 850–858.e4. [CrossRef]

39. Maeda, T.; Nagano, S.; Ichise, H.; Kataoka, K.; Yamada, D.; Ogawa, S.; Koseki, H.; Kitawaki, T.; Kadowaki, N.;
Takaori-Kondo, A.; et al. Regeneration of CD8alphabeta T Cells from T-cell-Derived iPSC Imparts Potent
Tumor Antigen-Specific Cytotoxicity. Cancer Res. 2016, 76, 6839–6850. [CrossRef]

40. Garber, K. Driving T-cell immunotherapy to solid tumors. Nat. Biotechnol. 2018, 36, 215–219. [CrossRef]
41. Turtle, C.J.; Hanafi, L.-A.; Berger, C.; Gooley, T.A.; Cherian, S.; Hudecek, M.; Sommermeyer, D.; Melville, K.;

Pender, B.; Budiarto, T.M.; et al. CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL
patients. J. Clin. Investig. 2016, 126, 2123–2138. [CrossRef] [PubMed]

42. Kasakovski, D.; Xu, L.; Li, Y. T cell senescence and CAR-T cell exhaustion in hematological malignancies.
J. Hematol. Oncol. 2018, 11, 91. [CrossRef] [PubMed]

43. Van Der Stegen, S.J.C.; Hamieh, M.; Sadelain, M. The pharmacology of second-generation chimeric antigen
receptors. Nat. Rev. Drug Discov. 2015, 14, 499–509. [CrossRef] [PubMed]

44. Schneider, D.; Xiong, Y.; Wu, D.; Nlle, V.; Schmitz, S.; Haso, W.; Kaiser, A.; Dropulic, B.; Orentas, R.J. A tandem
CD19/CD20 CAR lentiviral vector drives on-target and off-target antigen modulation in leukemia cell lines.
J. Immunother. Cancer 2017, 5, 42. [CrossRef] [PubMed]

45. Petty, A.J.; Heyman, B.; Yang, Y. Chimeric Antigen Receptor Cell Therapy: Overcoming Obstacles to Battle
Cancer. Cancers 2020, 12, 842. [CrossRef]

46. Bagley, S.J.; O’Rourke, D.M. Clinical investigation of CAR T cells for solid tumors: Lessons learned and
future directions. Pharmacol. Ther. 2020, 205, 107419. [CrossRef]

47. Pennisi, M.; Jain, T.; Santomasso, B.D.; Mead, E.; Wudhikarn, K.; Silverberg, M.L.; Batlevi, Y.; Shouval, R.;
Devlin, S.M.; Batlevi, C.L.; et al. Comparing CAR T-cell toxicity grading systems: Application of the ASTCT
grading system and implications for management. Blood Adv. 2020, 4, 676–686. [CrossRef]

48. Epperly, R.; Gottschalk, S.; Velasquez, M.P. A Bump in the Road: How the Hostile AML Microenvironment
Affects CAR T Cell Therapy. Front. Oncol. 2020, 10, 262. [CrossRef]

49. Scarfò, I.; Maus, M.V. Unraveling the Signaling Balance of Activation and Exhaustion of CAR T Cells.
Cancer Cell 2020, 37, 143–144. [CrossRef]

50. Sotillo, E.; Barrett, D.M.; Black, K.L.; Bagashev, A.; Oldridge, D.; Wu, G.; Sussman, R.T.; LaNauze, C.;
Ruella, M.; Gazzara, M.R.; et al. Convergence of Acquired Mutations and Alternative Splicing of CD19
Enables Resistance to CART-19 Immunotherapy. Cancer Discov. 2015, 5, 1282–1295. [CrossRef]

51. Campbell, K.S.; Purdy, A.K. Structure/function of human killer cell immunoglobulin-like receptors: Lessons
from polymorphisms, evolution, crystal structures and mutations. Immunology 2011, 132, 315–325. [CrossRef]
[PubMed]

52. Freud, A.G.; Yu, J.; Caligiuri, M.A. Human natural killer cell development in secondary lymphoid tissues.
Semin. Immunol. 2014, 26, 132–137. [CrossRef] [PubMed]

53. Martinet, L.; De Andrade, L.F.; Guillerey, C.; Lee, J.S.; Liu, J.; Souza-Fonseca-Guimaraes, F.; Hutchinson, D.S.;
Kolesnik, T.B.; Nicholson, S.E.; Huntington, N.D.; et al. DNAM-1 Expression Marks an Alternative Program
of NK Cell Maturation. Cell Rep. 2015, 11, 85–97. [CrossRef] [PubMed]

54. Lazetic, S.; Chang, C.; Houchins, J.P.; Lanier, L.L.; Phillips, J.H. Human natural killer cell receptors involved
in MHC class I recognition are disulfide-linked heterodimers of CD94 and NKG2 subunits. J. Immunol. 1996,
157, 4741–4745. [PubMed]

55. Fauriat, C.; Long, E.O.; Ljunggren, H.-G.; Bryceson, Y.T. Regulation of human NK-cell cytokine and chemokine
production by target cell recognition. Blood 2010, 115, 2167–2176. [CrossRef] [PubMed]

56. Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol.
2008, 9, 503–510. [CrossRef]

57. Knorr, D.A.; Ni, Z.; Hermanson, D.; Hexum, M.K.; Bendzick, L.; Cooper, L.J.; Lee, D.-J.; Kaufman, D.
Clinical-Scale Derivation of Natural Killer Cells from Human Pluripotent Stem Cells for Cancer Therapy.
STEM CELLS Transl. Med. 2013, 2, 274–283. [CrossRef]

58. Li, Y.; Hermanson, D.L.; Moriarity, B.S.; Kaufman, D.S. Human iPSC-Derived Natural Killer Cells Engineered
with Chimeric Antigen Receptors Enhance Anti-tumor Activity. Cell Stem Cell 2018, 23, 181–192. [CrossRef]

http://dx.doi.org/10.1007/978-1-4939-3338-9_6
http://dx.doi.org/10.1016/j.stem.2018.10.005
http://dx.doi.org/10.1158/0008-5472.CAN-16-1149
http://dx.doi.org/10.1038/nbt.4090
http://dx.doi.org/10.1172/JCI85309
http://www.ncbi.nlm.nih.gov/pubmed/27111235
http://dx.doi.org/10.1186/s13045-018-0629-x
http://www.ncbi.nlm.nih.gov/pubmed/29973238
http://dx.doi.org/10.1038/nrd4597
http://www.ncbi.nlm.nih.gov/pubmed/26129802
http://dx.doi.org/10.1186/s40425-017-0246-1
http://www.ncbi.nlm.nih.gov/pubmed/28515942
http://dx.doi.org/10.3390/cancers12040842
http://dx.doi.org/10.1016/j.pharmthera.2019.107419
http://dx.doi.org/10.1182/bloodadvances.2019000952
http://dx.doi.org/10.3389/fonc.2020.00262
http://dx.doi.org/10.1016/j.ccell.2020.01.006
http://dx.doi.org/10.1158/2159-8290.CD-15-1020
http://dx.doi.org/10.1111/j.1365-2567.2010.03398.x
http://www.ncbi.nlm.nih.gov/pubmed/21214544
http://dx.doi.org/10.1016/j.smim.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24661538
http://dx.doi.org/10.1016/j.celrep.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25818301
http://www.ncbi.nlm.nih.gov/pubmed/8943374
http://dx.doi.org/10.1182/blood-2009-08-238469
http://www.ncbi.nlm.nih.gov/pubmed/19965656
http://dx.doi.org/10.1038/ni1582
http://dx.doi.org/10.5966/sctm.2012-0084
http://dx.doi.org/10.1016/j.stem.2018.06.002


Cancers 2020, 12, 2175 22 of 30

59. Tonn, T.; Schwabe, D.; Klingemann, H.G.; Becker, S.; Esser, R.; Koehl, U.; Suttorp, M.; Seifried, E.;
Ottmann, O.G.; Bug, G. Treatment of patients with advanced cancer with the natural killer cell line
NK-92. Cytotherapy 2013, 15, 1563–1570. [CrossRef]

60. Zhang, C.; Oberoi, P.; Oelsner, S.; Waldmann, A.; Lindner, A.; Tonn, T.; Wels, W.S. Chimeric Antigen
Receptor-Engineered NK-92 Cells: An Off-the-Shelf Cellular Therapeutic for Targeted Elimination of Cancer
Cells and Induction of Protective Antitumor Immunity. Front. Immunol. 2017, 8, 533. [CrossRef]

61. Hermanson, D.L.; Kaufman, D.S. Utilizing Chimeric Antigen Receptors to Direct Natural Killer Cell Activity.
Front. Immunol. 2015, 6, 195. [CrossRef] [PubMed]

62. Jochems, C.; Hodge, J.W.; Fantini, M.; Fujii, R.; Maurice, Y.M.; Greiner, J.W.; Padget, M.R.; Tritsch, S.R.;
Tsang, K.Y.; Campbell, K.S.; et al. An NK cell line (haNK) expressing high levels of granzyme and engineered
to express the high affinity CD16 allele. Oncotarget 2016, 7, 86359–86373. [CrossRef] [PubMed]

63. Hu, W.; Wang, G.; Huang, D.-S.; Sui, M.; Xu, Y. Cancer Immunotherapy Based on Natural Killer Cells:
Current Progress and New Opportunities. Front. Immunol. 2019, 10, 1205. [CrossRef] [PubMed]

64. Boieri, M.; Ulvmoen, A.; Sudworth, A.; Lendrem, C.; Collin, M.; Dickinson, A.M.; Kveberg, L.;
Inngjerdingen, M. IL-12, IL-15, and IL-18 pre-activated NK cells target resistant T cell acute lymphoblastic
leukemia and delay leukemia development in vivo. OncoImmunology 2017, 6, e1274478. [CrossRef]

65. French, A.; Yang, C.-T.; Taylor, S.; Watt, S.; Carpenter, L. Human Induced Pluripotent Stem Cell-Derived B
Lymphocytes Express sIgM and Can Be Generated via a Hemogenic Endothelium Intermediate. Stem Cells Dev.
2015, 24, 1082–1095. [CrossRef] [PubMed]

66. Sachamitr, P.; Leishman, A.J.; Davies, T.J.; Fairchild, P.J. Directed Differentiation of Human Induced
Pluripotent Stem Cells into Dendritic Cells Displaying Tolerogenic Properties and Resembling the CD141+

Subset. Front. Immunol. 2018, 8, 1935. [CrossRef]
67. Hong, D.; Ding, J.; Li, O.; He, Q.; Ke, M.; Zhu, M.; Liu, L.; Ou, W.-B.; He, Y.; Wu, Y. Human-induced

pluripotent stem cell-derived macrophages and their immunological function in response to tuberculosis
infection. Stem Cell Res. Ther. 2018, 9, 1–14. [CrossRef]

68. Vizcardo, R.; Masuda, K.; Yamada, D.; Ikawa, T.; Shimizu, K.; Fujii, S.-I.; Koseki, H.; Kawamoto, H.
Regeneration of Human Tumor Antigen-Specific T Cells from iPSCs Derived from Mature CD8 + T Cells.
Cell Stem Cell 2013, 12, 31–36. [CrossRef]

69. Nishimura, T.; Kaneko, S.; Kawana-Tachikawa, A.; Tajima, Y.; Goto, H.; Zhu, D.; Nakayama-Hosoya, K.;
Iriguchi, S.; Uemura, Y.; Shimizu, T.; et al. Generation of Rejuvenated Antigen-Specific T Cells by
Reprogramming to Pluripotency and Redifferentiation. Cell Stem Cell 2013, 12, 114–126. [CrossRef]

70. Themeli, M.; Kloss, C.C.; Ciriello, G.; Fedorov, V.D.; Perna, F.; Gonen, M.; Sadelain, M. Generation of
tumor-targeted human T lymphocytes from induced pluripotent stem cells for cancer therapy. Nat. Biotechnol.
2013, 31, 928–933. [CrossRef]

71. Eyquem, J.; Mansilla-Soto, J.; Giavridis, T.; Van Der Stegen, S.J.C.; Hamieh, M.; Cunanan, K.M.; Odak, A.;
Gönen, M.; Sadelain, M. Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances tumour rejection.
Nature 2017, 543, 113–117. [CrossRef] [PubMed]

72. Kumar, M.; Keller, B.C.; Makalou, N.; Sutton, R.E. Systematic Determination of the Packaging Limit of
Lentiviral Vectors. Hum. Gene Ther. 2001, 12, 1893–1905. [CrossRef] [PubMed]

73. Vile, R.G.; Russell, S.J. Retroviruses as vectors. Br. Med Bull. 1995, 51, 12–30. [CrossRef] [PubMed]
74. Liu, Z.; Chen, O.M.; Wall, J.B.J.; Zheng, M.; Zhou, Y.; Wang, L.; Vaseghi, H.R.; Qian, L.; Liu, J. Systematic

comparison of 2A peptides for cloning multi-genes in a polycistronic vector. Sci. Rep. 2017, 7, 2193.
[CrossRef] [PubMed]

75. Tian, S.; Huang, Q.; Fang, Y.; Wu, Y.F.A.J. FurinDB: A Database of 20-Residue Furin Cleavage Site Motifs,
Substrates and Their Associated Drugs. Int. J. Mol. Sci. 2011, 12, 1060–1065. [CrossRef] [PubMed]

76. Chinnasamy, D.; Milsom, M.D.; Shaffer, J.; Neuenfeldt, J.; Shaaban, A.F.; Margison, G.P.; Fairbairn, L.J.;
Chinnasamy, N. Multicistronic lentiviral vectors containing the FMDV 2A cleavage factor demonstrate robust
expression of encoded genes at limiting MOI. Virol. J. 2006, 3, 14. [CrossRef]

77. Gurtu, V.; Yan, G.; Zhang, G. IRES Bicistronic Expression Vectors for Efficient Creation of Stable Mammalian
Cell Lines. Biochem. Biophys. Res. Commun. 1996, 229, 295–298. [CrossRef]

78. Mizuguchi, H.; Xu, Z.; Ishii-Watabe, A.; Uchida, E.; Hayakawa, T. IRES-Dependent Second Gene Expression
Is Significantly Lower Than Cap-Dependent First Gene Expression in a Bicistronic Vector. Mol. Ther. 2000, 1,
376–382. [CrossRef]

http://dx.doi.org/10.1016/j.jcyt.2013.06.017
http://dx.doi.org/10.3389/fimmu.2017.00533
http://dx.doi.org/10.3389/fimmu.2015.00195
http://www.ncbi.nlm.nih.gov/pubmed/25972867
http://dx.doi.org/10.18632/oncotarget.13411
http://www.ncbi.nlm.nih.gov/pubmed/27861156
http://dx.doi.org/10.3389/fimmu.2019.01205
http://www.ncbi.nlm.nih.gov/pubmed/31214177
http://dx.doi.org/10.1080/2162402X.2016.1274478
http://dx.doi.org/10.1089/scd.2014.0318
http://www.ncbi.nlm.nih.gov/pubmed/25519920
http://dx.doi.org/10.3389/fimmu.2017.01935
http://dx.doi.org/10.1186/s13287-018-0800-x
http://dx.doi.org/10.1016/j.stem.2012.12.006
http://dx.doi.org/10.1016/j.stem.2012.11.002
http://dx.doi.org/10.1038/nbt.2678
http://dx.doi.org/10.1038/nature21405
http://www.ncbi.nlm.nih.gov/pubmed/28225754
http://dx.doi.org/10.1089/104303401753153947
http://www.ncbi.nlm.nih.gov/pubmed/11589831
http://dx.doi.org/10.1093/oxfordjournals.bmb.a072941
http://www.ncbi.nlm.nih.gov/pubmed/7767638
http://dx.doi.org/10.1038/s41598-017-02460-2
http://www.ncbi.nlm.nih.gov/pubmed/28526819
http://dx.doi.org/10.3390/ijms12021060
http://www.ncbi.nlm.nih.gov/pubmed/21541042
http://dx.doi.org/10.1186/1743-422X-3-14
http://dx.doi.org/10.1006/bbrc.1996.1795
http://dx.doi.org/10.1006/mthe.2000.0050


Cancers 2020, 12, 2175 23 of 30

79. De Felipe, P. Polycistronic Viral Vectors. Curr. Gene Ther. 2002, 2, 355–378. [CrossRef]
80. Frimpong, K.; Spector, S.A. Cotransduction of nondividing cells using lentiviral vectors. Gene Ther. 2000, 7,

1562–1569. [CrossRef]
81. Wotherspoon, S.; Dolnikov, A.; Symonds, G.; Nordon, R.E. Susceptibility of Cell Populations to Transduction

by Retroviral Vectors. J. Virol. 2004, 78, 5097–5102. [CrossRef] [PubMed]
82. Van Der Loo, J.C.; Wright, J.F. Progress and challenges in viral vector manufacturing. Hum. Mol. Genet. 2015,

25, R42–R52. [CrossRef] [PubMed]
83. Smith, T.T.; Stephan, S.B.; Moffett, H.F.; McKnight, L.E.; Ji, W.; Reiman, D.; Bonagofski, E.; Wohlfahrt, M.E.;

Pillai, S.P.S.; Stephan, M.T. In situ programming of leukaemia-specific T cells using synthetic DNA nanocarriers.
Nat. Nanotechnol. 2017, 12, 813–820. [CrossRef] [PubMed]

84. Moffett, H.F.; Coon, M.E.; Radtke, S.; Stephan, S.B.; McKnight, L.; Lambert, A.; Stoddard, B.L.; Kiem, H.P.;
Stephan, M.T. Hit-and-run programming of therapeutic cytoreagents using mRNA nanocarriers. Nat. Commun.
2017, 8, 389. [CrossRef] [PubMed]

85. Zhang, F.; Parayath, N.N.; Ene, C.I.; Stephan, S.B.; Koehne, A.L.; Coon, M.E.; Holland, E.C.; Stephan, M.T.
Genetic programming of macrophages to perform anti-tumor functions using targeted mRNA nanocarriers.
Nat. Commun. 2019, 10, 1–16. [CrossRef] [PubMed]

86. Liu, J.; Zhou, G.; Zhang, L.; Zhao, Q. Building Potent Chimeric Antigen Receptor T Cells with CRISPR
Genome Editing. Front. Immunol. 2019, 10, 456. [CrossRef]

87. Liu, X.; Zhang, Y.; Cheng, C.; Cheng, A.W.; Zhang, X.; Li, N.; Xia, C.; Wei, X.; Liu, X.; Wang, H.
CRISPR-Cas9-mediated multiplex gene editing in CAR-T cells. Cell Res. 2016, 27, 154–157. [CrossRef]

88. Schumann, K.; Lin, S.; Boyer, E.; Simeonov, D.R.; Subramaniam, M.; Gate, R.E.; Haliburton, G.E.;
Ye, C.J.; Bluestone, J.A.; Doudna, J.A.; et al. Generation of knock-in primary human T cells using Cas9
ribonucleoproteins. Proc. Natl. Acad. Sci. USA 2015, 112, 10437–10442. [CrossRef]

89. Guedan, S.; Calderon, H.; Posey, A.D.; Maus, M.V. Engineering and Design of Chimeric Antigen Receptors.
Mol. Ther. Methods Clin. Dev. 2018, 12, 145–156. [CrossRef]

90. Coon, M.E.; Stephan, S.B.; Gupta, V.; Kealey, C.P.; Stephan, M.T. Nitinol thin films functionalized with CAR-T
cells for the treatment of solid tumours. Nat. Biomed. Eng. 2019, 4, 195–206. [CrossRef]

91. Stephan, S.B.; Taber, A.M.; Jileaeva, I.; Pegues, E.P.; Sentman, C.L.; Stephan, M.T. Biopolymer implants
enhance the efficacy of adoptive T-cell therapy. Nat. Biotechnol. 2014, 33, 97–101. [CrossRef] [PubMed]

92. Smith, T.T.; Moffett, H.F.; Stephan, S.B.; Opel, C.F.; Dumigan, A.; Jiang, X.; Pillarisetty, V.G.; Pillai, S.P.S.;
Wittrup, K.D.; Stephan, M.T. Biopolymers codelivering engineered T cells and STING agonists can eliminate
heterogeneous tumors. J. Clin. Investig. 2017, 127, 2176–2191. [CrossRef] [PubMed]

93. Curtin, J.A.; Dane, A.P.; Swanson, A.; Alexander, I.E.; Ginn, S.L. Bidirectional promoter interference between
two widely used internal heterologous promoters in a late-generation lentiviral construct. Gene Ther. 2008,
15, 384–390. [CrossRef] [PubMed]

94. Li, H.; Yang, Y.; Hong, W.; Huang, M.; Wu, M.; Zhao, X. Applications of genome editing technology in the
targeted therapy of human diseases: Mechanisms, advances and prospects. Signal Transduct. Target. Ther.
2020, 5, 1–23. [CrossRef] [PubMed]

95. Tipanee, J.; Chai, Y.C.; VandenDriessche, T.; Chuah, M.K. Preclinical and clinical advances in transposon-based
gene therapy. Biosci. Rep. 2017, 37. [CrossRef]

96. Foster, J.B.; Barrett, D.M.; Karikó, K. The Emerging Role of In Vitro-Transcribed mRNA in Adoptive T Cell
Immunotherapy. Mol. Ther. 2019, 27, 747–756. [CrossRef]

97. Kotterman, M.A.; Chalberg, T.W.; Schaffer, D.V. Viral Vectors for Gene Therapy: Translational and Clinical
Outlook. Annu. Rev. Biomed. Eng. 2015, 17, 63–89. [CrossRef]

98. Lundstrom, K. Viral Vectors in Gene Therapy. Diseases 2018, 6, 42. [CrossRef]
99. Milone, M.C.; O’Doherty, U. Clinical use of lentiviral vectors. Leukemia 2018, 32, 1529–1541. [CrossRef]
100. Castiello, L.; Aricò, E.; D’Agostino, G.; Santodonato, L.; Belardelli, F. In situ Vaccination by Direct Dendritic

Cell Inoculation: The Coming of Age of an Old Idea? Front. Immunol. 2019, 10, 2303. [CrossRef]
101. Rosenblatt, J.; Stone, R.M.; Uhl, L.; Neuberg, N.; Joyce, R.; Levine, J.D.; Arnason, J.; McMasters, M.;

Luptakova, K.; Jain, S.; et al. Individualized vaccination of AML patients in remission is associated with
induction of antileukemia immunity and prolonged remissions. Sci. Transl. Med. 2016, 8, 368ra171.
[CrossRef]

http://dx.doi.org/10.2174/1566523023347742
http://dx.doi.org/10.1038/sj.gt.3301283
http://dx.doi.org/10.1128/JVI.78.10.5097-5102.2004
http://www.ncbi.nlm.nih.gov/pubmed/15113891
http://dx.doi.org/10.1093/hmg/ddv451
http://www.ncbi.nlm.nih.gov/pubmed/26519140
http://dx.doi.org/10.1038/nnano.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28416815
http://dx.doi.org/10.1038/s41467-017-00505-8
http://www.ncbi.nlm.nih.gov/pubmed/28855514
http://dx.doi.org/10.1038/s41467-019-11911-5
http://www.ncbi.nlm.nih.gov/pubmed/31481662
http://dx.doi.org/10.3389/fimmu.2019.00456
http://dx.doi.org/10.1038/cr.2016.142
http://dx.doi.org/10.1073/pnas.1512503112
http://dx.doi.org/10.1016/j.omtm.2018.12.009
http://dx.doi.org/10.1038/s41551-019-0486-0
http://dx.doi.org/10.1038/nbt.3104
http://www.ncbi.nlm.nih.gov/pubmed/25503382
http://dx.doi.org/10.1172/JCI87624
http://www.ncbi.nlm.nih.gov/pubmed/28436934
http://dx.doi.org/10.1038/sj.gt.3303105
http://www.ncbi.nlm.nih.gov/pubmed/18283290
http://dx.doi.org/10.1038/s41392-019-0089-y
http://www.ncbi.nlm.nih.gov/pubmed/32296011
http://dx.doi.org/10.1042/BSR20160614
http://dx.doi.org/10.1016/j.ymthe.2019.01.018
http://dx.doi.org/10.1146/annurev-bioeng-071813-104938
http://dx.doi.org/10.3390/diseases6020042
http://dx.doi.org/10.1038/s41375-018-0106-0
http://dx.doi.org/10.3389/fimmu.2019.02303
http://dx.doi.org/10.1126/scitranslmed.aag1298


Cancers 2020, 12, 2175 24 of 30

102. Bol, K.F.; Schreibelt, G.; Rabold, K.; Wculek, S.K.; Schwarze, J.K.; Dzionek, A.; Teijeira, A.; Kandalaft, L.E.;
Romero, P.; Coukos, G.; et al. The clinical application of cancer immunotherapy based on naturally circulating
dendritic cells. J. Immunother. Cancer 2019, 7, 109. [CrossRef]

103. Ruella, M.; Xu, J.; Barrett, D.M.; Fraietta, J.A.; Reich, T.; Ambrose, D.E.; Klichinsky, M.; Shestova, O.; Patel, P.R.;
Kulikovskaya, I.; et al. Induction of resistance to chimeric antigen receptor T cell therapy by transduction of
a single leukemic B cell. Nat. Med. 2018, 24, 1499–1503. [CrossRef]

104. Firer, M.A.; Gellerman, G. Targeted drug delivery for cancer therapy: The other side of antibodies.
J. Hematol. Oncol. 2012, 5, 70. [CrossRef]

105. Oh, D.Y.; Cham, J.; Zhang, L.; Fong, G.; Kwek, S.S.; Klinger, M.; Faham, M.; Fong, L. Immune Toxicities
Elicted by CTLA-4 Blockade in Cancer Patients Are Associated with Early Diversification of the T-cell
Repertoire. Cancer Res. 2016, 77, 1322–1330. [CrossRef]

106. Nikpoor, A.R.; Tavakkol-Afshari, J.; Sadri, K.; Jalali, S.A.; Jaafari, M.R. Improved tumor accumulation and
therapeutic efficacy of CTLA-4-blocking antibody using liposome-encapsulated antibody: In vitro and
in vivo studies. Nanomed. Nanotechnol. Boil. Med. 2017, 13, 2671–2682. [CrossRef]

107. Zimmer, L.; Goldinger, S.; Hofmann, L.; Loquai, C.; Ugurel, S.; Thomas, I.; Schmidgen, M.I.; Gutzmer, R.;
Utikal, J.; Göppner, D.; et al. Neurological, respiratory, musculoskeletal, cardiac and ocular side-effects of
anti-PD-1 therapy. Eur. J. Cancer 2016, 60, 210–225. [CrossRef]

108. Menzies, A.M.; Johnson, D.B.; Ramanujam, S.; Atkinson, V.G.; Wong, A.N.M.; Park, J.; McQuade, J.L.;
Shoushtari, A.N.; Tsai, K.K.; Eroglu, Z.; et al. Anti-PD-1 therapy in patients with advanced melanoma
and preexisting autoimmune disorders or major toxicity with ipilimumab. Ann. Oncol. 2017, 28, 368–376.
[CrossRef]

109. Cherkassky, L.; Sadelain, M.; Prasad, S.; Invest, J.C.; Morello, A.; Villena-vargas, J.; Feng, Y.; Dimitrov, D.S.;
Jones, D.R.; Adusumilli, P.S. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist
tumor-mediated inhibition Find the latest version: Human CAR T cells with cell-intrinsic PD-1 checkpoint
blockade resist tumor-mediated inhibition. J. Clin. 2016, 126, 3130–3144.

110. Rafiq, S.; Yeku, O.O.; Jackson, H.J.; Purdon, T.J.; Van Leeuwen, D.G.; Drakes, D.J.; Song, M.; Miele, M.M.;
Li, Z.; Wang, P.; et al. Targeted delivery of a PD-1-blocking scFv by CAR-T cells enhances anti-tumor efficacy
in vivo. Nat. Biotechnol. 2018, 36, 847–856. [CrossRef]

111. Fraietta, J.A.; Lacey, S.F.; Orlando, E.J.; Pruteanu-Malinici, I.; Gohil, M.; Lundh, S.; Boesteanu, A.C.; Wang, Y.;
O’Connor, R.S.; Hwang, W.-T.; et al. Determinants of response and resistance to CD19 chimeric antigen
receptor (CAR) T cell therapy of chronic lymphocytic leukemia. Nat. Med. 2018, 24, 563–571. [CrossRef]

112. Zolov, S.N.; Rietberg, S.P.; Bonifant, C.L. Programmed cell death protein 1 activation preferentially inhibits
CD28.CAR–T cells. Cytotherapy 2018, 20, 1259–1266. [CrossRef] [PubMed]

113. Hui, E.; Cheung, J.; Zhu, J.; Su, X.; Taylor, M.J.; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, J.M.;
Mellman, I.; et al. T cell costimulatory receptor CD28 is a primary target for PD-1–mediated inhibition.
Science 2017, 355, 1428–1433. [CrossRef]

114. Suarez, E.; Chang, D.-K.; Sun, J.; Sui, J.; Freeman, G.J.; Signoretti, S.; Zhu, Q.; Marasco, W.A. Chimeric antigen
receptor T cells secreting anti-PD-L1 antibodies more effectively regress renal cell carcinoma in a humanized
mouse model. Oncotarget 2016, 7, 34341–34355. [CrossRef] [PubMed]

115. Li, S.; Siriwon, N.; Zhang, X.; Yang, S.; Jin, T.; He, F.; Kim, Y.J.; Mac, J.; Lu, Z.; Wang, S.; et al. Enhanced
Cancer Immunotherapy by Chimeric Antigen Receptor–Modified T Cells Engineered to Secrete Checkpoint
Inhibitors. Clin. Cancer Res. 2017, 23, 6982–6992. [CrossRef]

116. Shi, L.; Meng, T.; Zhao, Z.; Han, J.; Zhang, W.; Gao, F.; Cai, J. CRISPR knock out CTLA-4 enhances the
anti-tumor activity of cytotoxic T lymphocytes. Gene 2017, 636, 36–41. [CrossRef] [PubMed]

117. Condomines, M.; Arnason, J.; Benjamin, R.; Gunset, G.; Plotkin, J.; Sadelain, M. Tumor-Targeted Human
T Cells Expressing CD28-Based Chimeric Antigen Receptors Circumvent CTLA-4 Inhibition. PLoS ONE
2015, 10, e0130518. [CrossRef]

118. Yin, Y.; Boesteanu, A.C.; Binder, Z.A.; Xu, C.; Reid, R.A.; Rodriguez, J.L.; Cook, D.R.; Thokala, R.; Blouch, K.;
McGettigan-Croce, B.; et al. Checkpoint Blockade Reverses Anergy in IL-13Rα2 Humanized scFv-Based
CAR T Cells to Treat Murine and Canine Gliomas. Mol. Ther. Oncolytics 2018, 11, 20–38. [CrossRef]

119. Xie, Y.J.; Dougan, M.; Jailkhani, N.; Ingram, J.; Fang, T.; Kummer, L.; Momin, N.; Pishesha, N.; Rickelt, S.;
Hynes, R.O.; et al. Nanobody-based CAR T cells that target the tumor microenvironment inhibit the growth
of solid tumors in immunocompetent mice. Proc. Natl. Acad. Sci. UAS 2019, 116, 7624–7631. [CrossRef]

http://dx.doi.org/10.1186/s40425-019-0580-6
http://dx.doi.org/10.1038/s41591-018-0201-9
http://dx.doi.org/10.1186/1756-8722-5-70
http://dx.doi.org/10.1158/0008-5472.CAN-16-2324
http://dx.doi.org/10.1016/j.nano.2017.08.010
http://dx.doi.org/10.1016/j.ejca.2016.02.024
http://dx.doi.org/10.1093/annonc/mdw443
http://dx.doi.org/10.1038/nbt.4195
http://dx.doi.org/10.1038/s41591-018-0010-1
http://dx.doi.org/10.1016/j.jcyt.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30309710
http://dx.doi.org/10.1126/science.aaf1292
http://dx.doi.org/10.18632/oncotarget.9114
http://www.ncbi.nlm.nih.gov/pubmed/27145284
http://dx.doi.org/10.1158/1078-0432.CCR-17-0867
http://dx.doi.org/10.1016/j.gene.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28888577
http://dx.doi.org/10.1371/journal.pone.0130518
http://dx.doi.org/10.1016/j.omto.2018.08.002
http://dx.doi.org/10.1073/pnas.1817147116


Cancers 2020, 12, 2175 25 of 30

120. Weiskopf, K.; Weissman, I.L. Macrophages are critical effectors of antibody therapies for cancer. mABs 2015,
7, 303–310. [CrossRef]

121. Chao, W.M. The CD47-SIRP Pathway in Cancer Immune Evasion and potential Therapeutic Implications.
Cell 2011, 24, 225–232.

122. Weiskopf, K.; Ring, A.M.; Ho, C.C.M.; Volkmer, J.-P.; Levin, M.; Volkmer, A.K.; Özkan, E.; Fernhoff, N.B.;
van de Rijn, M.; Weissman, I.L.; et al. Engineered SIRPα variants as immunotherapeutic adjuvants to
anti-cancer antibodies. Science 2014, 341, 1–13.

123. Chao, M.P.; Alizadeh, A.A.; Tang, C.; Myklebust, J.H.; Varghese, B.; Gill, S.; Jan, M.; Cha, A.C.; Chan, C.K.;
Tan, B.T.; et al. Anti-CD47 Antibody Synergizes with Rituximab to Promote Phagocytosis and Eradicate
Non-Hodgkin Lymphoma. Cell 2010, 142, 699–713. [CrossRef]

124. Liu, X.; Pu, Y.; Cron, K.; Deng, L.; Kline, J.; Frazier, W.A.; Xu, H.; Peng, H.; Fu, Y.-X.; Xu, M.M. CD47 blockade
triggers T cell–mediated destruction of immunogenic tumors. Nat. Med. 2015, 21, 1209–1215. [CrossRef]

125. Mathias, M.D.; Sockolosky, J.T.; Chang, A.Y.; Tan, K.S.; Liu, C.; Garcia, K.C.; Scheinberg, D.A. CD47 blockade
enhances therapeutic activity of TCR mimic antibodies to ultra-low density cancer epitopes. Leukemia 2017,
31, 2254–2257. [CrossRef] [PubMed]

126. Xie, Y.J.; Dougan, M.; Ingram, J.R.; Pishesha, N.; Fang, T.; Momin, N.; Ploegh, H.L. Improved
Antitumor Efficacy of Chimeric Antigen Receptor T Cells that Secrete Single-Domain Antibody Fragments.
Cancer Immunol. Res. 2020, 8, 518–529. [CrossRef]

127. Dacek, M.G.; Gardner, T.; Scheinberg, D. Potentiating Innate and Adaptive Immunity with Engineered CAR
T Cells. In Proceedings of the Keystone Symposium on Cancer Therapy: Mechanistic Insight to Improve
Clinical Benefit, Whistler, BC, Canada, 12 March 2019.

128. Liu, X.; Jiang, S.; Fang, C.; Yang, S.; Olalere, D.; Pequignot, E.C.; Cogdill, A.P.; Li, N.; Ramones, M.;
Granda, B.; et al. Affinity-Tuned ErbB2 or EGFR Chimeric Antigen Receptor T Cells Exhibit an Increased
Therapeutic Index against Tumors in Mice. Cancer Res. 2015, 75, 3596–3607. [CrossRef]

129. Perez, E.A. Cardiac Toxicity of ErbB2-Targeted Therapies: What Do We Know? Clin. Breast Cancer 2008, 8,
S114–S120. [CrossRef]

130. Kakarla, S.; Gottschalk, S. CAR T Cells for Solid Tumors. Cancer J. 2014, 20, 151–155. [CrossRef]
131. Choi, B.D.; Yu, X.; Castano, A.P.; Bouffard, A.A.; Schmidts, A.; Larson, R.C.; Bailey, S.R.; Boroughs, A.C.;

Frigault, M.J.; Leick, M.B.; et al. CAR-T cells secreting BiTEs circumvent antigen escape without detectable
toxicity. Nat. Biotechnol. 2019, 37, 1049–1058. [CrossRef]

132. Sun, W. Functional Mechanisms for Human Tumor Suppressors. J. Cancer 2010, 1, 136. [CrossRef] [PubMed]
133. Boice, M.; Salloum, D.; Mourcin, F.; Sanghvi, V.; Amin, R.; Oricchio, E.; Jiang, M.; Mottok, A.;

Denis-Lagache, N.; Ciriello, G.; et al. Loss of the HVEM Tumor Suppressor in Lymphoma and Restoration by
Modified CAR-T Cells. Cell 2016, 167, 405–418.e13. [CrossRef] [PubMed]

134. Textor, A.; Listopad, J.J.; Wuhrmann, L.L.; Perez, C.; Kruschinski, A.; Chmielewski, M.; Abken, H.;
Blankenstein, T.; Charo, J. Efficacy of CAR T-cell therapy in large tumors relies upon stromal targeting by
IFNgamma. Cancer Res. 2014, 74, 6796–6805. [CrossRef] [PubMed]

135. Ivashkiv, L.B.; Donlin, L.T. Regulation of type I interferon responses. Nat. Rev. Immunol. 2013, 14, 36–49.
[CrossRef] [PubMed]

136. Ivashkiv, L.B. IFNγ: Signalling, epigenetics and roles in immunity, metabolism, disease and cancer
immunotherapy. Nat. Rev. Immunol. 2018, 18, 545–558. [CrossRef] [PubMed]

137. Wesa, A.K.; Galy, A. IL-1 beta induces dendritic cells to produce IL-12. Int. Immunol. 2001, 13, 1053–1061.
138. Santomasso, B.; Bachier, C.; Westin, J.; Rezvani, K.; Shpall, E.J. The Other Side of CAR T-Cell Therapy:

Cytokine Release Syndrome, Neurologic Toxicity, and Financial Burden. Am. Soc. Clin. Oncol. Educ. Book
2019, 39, 433–444. [CrossRef]

139. Teachey, D.T.; Lacey, S.F.; Shaw, P.A.; Melenhorst, J.J.; Maude, S.L.; Frey, N.; Pequignot, E.; Gonzalez, V.E.;
Chen, F.; Finklestein, J.; et al. Identification of Predictive Biomarkers for Cytokine Release Syndrome after
Chimeric Antigen Receptor T-cell Therapy for Acute Lymphoblastic Leukemia. Cancer Discov. 2016, 6,
664–679. [CrossRef]

140. Long, A.H.; Haso, W.M.; Shern, J.F.; Wanhainen, K.M.; Murgai, M.; Ingaramo, M.; Smith, J.P.; Walker, A.J.;
Kohler, M.E.; Venkateshwara, V.R.; et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic
signaling of chimeric antigen receptors. Nat. Med. 2015, 21, 581–590. [CrossRef]

http://dx.doi.org/10.1080/19420862.2015.1011450
http://dx.doi.org/10.1016/j.cell.2010.07.044
http://dx.doi.org/10.1038/nm.3931
http://dx.doi.org/10.1038/leu.2017.223
http://www.ncbi.nlm.nih.gov/pubmed/28745331
http://dx.doi.org/10.1158/2326-6066.CIR-19-0734
http://dx.doi.org/10.1158/0008-5472.CAN-15-0159
http://dx.doi.org/10.3816/CBC.2008.s.007
http://dx.doi.org/10.1097/PPO.0000000000000032
http://dx.doi.org/10.1038/s41587-019-0192-1
http://dx.doi.org/10.7150/jca.1.136
http://www.ncbi.nlm.nih.gov/pubmed/20922055
http://dx.doi.org/10.1016/j.cell.2016.08.032
http://www.ncbi.nlm.nih.gov/pubmed/27693350
http://dx.doi.org/10.1158/0008-5472.CAN-14-0079
http://www.ncbi.nlm.nih.gov/pubmed/25297631
http://dx.doi.org/10.1038/nri3581
http://www.ncbi.nlm.nih.gov/pubmed/24362405
http://dx.doi.org/10.1038/s41577-018-0029-z
http://www.ncbi.nlm.nih.gov/pubmed/29921905
http://dx.doi.org/10.1200/EDBK_238691
http://dx.doi.org/10.1158/2159-8290.CD-16-0040
http://dx.doi.org/10.1038/nm.3838


Cancers 2020, 12, 2175 26 of 30

141. Kalos, M.; Levine, B.L.; Porter, D.L.; Katz, S.; Grupp, S.A.; Bagg, A.; June, C.H. T Cells with Chimeric Antigen
Receptors Have Potent Antitumor Effects and Can Establish Memory in Patients with Advanced Leukemia.
Sci. Transl. Med. 2011, 3, 95ra73. [CrossRef]

142. Chang, Z.L.; Hou, A.J.; Chen, Y.Y. Engineering primary T cells with chimeric antigen receptors for rewired
responses to soluble ligands. Nat. Protoc. 2020, 15, 1507–1524. [CrossRef] [PubMed]

143. Chang, Z.L.; Lorenzini, M.H.; Chen, X.; Tran, U.; Bangayan, N.J.; Chen, Y.Y. Rewiring T-cell responses to
soluble factors with chimeric antigen receptors. Nat. Methods 2018, 14, 317–324. [CrossRef] [PubMed]

144. Bluestone, J.A.; Tang, Q. Treg cells—The next frontier of cell therapy. Science 2018, 362, 154–155. [CrossRef]
[PubMed]

145. Klebanoff, C.A.; Finkelstein, S.E.; Surman, D.R.; Lichtman, M.K.; Gattinoni, L.; Theoret, M.R.; Grewal, N.;
Spiess, P.J.; Antony, P.A.; Palmer, D.C.; et al. IL-15 enhances thein vivoantitumor activity of tumor-reactive
CD8+T Cells. Proc. Natl. Acad. Sci. USA 2004, 101, 1969–1974. [CrossRef] [PubMed]

146. Hurton, L.V.; Singh, H.; Najjar, A.M.; Switzer, K.C.; Mi, T.; Maiti, S.; Olivares, S.; Rabinovich, B.; Huls, H.;
Forget, M.-A.; et al. Tethered IL-15 augments antitumor activity and promotes a stem-cell memory subset in
tumor-specific T cells. Proc. Natl. Acad. Sci. USA 2016, 113, E7788–E7797. [CrossRef] [PubMed]

147. Hoyos, V.; Savoldo, B.; Quintarelli, C.; Mahendravada, A.; Zhang, M.; Vera, J.; Heslop, H.E.; Rooney, C.M.;
Brenner, M.K.; Dotti, G. Engineering CD19-specific T lymphocytes with interleukin-15 and a suicide gene to
enhance their anti-lymphoma/leukemia effects and safety. Leukemia 2010, 24, 1160–1170. [CrossRef]

148. Liu, E.; Tong, Y.; Dotti, G.; Shaim, H.; Savoldo, B.; Mukherjee, M.; Orange, J.; Wan, X.; Lu, X.; Reynolds, A.; et al.
Cord blood NK cells engineered to express IL-15 and a CD19-targeted CAR show long-term persistence and
potent antitumor activity. Leukemia 2017, 32, 520–531. [CrossRef]

149. Adachi, K.; Kano, Y.; Nagai, T.; Okuyama, N.; Sakoda, Y.; Tamada, K. IL-7 and CCL19 expression in CAR-T
cells improves immune cell infiltration and CAR-T cell survival in the tumor. Nat. Biotechnol. 2018, 36,
346–351. [CrossRef]

150. Ma, X.; Shou, P.; Smith, C.; Chen, Y.; Du, H.; Sun, C.; Kren, N.P.; Michaud, D.; Ahn, S.; Vincent, B.; et al.
Interleukin-23 engineering improves CAR T cell function in solid tumors. Nat. Biotechnol. 2020, 38, 448–459.
[CrossRef]

151. Pegram, H.J.; Park, J.H.; Brentjens, R.J. CD28z CARs and Armored CARs. Cancer J. 2014, 20, 127–133.
[CrossRef]

152. Stephan, M.T.; Ponomarev, V.; Brentjens, R.J.; Chang, A.H.; Dobrenkov, K.V.; Heller, G.; Sadelain, M.
T cell–encoded CD80 and 4-1BBL induce auto- and transcostimulation, resulting in potent tumor rejection.
Nat. Med. 2007, 13, 1440–1449. [CrossRef]

153. Curran, K.J.; Seinstra, B.A.; Nikhamin, Y.; Yeh, R.; Usachenko, Y.; Van Leeuwen, D.G.; Purdon, T.; Pegram, H.J.;
Brentjens, R.J. Enhancing Antitumor Efficacy of Chimeric Antigen Receptor T Cells Through Constitutive
CD40L Expression. Mol. Ther. 2015, 23, 769–778. [CrossRef]

154. Kuhn, N.F.; Purdon, T.J.; Van Leeuwen, D.G.; Lopez, A.V.; Curran, K.J.; Daniyan, A.F.; Brentjens, R.J.
CD40 Ligand-Modified Chimeric Antigen Receptor T Cells Enhance Antitumor Function by Eliciting an
Endogenous Antitumor Response. Cancer Cell 2019, 35, 473–488.e6. [CrossRef]

155. Zitvogel, L.; Tahara, H.; Robbins, P.D.; Storkus, W.J.; Clarke, M.R.; Nalesnik, M.A.; Lotze, M.T. Cancer
immunotherapy of established tumors with IL-Effective delivery by genetically engineered fibroblasts.
J. Immunol. 1995, 155, 1393–1403.

156. Kang, W.K.; Park, C.; Yoon, H.L.; Kim, W.S.; Yoon, S.-S.; Lee, M.H.; Park, K.; Kim, K.; Jeong, H.S.;
Kim, J.-A.; et al. Interleukin 12 Gene Therapy of Cancer by Peritumoral Injection of Transduced Autologous
Fibroblasts: Outcome of a Phase I Study. Hum. Gene Ther. 2001, 12, 671–684. [CrossRef]

157. Tatsumi, T.; Huang, J.; Gooding, W.E.; Gambotto, A.; Robbins, P.D.; Vujanovic, N.L.; Alber, S.M.; Watkins, S.C.;
Okada, H.; Storkus, W.J. Intratumoral delivery of dendritic cells engineered to secrete both interleukin (IL)-12
and IL-18 effectively treats local and distant disease in association with broadly reactive Tc1-type immunity.
Cancer Res. 2003, 63, 6378–6386.

158. Kerkar, S.P.; Muranski, P.; Kaiser, A.; Boni, A.; Sanchez-Perez, L.; Yu, Z.; Palmer, D.C.; Reger, R.N.;
Borman, Z.A.; Zhang, L.; et al. Tumor-specific CD8+ T cells expressing interleukin-12 eradicate established
cancers in lymphodepleted hosts. Cancer Res. 2010, 70, 6725–6734. [CrossRef]

159. Yeku, O.O.; Purdon, T.J.; Koneru, M.; Spriggs, D.; Brentjens, R.J. Armored CAR T cells enhance antitumor
efficacy and overcome the tumor microenvironment. Sci. Rep. 2017, 7, 10541. [CrossRef]

http://dx.doi.org/10.1126/scitranslmed.3002842
http://dx.doi.org/10.1038/s41596-020-0294-8
http://www.ncbi.nlm.nih.gov/pubmed/32103205
http://dx.doi.org/10.1038/nchembio.2565
http://www.ncbi.nlm.nih.gov/pubmed/29377003
http://dx.doi.org/10.1126/science.aau2688
http://www.ncbi.nlm.nih.gov/pubmed/30309932
http://dx.doi.org/10.1073/pnas.0307298101
http://www.ncbi.nlm.nih.gov/pubmed/14762166
http://dx.doi.org/10.1073/pnas.1610544113
http://www.ncbi.nlm.nih.gov/pubmed/27849617
http://dx.doi.org/10.1038/leu.2010.75
http://dx.doi.org/10.1038/leu.2017.226
http://dx.doi.org/10.1038/nbt.4086
http://dx.doi.org/10.1038/s41587-019-0398-2
http://dx.doi.org/10.1097/PPO.0000000000000034
http://dx.doi.org/10.1038/nm1676
http://dx.doi.org/10.1038/mt.2015.4
http://dx.doi.org/10.1016/j.ccell.2019.02.006
http://dx.doi.org/10.1089/104303401300057388
http://dx.doi.org/10.1158/0008-5472.CAN-10-0735
http://dx.doi.org/10.1038/s41598-017-10940-8


Cancers 2020, 12, 2175 27 of 30

160. Koneru, M.; O’Cearbhaill, R.; Pendharkar, S.; Spriggs, D.R.; Brentjens, R.J. A phase I clinical trial of adoptive
T cell therapy using IL-12 secreting MUC-16(ecto) directed chimeric antigen receptors for recurrent ovarian
cancer. J. Transl. Med. 2015, 13, 102. [CrossRef]

161. Koneru, M.; Purdon, T.; Spriggs, D.; Koneru, S.; Brentjens, R.J. IL-12 secreting tumor-targeted chimeric
antigen receptor T cells eradicate ovarian tumors in vivo. OncoImmunology 2015, 4, e994446. [CrossRef]

162. Chmielewski, M.; Abken, H. CAR T Cells Releasing IL-18 Convert to T-Bet(high) FoxO1(low) Effectors that
Exhibit Augmented Activity against Advanced Solid Tumors. Cell Rep. 2017, 21, 3205–3219. [CrossRef]

163. Lai, J.; Mardiana, S.; House, I.G.; Sek, K.; Henderson, M.A.; Giuffrida, L.; Chen, A.X.Y.; Todd, K.L.; Petley, E.V.;
Chan, J.D.; et al. Adoptive cellular therapy with T cells expressing the dendritic cell growth factor Flt3L
drives epitope spreading and antitumor immunity. Nat. Immunol. 2020, 21, 1–13. [CrossRef]

164. Ward, J.E.; McNeel, D.G. GVAX: An allogeneic, whole-cell, GM-CSF-secreting cellular immunotherapy for
the treatment of prostate cancer. Expert Opin. Boil. Ther. 2007, 7, 1893–1902. [CrossRef]

165. Garaude, J.; Kent, A.; Van Rooijen, N.; Blander, J.M. Simultaneous Targeting of Toll- and Nod-Like Receptors
Induces Effective Tumor-Specific Immune Responses. Sci. Transl. Med. 2012, 4, 120ra16. [CrossRef]

166. Roybal, K.T.; Williams, J.Z.; Morsut, L.; Rupp, L.J.; Kolinko, I.; Choe, J.H.; Walker, W.J.; McNally, K.A.;
Lim, W.A. Engineering T Cells with Customized Therapeutic Response Programs Using Synthetic Notch
Receptors. Cell 2016, 167, 419–432.e16. [CrossRef]

167. Caruana, I.; Savoldo, B.; Hoyos, V.; Weber, G.; Liu, H.; Kim, E.S.; Ittmann, M.M.; Marchetti, D.; Dotti, G.
Heparanase promotes tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat. Med.
2015, 21, 524–529. [CrossRef]

168. Ligtenberg, M.A.; Mougiakakos, D.; Mukhopadhyay, M.; Witt, K.; Lladser, A.; Chmielewski, M.; Riet, T.;
Abken, H.; Kiessling, R. Coexpressed Catalase Protects Chimeric Antigen Receptor–Redirected T Cells as
well as Bystander Cells from Oxidative Stress–Induced Loss of Antitumor Activity. J. Immunol. 2015, 196,
759–766. [CrossRef]

169. Gardner, T.; Lee, P.J.; Wijewarnasuriya, D.; Kinarivala, D.; Bourne, C.; Kurtz, K.; Corless, B.; Dacek, M.;
Mo, G.; Nguyen, K.; et al. A CAR T Cell that Creates Cytotoxic Small Molecules to Overcome Cancer
Resistance Mechanisms. In Proceedings of the Keystone Symposium on Cancer Therapy: Mechanistic Insight
to Improve Clinical Benefit, Whistler, BC, Canada, 12 March 2019.

170. Bourne, C.; Gardner, T.; Romero-Pichardo, J.; Lee, P.; Dacek, M.; Tan, D.; Scheinberg, D. Mechanisms of
Adoptive T Cell Micropharmacies. In Proceedings of the American Society of Gene and Cell Therapy Virtual
Conference, 12–15 May 2020. Online, Abstract 31.

171. Bagshawe, K.D. Antibody-directed enzyme prodrug therapy (ADEPT) for cancer. Expert Rev. Anticancer. Ther.
2006, 6, 1421–1431. [CrossRef]

172. Basel, M.T.; Balivada, S.; Shrestha, T.B.; Seo, G.-M.; Pyle, M.M.; Tamura, M.; Bossmann, S.H.; Troyer, D.L.
A Cell-Delivered and Cell-Activated SN38-Dextran Prodrug Increases Survival in a Murine Disseminated
Pancreatic Cancer Model. Small 2012, 8, 913–920. [CrossRef]

173. Kan, O.; Day, D.; Iqball, S.; Burke, F.; Grimshaw, M.J.; Naylor, S.; Binley, K. Genetically modified macrophages
expressing hypoxia regulated cytochrome P450 and P450 reductase for the treatment of cancer. Int. J.
Mol. Med. 2011, 27, 173–180. [CrossRef]

174. Brentjens, R.J.; Latouche, J.-B.; Santos, E.; Marti, F.; Gong, M.C.; Lyddane, C.; King, P.D.; Larson, S.; Weiss, M.;
Rivière, I.; et al. Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes
co-stimulated by CD80 and interleukin. Nat. Med. 2003, 9, 279–286. [CrossRef]

175. Lanitis, E.; Poussin, M.; Klattenhoff, A.W.; Song, D.; Sandaltzopoulos, R.; June, C.H.; Powell, D.J. Chimeric
antigen receptor T cells with dissociated signaling domains exhibit focused antitumor activity with reduced
potential for toxicity in vivo. Cancer Immunol. Res. 2013, 1, 43–53. [CrossRef]

176. Uchibori, R.; Teruya, T.; Ido, H.; Ohmine, K.; Sehara, Y.; Urabe, M.; Mizukami, H.; Mineno, J.; Ozawa, K.
Functional Analysis of an Inducible Promoter Driven by Activation Signals from a Chimeric Antigen Receptor.
Mol. Ther. Oncolytics 2019, 12, 16–25. [CrossRef]

177. Roybal, K.T.; Rupp, L.J.; Morsut, L.; Walker, W.J.; McNally, K.A.; Park, J.S.; Lim, W.A. Precision Tumor
Recognition by T Cells with Combinatorial Antigen-Sensing Circuits. Cell 2016, 164, 770–779. [CrossRef]

178. Morsut, L.; Roybal, K.T.; Xiong, X.; Gordley, R.M.; Coyle, S.M.; Thomson, M.; Lim, W.A. Engineering
Customized Cell Sensing and Response Behaviors Using Synthetic Notch Receptors. Cell 2016, 164, 780–791.
[CrossRef]

http://dx.doi.org/10.1186/s12967-015-0460-x
http://dx.doi.org/10.4161/2162402X.2014.994446
http://dx.doi.org/10.1016/j.celrep.2017.11.063
http://dx.doi.org/10.1038/s41590-020-0676-7
http://dx.doi.org/10.1517/14712598.7.12.1893
http://dx.doi.org/10.1126/scitranslmed.3002868
http://dx.doi.org/10.1016/j.cell.2016.09.011
http://dx.doi.org/10.1038/nm.3833
http://dx.doi.org/10.4049/jimmunol.1401710
http://dx.doi.org/10.1586/14737140.6.10.1421
http://dx.doi.org/10.1002/smll.201101879
http://dx.doi.org/10.3892/ijmm.2010.583
http://dx.doi.org/10.1038/nm827
http://dx.doi.org/10.1158/2326-6066.CIR-13-0008
http://dx.doi.org/10.1016/j.omto.2018.11.003
http://dx.doi.org/10.1016/j.cell.2016.01.011
http://dx.doi.org/10.1016/j.cell.2016.01.012


Cancers 2020, 12, 2175 28 of 30

179. Daringer, N.M.; Dudek, R.M.; Schwarz, K.A.; Leonard, J.N. Modular Extracellular Sensor Architecture for
Engineering Mammalian Cell-based Devices. ACS Synth. Boil. 2014, 3, 892–902. [CrossRef]

180. Juillerat, A.; Marechal, A.; Filhol, J.M.; Valogne, Y.; Valton, J.; Duclert, A.; Duchateau, P.; Poirot, L. An oxygen
sensitive self-decision making engineered CAR T-cell. Sci. Rep. 2017, 7, 39833. [CrossRef]

181. Han, X.; Bryson, P.D.; Zhao, Y.; Cinay, G.E.; Li, S.; Guo, Y.; Siriwon, N.; Wang, P. Masked Chimeric Antigen
Receptor for Tumor-Specific Activation. Mol. Ther. 2017, 25, 274–284. [CrossRef]

182. Fedorov, V.D.; Themeli, M.; Sadelain, M. PD-1- and CTLA-4-Based Inhibitory Chimeric Antigen Receptors
(iCARs) Divert Off-Target Immunotherapy Responses. Sci. Transl. Med. 2013, 5, 215ra172. [CrossRef]

183. Straathof, K.C.; Pulé, M.; Yotnda, P.; Dotti, G.; Vanin, E.F.; Brenner, M.K.; Heslop, H.E.; Spencer, D.M.;
Rooney, C.M. An inducible caspase 9 safety switch for T-cell therapy. Blood 2005, 105, 4247–4254. [CrossRef]

184. Wang, X.; Chang, W.-C.; Wong, C.W.; Colcher, D.; Sherman, M.; Ostberg, J.R.; Forman, S.J.; Riddell, S.R.;
Jensen, M.C. A transgene-encoded cell surface polypeptide for selection, in vivo tracking, and ablation of
engineered cells. Blood 2011, 118, 1255–1263. [CrossRef]

185. Cartellieri, M.; Feldmann, A.; Koristka, S.; Arndt, C.; Loff, S.; Ehninger, A.; Von Bonin, M.; Bejestani, E.P.;
Ehninger, G.; Bachmann, M. Switching CAR T cells on and off: A novel modular platform for retargeting of
T cells to AML blasts. Blood Cancer J. 2016, 6, e458. [CrossRef]

186. Cho, J.H.; Collins, J.J.; Wong, W.W. Universal Chimeric Antigen Receptors for Multiplexed and Logical
Control of T Cell Responses. Cell 2018, 173, 1426–1438.e11. [CrossRef]

187. Sockolosky, J.T.; Trotta, E.; Parisi, G.; Picton, L.; Su, L.L.; Le, A.C.; Chhabra, A.; Silveria, S.L.; George, B.M.;
King, I.C.; et al. Selective targeting of engineered T cells using orthogonal IL-2 cytokine-receptor complexes.
Science 2018, 359, 1037–1042. [CrossRef]

188. Wu, C.-Y.; Roybal, K.T.; Puchner, E.M.; Onuffer, J.; Lim, W.A. Remote control of therapeutic T cells through a
small molecule-gated chimeric receptor. Science 2015, 350, aab4077. [CrossRef]

189. Mestermann, K.; Giavridis, T.; Weber, J.; Rydzek, J.; Frenz, S.; Nerreter, T.; Mades, A.; Sadelain, M.; Einsele, H.;
Hudecek, M. The tyrosine kinase inhibitor dasatinib acts as a pharmacologic on/off switch for CAR T cells.
Sci. Transl. Med. 2019, 11, eaau5907. [CrossRef]

190. Sanz-Ortega, L.; Rojas, J.M.; Marcos, A.; Portilla, Y.; Stein, J.V.; Barber, D. T cells loaded with magnetic
nanoparticles are retained in peripheral lymph nodes by the application of a magnetic field. J. Nanobiotechnol.
2019, 17, 14. [CrossRef]

191. Huang, Z.; Wu, Y.; Allen, M.E.; Pan, Y.; Kyriakakis, P.; Lu, S.; Chang, Y.-J.; Wang, X.; Chien, S.; Wang, Y.
Engineering light-controllable CAR T cells for cancer immunotherapy. Sci. Adv. 2020, 6, eaay9209. [CrossRef]

192. Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case Report of a Serious
Adverse Event Following the Administration of T Cells Transduced with a Chimeric Antigen Receptor
Recognizing ERBB2. Mol. Ther. J. Am. Soc. Gene Ther. 2010, 18, 843–851. [CrossRef]

193. Saudemont, A.; Jespers, L.; Clay, T. Current Status of Gene Engineering Cell Therapeutics. Front. Immunol.
2018, 9. [CrossRef]

194. Csizmar, C.; Petersburg, J.R.; Wagner, C.R. Programming Cell-Cell Interactions through Non-genetic
Membrane Engineering. Cell Chem. Boil. 2018, 25, 931–940. [CrossRef] [PubMed]

195. Park, J.; Andrade, B.; Seo, Y.; Kim, M.-J.; Zimmerman, S.C.; Kong, H. Engineering the Surface of Therapeutic
“Living” Cells. Chem. Rev. 2018, 118, 1664–1690. [CrossRef] [PubMed]

196. Wang, Q.; Cheng, H.; Peng, H.; Zhou, H.; Li, P.Y.; Langer, R. Non-genetic engineering of cells for drug
delivery and cell-based therapy. Adv. Drug Deliv. Rev. 2015, 91, 125–140. [CrossRef] [PubMed]

197. Irvine, D.J.; Dane, E.L. Enhancing cancer immunotherapy with nanomedicine. Nat. Rev. Immunol. 2020, 20,
321–334. [CrossRef] [PubMed]

198. Chessa, L.; Leuzzi, V.; Plebani, A.; Soresina, A.; Micheli, R.; D’Agnano, D.; Venturi, T.; Molinaro, A.; Fazzi, E.;
Marini, M.; et al. Intra-Erythrocyte Infusion of Dexamethasone Reduces Neurological Symptoms in Ataxia
Teleangiectasia Patients: Results of a Phase 2 Trial. Orphanet J. Rare Dis. 2014, 9, 5. [CrossRef] [PubMed]

199. Hunault-Berger, M.; Leguay, T.; Huguet, F.; Lepretre, S.; Deconinck, E.; Ojeda-Uribe, M.; Bonmati, C.;
Escoffre-Barbe, M.; Bories, P.; Himberlin, C.; et al. A Phase 2 study of L-asparaginase encapsulated in
erythrocytes in elderly patients with Philadelphia chromosome negative acute lymphoblastic leukemia:
The GRASPALL/GRAALL-SA2-2008 study. Am. J. Hematol. 2015, 90, 811–818. [CrossRef]

http://dx.doi.org/10.1021/sb400128g
http://dx.doi.org/10.1038/srep39833
http://dx.doi.org/10.1016/j.ymthe.2016.10.011
http://dx.doi.org/10.1126/scitranslmed.3006597
http://dx.doi.org/10.1182/blood-2004-11-4564
http://dx.doi.org/10.1182/blood-2011-02-337360
http://dx.doi.org/10.1038/bcj.2016.61
http://dx.doi.org/10.1016/j.cell.2018.03.038
http://dx.doi.org/10.1126/science.aar3246
http://dx.doi.org/10.1126/science.aab4077
http://dx.doi.org/10.1126/scitranslmed.aau5907
http://dx.doi.org/10.1186/s12951-019-0440-z
http://dx.doi.org/10.1126/sciadv.aay9209
http://dx.doi.org/10.1038/mt.2010.24
http://dx.doi.org/10.3389/fimmu.2018.00153
http://dx.doi.org/10.1016/j.chembiol.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29909993
http://dx.doi.org/10.1021/acs.chemrev.7b00157
http://www.ncbi.nlm.nih.gov/pubmed/29336552
http://dx.doi.org/10.1016/j.addr.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25543006
http://dx.doi.org/10.1038/s41577-019-0269-6
http://www.ncbi.nlm.nih.gov/pubmed/32005979
http://dx.doi.org/10.1186/1750-1172-9-5
http://www.ncbi.nlm.nih.gov/pubmed/24405665
http://dx.doi.org/10.1002/ajh.24093


Cancers 2020, 12, 2175 29 of 30

200. Levene, M.; Coleman, D.G.; Kilpatrick, H.C.; Fairbanks, L.D.; Gangadharan, B.; Gasson, C.; Bax, B.E. Preclinical
Toxicity Evaluation of Erythrocyte-Encapsulated Thymidine Phosphorylase in BALB/c Mice and Beagle
Dogs: An Enzyme-Replacement Therapy for Mitochondrial Neurogastrointestinal Encephalomyopathy.
Toxicol. Sci. 2012, 131, 311–324. [CrossRef]

201. Choi, M.-R.; Stanton-Maxey, K.J.; Stanley, J.K.; Levin, C.S.; Bardhan, R.; Akin, D.; Badve, S.S.; Sturgis, J.;
Robinson, J.; Bashir, R.; et al. A Cellular Trojan Horse for Delivery of Therapeutic Nanoparticles into Tumors.
Nano Lett. 2007, 7, 3759–3765. [CrossRef]

202. Dou, H.; Destache, C.J.; Morehead, J.R.; Mosley, R.L.; Boska, M.D.; Kingsley, J.; Gorantla, S.; Poluektova, L.Y.;
Nelson, J.A.; Chaubal, M.; et al. Development of a macrophage-based nanoparticle platform for antiretroviral
drug delivery. Blood 2006, 108, 2827–2835. [CrossRef]

203. Dong, X.; Chu, D.; Wang, Z. Leukocyte-mediated Delivery of Nanotherapeutics in Inflammatory and Tumor
Sites. Theranostics 2017, 7, 751–763. [CrossRef]

204. Cole, C.; Qiao, J.; Kottke, T.; Diaz, R.M.; Ahmed, A.; Sanchez-Perez, L.; Brunn, G.; Thompson, J.; Chester, J.;
Vile, R.G. Tumor-targeted, systemic delivery of therapeutic viral vectors using hitchhiking on antigen-specific
T cells. Nat. Med. 2005, 11, 1073–1081. [CrossRef] [PubMed]

205. Paulick, M.G.; Bertozzi, C.R. The Glycosylphosphatidylinositol Anchor: A Complex Membrane-Anchoring
Structure for Proteins. Biochemistry 2008, 47, 6991–7000. [CrossRef] [PubMed]

206. Dutta, D.; Pulsipher, A.; Luo, W.; Mak, H.; Yousaf, M.N. Engineering Cell Surfaces via Liposome Fusion.
Bioconjugate Chem. 2011, 22, 2423–2433. [CrossRef] [PubMed]

207. He, L.; Wang, H.; Han, Y.; Wang, K.; Dong, H.; Li, Y.; Shi, D.; Li, Y. Remodeling of Cellular Surfaces via Fast
Disulfide–Thiol Exchange to Regulate Cell Behaviors. ACS Appl. Mater. Interfaces 2019, 11, 47750–47761.
[CrossRef] [PubMed]

208. Huang, B.; Abraham, W.D.; Zheng, Y.; López, S.C.B.; Luo, S.S.; Irvine, D.J. Active targeting of chemotherapy
to disseminated tumors using nanoparticle-carrying T cells. Sci. Transl. Med. 2015, 7, 291ra94. [CrossRef]

209. Lutterotti, A.; Yousef, S.; Sputtek, A.; Stürner, K.H.; Stellmann, J.-P.; Breiden, P.; Reinhardt, S.; Schulze, C.;
Bester, M.; Heesen, C.; et al. Antigen-Specific Tolerance by Autologous Myelin Peptide-Coupled Cells:
A Phase 1 Trial in Multiple Sclerosis. Sci. Transl. Med. 2013, 5, 188ra75. [CrossRef]

210. Huang, G.N. Biotinylation of Cell Surface Proteins. Bio. Protocol. 2012, 2. [CrossRef]
211. Koyfman, A.Y.; Braun, G.B.; Reich, N.O. Cell-Targeted Self-Assembled DNA Nanostructures. J. Am. Chem. Soc.

2009, 131, 14237–14239. [CrossRef]
212. Murciano, J.-C.; Medinilla, S.; Eslin, D.; Atochina, E.; Cines, D.B.; Muzykantov, V.R. Prophylactic fibrinolysis

through selective dissolution of nascent clots by tPA-carrying erythrocytes. Nat. Biotechnol. 2003, 21, 891–896.
[CrossRef]

213. De Bank, P.; Kellam, B.; Kendall, D.A.; Shakesheff, K.M. Surface engineering of living myoblasts via selective
periodate oxidation. Biotechnol. Bioeng. 2003, 81, 800–808. [CrossRef]

214. Kayser, H.; Zeitler, R.; Kannicht, C.; Grunow, D.; Nuck, R.; Reutter, W. Biosynthesis of a nonphysiological
sialic acid in different rat organs, using N-propanoyl-D-hexosamines as precursors. J. Boil. Chem. 1992, 267,
16934–16938.

215. Wang, X.; Lang, S.; Tian, Y.; Zhang, J.; Yan, X.; Fang, Z.; Weng, J.; Lu, N.; Wu, X.; Li, T.; et al. Glycoengineering
of Natural Killer Cells with CD22 Ligands for Enhanced Anticancer Immunotherapy. ACS Central Sci. 2020,
6, 382–389. [CrossRef] [PubMed]

216. Stephan, M.T.; Moon, J.J.; Um, S.H.; Bershteyn, A.; Irvine, D.J. Therapeutic cell engineering with
surface-conjugated synthetic nanoparticles. Nat. Med. 2010, 16, 1035–1041. [CrossRef] [PubMed]

217. Tang, L.; Zheng, Y.; Melo, M.B.; Mabardi, L.; Castaño, A.P.; Xie, Y.-Q.; Li, N.; Kudchodkar, S.B.; Wong, H.C.;
Jeng, E.K.; et al. Enhancing T cell therapy through TCR-signaling-responsive nanoparticle drug delivery.
Nat. Biotechnol. 2018, 36, 707–716. [CrossRef]

218. Wayteck, L.; Dewitte, H.; De Backer, L.; Breckpot, K.; Demeester, J.; De Smedt, S.C.; Raemdonck, K.
Hitchhiking nanoparticles: Reversible coupling of lipid-based nanoparticles to cytotoxic T lymphocytes.
Biomaterials 2016, 77, 243–254. [CrossRef]

219. Siegler, E.L.; Kim, Y.J.; Chen, X.; Siriwon, N.; Mac, J.; Rohrs, J.A.; Bryson, P.D.; Wang, P. Combination Cancer
Therapy Using Chimeric Antigen Receptor-Engineered Natural Killer Cells as Drug Carriers. Mol. Ther.
2017, 25, 2607–2619. [CrossRef]

http://dx.doi.org/10.1093/toxsci/kfs278
http://dx.doi.org/10.1021/nl072209h
http://dx.doi.org/10.1182/blood-2006-03-012534
http://dx.doi.org/10.7150/thno.18069
http://dx.doi.org/10.1038/nm1297
http://www.ncbi.nlm.nih.gov/pubmed/16170322
http://dx.doi.org/10.1021/bi8006324
http://www.ncbi.nlm.nih.gov/pubmed/18557633
http://dx.doi.org/10.1021/bc200236m
http://www.ncbi.nlm.nih.gov/pubmed/22054009
http://dx.doi.org/10.1021/acsami.9b17550
http://www.ncbi.nlm.nih.gov/pubmed/31773939
http://dx.doi.org/10.1126/scitranslmed.aaa5447
http://dx.doi.org/10.1126/scitranslmed.3006168
http://dx.doi.org/10.21769/BioProtoc.170
http://dx.doi.org/10.1021/ja9015638
http://dx.doi.org/10.1038/nbt846
http://dx.doi.org/10.1002/bit.10525
http://dx.doi.org/10.1021/acscentsci.9b00956
http://www.ncbi.nlm.nih.gov/pubmed/32232138
http://dx.doi.org/10.1038/nm.2198
http://www.ncbi.nlm.nih.gov/pubmed/20711198
http://dx.doi.org/10.1038/nbt.4181
http://dx.doi.org/10.1016/j.biomaterials.2015.11.016
http://dx.doi.org/10.1016/j.ymthe.2017.08.010


Cancers 2020, 12, 2175 30 of 30

220. Siriwon, N.; Kim, Y.J.; Siegler, E.L.; Chen, X.; Liu, Y.; Wang, P.; Rohrs, J.A. CAR-T Cells Surface-Engineered with
Drug-Encapsulated Nanoparticles Can Ameliorate Intratumoral T-cell Hypofunction. Cancer Immunol. Res.
2018, 6, 812–824. [CrossRef]

221. Kumaresan, P.R.; Manuri, P.R.; Albert, N.D.; Maiti, S.; Singh, H.; Mi, T.; Roszik, J.; Rabinovich, B.; Olivares, S.;
Krishnamurthy, J.; et al. Bioengineering T cells to target carbohydrate to treat opportunistic fungal infection.
Proc. Natl. Acad. Sci. USA 2014, 111, 10660–10665. [CrossRef]

222. Amara, I.; Touati, W.; Beaune, P.; De Waziers, I. Mesenchymal stem cells as cellular vehicles for prodrug gene
therapy against tumors. Biochimie 2014, 105, 4–11. [CrossRef]

223. Marofi, F.; Vahedi, G.; Biglari, A.; Esmaeilzadeh, A.; Athari, S.S. Mesenchymal Stromal/Stem Cells: A New
Era in the Cell-Based Targeted Gene Therapy of Cancer. Front. Immunol. 2017, 8, 1770. [CrossRef]

224. Park, M.J.; Park, H.S.; Cho, M.L.; Oh, H.J.; Cho, Y.G.; Min, S.Y.; Chung, B.H.; Lee, J.W.; Kim, H.Y.; Cho, S.G.
Transforming growth factor beta-transduced mesenchymal stem cells ameliorate experimental autoimmune
arthritis through reciprocal regulation of Treg/Th17 cells and osteoclastogenesis. Arthritis Rheum. 2011, 63,
1668–1680. [CrossRef] [PubMed]

225. Wu, R.; Liu, C.; Deng, X.; Chen, L.; Hao, S.; Ma, L. Enhanced alleviation of aGVHD by TGF-beta1-modified
mesenchymal stem cells in mice through shifting MPhi into M2 phenotype and promoting the differentiation
of Treg cells. J. Cell Mol. Med. 2020, 24, 1684–1699. [CrossRef] [PubMed]

226. Xu, Y.; Cheng, Y.; Baylink, D.J.; Wasnik, S.; Goel, G.; Huang, M.; Cao, H.; Qin, X.; Lau, K.-H.W.; Chan, C.;
et al. In Vivo Generation of Gut-Homing Regulatory T Cells for the Suppression of Colitis. J. Immunol. 2019,
202, 3447–3457. [CrossRef] [PubMed]

227. Weishaupt, N.; Blesch, A.; Fouad, K. BDNF: The career of a multifaceted neurotrophin in spinal cord injury.
Exp. Neurol. 2012, 238, 254–264. [CrossRef] [PubMed]

228. Zhao, Y.; Haney, M.J.; Gupta, R.; Bohnsack, J.P.; He, Z.; Kabanov, A.V.; Batrakova, E.V. GDNF-transfected
macrophages produce potent neuroprotective effects in Parkinson’s disease mouse model. PLoS ONE 2014,
9, e106867. [CrossRef]

229. Manning, E.; Pham, S.M.; Li, S.; Vazquez-Padron, R.I.; Mathew, J.M.; Ruiz, P.; Salgar, S.K.
Interleukin-10 Delivery via Mesenchymal Stem Cells: A Novel Gene Therapy Approach to Prevent
Lung Ischemia–Reperfusion Injury. Hum. Gene Ther. 2010, 21, 713–727. [CrossRef]

230. Weiss, D.J.; Bates, J.H.T.; Gilbert, T.W.; Liles, W.C.; Lutzko, C.; Rajagopal, J.; Prockop, D. Stem Cells and
Cell Therapies in Lung Biology and Diseases: Conference Report. Ann. Am. Thorac. Soc. 2013, 10, S25–S44.
[CrossRef]

231. Gazit, D.; Turgeman, G.; Kelley, P.; Wang, E.; Jalenak, M.; Zilberman, Y.; Moutsatsos, I. Engineered pluripotent
mesenchymal cells integrate and differentiate in regenerating bone: A novel cell-mediated gene therapy.
J. Gene Med. 1999, 1, 121–133. [CrossRef]

232. Wang, B.; Yao, K.; Huuskes, B.M.; Shen, H.-H.; Zhuang, J.; Godson, C.; Brennan, E.P.; Wilkinson-Berka, J.L.;
Wise, A.F.; Ricardo, S. Mesenchymal Stem Cells Deliver Exogenous MicroRNA-let7c via Exosomes to
Attenuate Renal Fibrosis. Mol. Ther. 2016, 24, 1290–1301. [CrossRef]

233. Fiore, E.J.; Bayo, J.M.; Garcia, M.G.; Malvicini, M.; Lloyd, R.; Piccioni, F.; Rizzo, M.; Peixoto, E.; Sola, M.B.;
Atorrasagasti, C.; et al. Mesenchymal Stromal Cells Engineered to Produce IGF-I by Recombinant Adenovirus
Ameliorate Liver Fibrosis in Mice. Stem Cells Dev. 2014, 24, 791–801. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/2326-6066.CIR-17-0502
http://dx.doi.org/10.1073/pnas.1312789111
http://dx.doi.org/10.1016/j.biochi.2014.06.016
http://dx.doi.org/10.3389/fimmu.2017.01770
http://dx.doi.org/10.1002/art.30326
http://www.ncbi.nlm.nih.gov/pubmed/21384335
http://dx.doi.org/10.1111/jcmm.14862
http://www.ncbi.nlm.nih.gov/pubmed/31782262
http://dx.doi.org/10.4049/jimmunol.1800018
http://www.ncbi.nlm.nih.gov/pubmed/31053627
http://dx.doi.org/10.1016/j.expneurol.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22982152
http://dx.doi.org/10.1371/journal.pone.0106867
http://dx.doi.org/10.1089/hum.2009.147
http://dx.doi.org/10.1513/AnnalsATS.201304-089AW
http://dx.doi.org/10.1002/(SICI)1521-2254(199903/04)1:2&lt;121::AID-JGM26&gt;3.0.CO;2-J
http://dx.doi.org/10.1038/mt.2016.90
http://dx.doi.org/10.1089/scd.2014.0174
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Choice of Cells for Targeted Drug Delivery 
	Tumor-Infiltrating Lymphocytes 
	Engineered T Cells 
	NK Cells 
	B Cell-Based Cancer Immunotherapy 
	iPSC-Based Cancer Immunotherapy 
	Macrophage-Based Cancer Immunotherapy 

	Vector Design and Gene Transfer for Engineered Cells 
	Multicistronic Vector Design 
	Multiple Promoter Systems and Co-Transduction 
	Non-Viral Gene Delivery Methods 

	Approaches to Engineering Cells Inside the Patient 
	Transposase Delivery 
	mRNA Delivery 
	Cellular Implants 

	Cellular Delivery of Therapeutic Antibodies and Their Derivatives 
	CAR T Cells Secreting Antibodies to PDL-1/PD-1 
	CAR T Cells Secreting Antibodies to CTLA4 
	Cells that Disrupt the CD47–SIRP Signaling Axis 
	Cellular Delivery of Antibodies Against Tumor-Associated Antigens 

	Delivery of Cellular-Modulating Agents in Cancer 
	TCMs Expressing Tumor Suppressor Proteins 
	Cytokines in the TME 
	Cytokines that Promote T Cell Persistence 
	TCMs that Prime Immune Effectors 

	Enzyme Delivery Strategies 
	Cellular Gating Strategies 
	Autonomous Gating Systems 
	Activation-Dependent Systems 
	Activation-Independent Systems 
	Remote-Controlled Gating Systems 
	Challenges of Gated Systems in TCMs 

	Non-Genetic Engineered TCs 
	Intracellular Encapsulation 
	Non-Covalent Surface Modifications 
	Covalent Membrane Conjugations 

	Additional Considerations and Applications in the Clinical Use of TCMs 
	Mesenchymal Stem Cell (MSC)-Based Strategies for Cancer Treatment 
	TCM for Autoimmune Disease 
	TCM for Neurological Disorders 
	Other Disease Targets of TCM 

	Conclusions/Perspectives 
	References

