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Abstract: Chimeric antigen receptor (CAR) T-cell therapy represents a revolutionary treatment for
hematological malignancies. However, improvements in CAR T-cell therapies are urgently needed
since CAR T cell application is associated with toxicities, exhaustion, immune suppression, lack
of long-term persistence, and low CAR T-cell tumor infiltration. Major efforts to overcome these
hurdles are currently on the way. Incrementally improved xenograft mouse models, supporting the
engraftment and development of a human hemato-lymphoid system and tumor tissue, represent
an important fundamental and preclinical research tool. We will focus here on several CAR T and
CAR NK therapies that have benefited from evaluation in humanized mice. These models are of
great value for the cancer therapy field as they provide a more reliable understanding of sometimes
complicated therapeutic interventions. Additionally, they are considered the gold standard with
regard to assessment of new CAR technologies in vivo for safety, efficacy, immune response, design,
combination therapies, exhaustion, persistence, and mechanism of action prior to starting a clinical
trial. They help to expedite the critical translation from proof-of-concept to clinical CAR T-cell
application. In this review, we discuss innovative developments in the CAR T-cell therapy field that
benefited from evaluation in humanized mice, illustrated by multiple examples.

Keywords: CAR T cell; CAR NK cell; PDX mouse; humanized mouse model; xenograft mouse; cancer
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1. Introduction

1.1. Anti-Cancer CAR T Cell Therapy

Despite progress made in the treatment of many leukemias, lymphomas, and solid cancers,
therapeutic outcomes remain refractory and better treatment options are required. A recent successful
anti-cancer strategy is based on engineered T cells called chimeric antigen receptor T-cell (CAR-T)
therapy [1]. CAR T-cell therapy involves changing a patient’s own immune cells to augment the
immune response to cancer cells [2]. CARs are synthetic proteins consisting of a specific antibody
binding domain, usually a single-chain variable fragment (scFv) recognizing a cancer antigen that is
combined with the effector function of T cells (Figure 1). First-generation CARs carried one cytoplasmic
signaling domain (e.g., the Fc receptor G chain or CD3ζ). These did not demonstrate robust anti-tumor
effects and became anergic [3–5]. Optimized CAR T design resulted in second- and third generation
CARs, in which additional costimulatory domains were inserted such as CD28, 4-1BB, ICOS, and OX40
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alone or in combination [6,7] (Figure 1). This CAR design mimicked natural TCR co-stimulation and
enhanced CAR T cell function [8]. CAR T cells contain for example an extracellular scFv, linked by
a transmembrane domain to CD28 and/or 4-1BB co-activation domains and the CD3ζ intracellular
signaling domain [9] (Figure 1).

Figure 1. Chimeric antigen receptor (CAR) T cell engineering using different CAR designs and their
in vivo persistence. Second-generation CAR T cells containing a CD3 zeta signaling domain, a CD28
or 4-1BB co-stimulatory domain and a scFv that will be displayed at the surface of the T cell for
anti-cancer antigen recognition. For the second-generation CARs is indicated their dependence on a
metabolic pathway and their persistence in vivo according to the co-stimulatory domain used. The third
generation CAR contains 2 co-stimulatory domains.

However, the choice of the co-stimulatory domain has important consequences. In some clinical
trials for B-CLL, CAR T carrying the CD28 or 4-1BBζ costimulatory domains had very different
outcomes. The latter domain allowed long-term persistence of CAR T cells (sometimes for years)
and avoided exhaustion of the CAR T cells within some patients, while CD28 allowed CAR T cell
to survive only for 30 days in the patients [10–13]. A possible explanation was provided by the fact
that 4-1BB CAR T cells showed enhanced survival and higher frequency of central memory T cells,
which relied on mitochondrial respiration for their energy requirements [14]. In contrast, CD28 CAR
T cells induced more effector memory T cells relying on the activation of the glycolytic pathway to
provide energy for their proliferation and function (Figure 1). This underlines the importance of
choice of the co-stimulatory domain(s). In accordance with this notion, in cases with a subsequent
complete response, the infused CD8+ CAR T cells depended more on mitochondrial respiration as
compared with non-responders, which positively correlated with the expansion and persistence of
CAR T cells [15].

Ongoing clinical trials have described durable rejection of previously refractory B-cell malignancies
including chronic lymphocyte leukemia (CLL [16,17]; 51–77% remission), acute lymphocyte leukemia
(ALL [13,18]; 68–93% remission) and diffuse large B cell lymphoma (DLBCL [19,20]; 68–86% remission),
in patients after CD19-directed CAR therapy [10,21–23]. A complete response rate as high as 93% was
obtained in leukemia patients. In 2017, this has led to the acceptance of two CAR T cell therapies by
the regulatory agencies in the USA (Food and Drug agency; FDA) and Europe (European Medicine
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Agency; EMA) for B-cell leukemia. Along with CD19 CAR-T cells, other CAR-T cells directed against
CD5, CD33, CD70, CD123, CD38, and B cell maturation antigen (BCMA) are under evaluation for
hematological malignancies (HM) [24,25]. In this regard, CD5 presents a potential target in T-ALL and
malignancies involving the subpopulation of B cells called B1 cells [24,26,27]. CD33 is a target in myeloid
malignancies, especially acute myeloid leukemia (AML), and CD123 is expressed in different HM,
including blastic plasmacytoid dendritic cell neoplasm, hairy cell leukemia, B-ALL, and AML [24,28].
CD38 and BCMA are mostly expressed on myeloma cells. The successful application of CARs directed
against hematological malignancies has more recently encouraged the application to other cancers
including solid cancers [25]. CD70 for example has a broad spectrum of expression in HMs and solid
tumors [29,30]. CAR T cells directed against more than 20 different biomarkers are currently being
evaluated in clinical trials including CAR T cells to treat solid tumors [24]. The successful experience
with CAR-expressing T cells in the treatment of hematological malignancies has revolutionized the field
of immunotherapy. T cells modified for chimeric antigen receptor (CAR) expression that recognizes
a specific antigen on the surface of malignant B cells, such as CD19, is one of the biggest steps
forward in conquering cancer [16,19,31]. It is important though to mention that severe side effects
emerged in CAR T cell trials, such as cytokine release syndrome (CRS) or graft-versus-host disease
(GvHD) [22,32]. Importantly, CRS in CAR T cell treated patients is nowadays better controlled and
is managed according to the grade of CRS severity [33]. Severe CRS is managed for example by
administration of anti-inflammatory molecules such anti-IL-6 receptor (tocilizumab) and anti-IL6
antibodies (siltuximab) among other various therapeutic interventions [33–37].

1.2. Anti-Cancer CAR NK versus CAR T Cell Therapy

More recently, interest grew to develop similar approaches for other immune cell subsets, such
as natural killer (NK) cells. Allogenic NK cells are an attractive option for CAR expression because
they have cytotoxic functions and spontaneously demonstrate anti-cancer effects [38–40]. Moreover,
infusion of allogenic NKs into patients proved to be a safe immunotherapy in cancer patients [41,42].
Contrary to T cells, natural killer (NK) cells kill their targets in a non-antigen-specific manner and do
not carry the risk of inducing GvHD [39]. Hence, unlike CAR T cells that require autologous T cells,
therapeutic CD19-CAR-NK cells could be generated as an off-the-shelf product from healthy donors
and hold the potential of also attacking CD19-negative leukemia cells through natural cytotoxicity
mechanisms [43].

NK cells express multiple cytotoxicity receptors, for which the ligands are overexpressed on
tumor cells and cells from the tumor microenvironment (TME). NK cells are thus good candidates
to reduce specifically the number of tumor suppressor cells in the TME and reactivate a strong
anti-tumor response. One particular problem observed is that often these ligands for NK cytotoxic
receptors are downregulated in the TME. For this reason, arming the NK cells with a CAR could
improve their function. Compared to CAR T cells, CAR NK cells will target tumor cells via multiple
mechanisms with less pro-inflammatory cytokine release and thus less risk of inducing a cytokine
storm. Another important point is the fact that CAR-NK cells are short-lived [44,45], which might
represent an advantage when targeting T cell malignancies such as peripheral T cell lymphomas to
avoid a persistent immuno-suppression in the patients (see below Section 3.3). Several preclinical
studies have directed CAR NK cells against tumor targets such as CD19 [46], CD20 [47], CD244 [48]
and HER2 [49].

However, despite many advantages of NK cells as a cellular therapy, one of the major obstacles to
use NK cells in immunotherapy is the lack of an efficient gene transfer method for primary human
NK cells. Viral gene delivery to primary NK cells has always proven very challenging reaching
at best 10%. Very recently, though, two independent studies have shown that this hurdle can be
overcome by changing the vesicular stomatitis G (VSV-G) envelope glycoproteins (gps) at the surface of
a lentiviral vector (LV) by a baboon retroviral envelope (BaEV-LV [50,51]). These new surface-modified
BaEV-LVs allowed with ease up to 80 % gene modification of activated NK cells and even up to 30 %
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of freshly isolated NKs [52,53]. BaEV-LVs were shown to generate functional CAR expressing NKs.
Another study also showed high-level CAR delivery into NK cells employing an alpha-retroviral
vector system [54]. These results will pave the way to move CAR NK cell therapy into the clinic.
Especially, since a first clinical trial using CD19-targeted CAR NK cells resulted in a high response rate
and an excellent safety profile [55]. Nevertheless, CAR NK cell therapies, though they seem promising
anti-cancer drugs, have not yet been accepted by the regulatory agencies in the USA and Europe for
clinical use at this moment.

2. Different Humanized Mice Models for Preclinical Testing of CAR T and NK Cell Therapy

To fully understand CAR therapy in terms of its limitations and capacities, preclinical testing and
in vivo evaluation in a humanized mouse model has become a gold standard to validate these cell
therapies and get regulatory approval. One of the most widely used models is the immunodeficient
non-obese (NOD)/SCIDγc−/− (NSG) mouse, which supports development of a human hematopoietic
and immune system [56]. Since NSG mice are devoid of murine T, B, NK, and functional DCs,
they easily accept engraftment of human cell lines, healthy and tumor tissues. This mouse model has
become the platform to study the interaction between the human blood system and cancer cells.

2.1. Xenograft Mouse Model for CAR T and CAR NK Cell Evaluation

Two major humanized mouse models are used for evaluation of CAR T cells. The first
one is the xenograft mouse model, in which a human tumor cell line is engrafted in the
immune-compromised mice (mostly the NSG model), followed by infusion of human CAR T cells
(Figure 2A). To facilitate in vivo follow-up, NSG mice are often injected intra-dermally or intravenously
with a luciferase-expressing tumor cell line providing easy measurement of tumor growth by
bioluminescence imaging [57,58] (Figure 2B).

Figure 2. Tumor cell xenografted humanized mice for CAR T cell evaluation. Tumor cell lines not
transduced (A) or transduced (B) with a vector encoding for the reporter gene, luciferase, are injected
intravenously or subcutaneously into NOD/SCIDγC−/− (NSG) mice. After tumor development, T cells
modified with a CAR against a specific antigen on the tumor cells are injected. A follow-up of tumor
size via bioluminescence or measurement of tumor size is performed to evaluate CAR T cell efficacy
and mice survival is evaluated. At endpoint, CAR T cell infiltration, cytokine release and T cell immune
phenotypes (exhaustion markers, persistent T cell markers) are determined.

Using a xenograft mouse model, anti-CD19 directed CAR T cells were shown to eliminate the
CD19+ cancerous B cells, resulting in prolonged survival of this NSG leukemia xenograft model [59]
and this set the basis for the first clinical trial and later on, approval of the first CAR T cell products by
the FDA.
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It is important to emphasize that the human cancer cell line xenograft models lack a functional
human immune system and other human tissues, which may modulate the anti-cancer activity in vivo.
In addition, they are not representative of heterogeneous tumors. Moreover, valid safety studies
require that the expression profile the murine tumor antigen is identical to that seen in humans, which
is not always the case. Nevertheless, xenograft models were instrumental to establish a first proof of
concept. Multiple studies use xenografted mice for CAR T cell evaluation and we will report hereafter
more specific applications (see Section 3).

2.2. Patient-Derived Xenograft Model for CAR T/NK Cell Evaluation

Another more pertinent humanized mouse model was established for evaluation of CAR T cell
efficacy. This second model is called a patient-derived xenograft (PDX) model and consists of injection
of a primary tumor biopsy from a patient instead of human cell lines and infusion of matched patient
CAR T cells (Figure 3). In the PDX model, the tumor cells as well as the tumor microenvironment (e.g.,
immune cells) are present in vivo. Therefore, these models are increasingly used for evaluation of
personalized anti-cancer T cell therapies and are more relevant than cancer cell line xenograft models
for translation to the clinic.

Figure 3. Patient-derived-xenograft mice for CAR T cell evaluation. Patient tumor biopsies are injected
into NSG mice and subsequently T cells from the same patient are modified using a vector encoding for
a CAR directed against a specific antigen present on the tumor cells and infused in the patient-derived
xenograft. A follow-up of tumor size or measurement of subcutaneous tumors is performed to evaluate
CAR T cell efficacy and mice survival. At endpoint CAR T cell infiltrations, cytokine release and T cell
immune phenotypes (exhaustion markers, persistent T cell markers) are determined. Tumor-associated
antigens (TAA) for each specific tumor type are indicated. Note that not all CAR T cells directed against
these TAAs were evaluated in PDX models.

About 10 years ago, a matched patient’s tumor and T cells were engrafted in NSG mice to show the
cancer patient’s T cells can function as CAR T cells [60]. Another study showed the efficacy of CAR T
cells in PDX mice for 3 different patient hepatocarcinoma tumors. Two PDX mice eradicated the tumors
upon CAR T cell therapy, while one was resistant and showed upregulation of checkpoint inhibitor
molecules [61]. This can predict that a combinatorial CAR T and check point inhibitor treatment
might be recommended in this particular patient. PDX models allow indeed to asses to some extend
human immune responses to primary cancer cells, which is highly relevant for clinical translation.
Nevertheless, the transfer of human mature T cells into NSG mice such as performed in the PDX
model, usually leads to GvHD, which does not allow long-term follow-up of CAR T cell therapy
efficacy [62,63]. In contrast, Haworth et al. [64], showed that NSG mice reconstituted with human



Cancers 2020, 12, 1915 6 of 23

CD34+ stem and progenitor cells gave rise to in vivo murine-matured human CD3+ T cells, which can
be isolated, genetically modified and reinfused into the same mice. No GvHD was detected in these
mice and they might therefore represent a better model for longterm evaluation of CAR T cell-based
treatments in preclinical settings in the future.

2.3. Fully Autologous Humanized Cancer Model for CAR T Cell Testing

Still these PDX models do not possess a fully functional human immune system and they cannot
fully predict what might happen in cancer patients. Very recently a more complex humanized
mouse model was developed. Jin et al. developed a mouse model for human B-ALL, in which
cancer and immune cells are autologous [65]. Firstly, they engrafted in one NSG recipient, hCD34+

human progenitor cells and a human fetal thymus to generate a humanized mouse with human
immune-competence since T-cell are educated on the co-transplanted human thymic tissue. In parallel,
a second mouse was engrafted with fetal CD34+ cells from the same human donor transduced with a
B-ALL relevant oncogene and developed human B-ALL. Then they engrafted these autologous B-ALL
cells into the firstly developed immune-competent humanized mice to have a valid B-ALL model
mimicking closely the patient situation. In a next step, they produced matching human anti-CD19-CAR
T, which were then reinfused into the B-ALL human like mouse model.

This model has important unique characteristics: (1) a human functional immune system;
(2) autologous B-ALL tumor cells, (3) the CAR T cells are modified autologous T cells and they are
educated on a human thymus. All these characteristics together resulted in a mouse model that,
though complex in its generation, was highly adapted to evaluate human CAR T cell efficacy, resistance
and toxicity.

However, from a practical point of view it will not be evident or feasible to establish such an
autologous model for many different cancer types.

3. Preclinical Evaluation of CAR T and CAR NK Cell Therapies in Humanized Mice

Multiple cancer cell lines, patient malignant blood cells or solid cancer biopsies can be transplanted
into the NSG mice model (Figure 4A) for preclinical evaluation of CAR T cell therapies in terms of
efficacy, safety, persistence, exhaustion, toxicity and immune response, which is illustrated here by
multiple examples (Figure 4B).

Figure 4. Preclinical modeling of CAR T Cell therapy in humanized cancer mice models. (A) Different
humanized mice models for preclinical modeling of different malignancies. (B) The relevant preclinical
data for CAR T cell treatment obtained for the indications in (A).
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3.1. Evaluation of Safety and Toxicity of CAR T or NK Cells in Humanized Mice

Safety of CAR T/NK cell therapy is an important issue. Especially since during the ex vivo
transduction and expansion an unwanted transfer of the CD19-CAR into one single leukemic cell has
led to relapse and death of a patient with a B cell malignancy [66]. Moreover, a serious toxic side-effect
of CAR T cell therapy is cytokine release syndrome and/or off-tumor/on target toxicity as already
reported [34].

Liu et al. [67] therefore build a safety measure into their CAR NK cells. Interestingly, they used
cord blood NK cells which they equipped with an anti-CD19 CAR, an IL-15 expression cassette and an
inducible caspase-9 suicide gene [68] to be able to eliminate the CAR NK cells in case of an adverse
event. IL-15 helps to conserve the stem cell memory T cell phenotype. Notably, IL-15 released from
these CAR NK cells significantly improved their anti-tumor function, proliferation and persistence in a
Raji B cell lymphoma xenograft model [67]. In the same mouse model, these authors demonstrated
that in case of CAR NK toxicity, they were able to activate the suicide gene by injecting a small
dimerizer molecule, which induced rapid and efficient elimination of the CAR NK cells in vivo [67].
These anti-CD19 CAR NK cells derived from cord blood with a build-in safety switch are currently
evaluated in clinical trials (NCT03690310).

GD2 is a ganglioside antigen expressed on the surface of several solid cancer such as neuroblastoma,
glioma, cervical cancer and sarcoma [69,70]. Some clinical trials were extremely successful using GD2
directed CAR T cells for neuroblastoma showing even long-term persistence of CAR T cells [71,72].
However, GD2 is also expressed on healthy neurons, melanocytes and nerve fibers [69,73]. Thus, there is
some concern that central nervous system toxicity might be caused due to CAR T cell mediated neural
destruction. Richman et al. [74], in an attempt to increase anti-GD2 CAR T cell efficacy introduced
into the anti-GD2 scFv a single point mutation. This new GD2-CAR design showed an enhanced
anti-tumor activity against human neuroblastoma xenografts in NSG mice. However, those mice with
the higher tumor reduction, experienced severe brain toxicity [74]. Strong infiltration of CAR T cells
was found in the brain of this humanized cancer mouse model associated with destruction of neurons.
These results give a serious warning that cancer antigens expressed on essential normal healthy cells
is problematic and needs careful attention. Modifications, even minor, in CAR design, might raise
safety problems. Although other anti-GD2 CAR designs [75] did not report brain toxicity in again
other xenograft models of neuroblastoma, caution is warranted and a careful preclinical evaluation
might reveal toxicities before entering into a GD2-CAR T clinical trial. Needless to emphasize that
Phase I CAR T trials targeting neuroblastoma are focusing on safety of the treatment (NCT02107963).
As mentioned above for anti-CD19 CAR NK cells, it might be advisable to introduce a suicide gene to
eliminate the GD2-CAR T in case of severe toxic side-effects.

3.2. Efficacy of Novel ‘Optimized’ CAR Designs in Humanized Mice

For the moment, it is still not completely clear why some CAR T cells persist or not in patients?
Phenotypic changes, exhaustion, poor tumor targeting, immunity, off target toxicity in vivo might all
influence the outcome of CAR T cell therapy. To be able to rationalize new CAR T cell designs and
their production, a method for tracking these cells in vivo would provide invaluable information on
toxicity and pharmacodynamics in the treated patients. Moreover, this might speed up the translation
of CAR T cell therapy in an allogenic setting.

With the objective to facilitate isolation and follow-up of CAR T cell persistence in vivo upon
administration to the patients, Cassucci and colleagues [76], included an extracellular spacer within
CAR itself based on the low-affinity nerve growth factor receptor (NGFR), lacking its intracellular
signaling domains [77,78]. Firstly, this allowed to enrich the CAR+ T cells by a simple anti-NGFR
magnetic bead selection. Secondly, NGFR-spaced CAR T cells directed against CD44 variant 6,
allowed upon infusion into clinically relevant (THP-1 luciferase+ or MM.1S-luciferase+) xenografted
NSG mice, tracking of these CAR T cells by flow cytometry analysis using an anti-NGFR antibody.
This permitted in the NSG xenografts to follow how the CAR T cells expanded, persisted and induced
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a strong antitumor activity against leukemia and myeloma [76]. As a safety feature these authors
also included a suicide gene (thymidine kinase) into the CAR construct, to eliminate the CAR T
cell upon an adverse event for example in an allogenic setting when GvHD occurs [79]. Indeed,
administration of the drug ganciclovir eliminated in the NSG xenografted mice efficiently the CAR
T cells. Since CD44v6 is overexpressed in acute myeloid leukemia and multiple myeloma [80,81],
the NGFR-spacer containing CD44v6 CAR T cell, equipped with a suicide gene entered recently into
clinical trials for these indications (NCT04097301). Interestingly, Weist et al. [82] approached the same
question by labeling CAR T cells with 89Zr-oxine [83,84] before infusion into two xenograft tumor
models for: 1) glioblastoma, in which they administrated 89Zr-oxine labeled CAR T cells targeting
the IL13Rα2 epitope present on this brain tumor and 2) a subcutaneous prostate tumor NSG model,
in which they injected prostate stem cell antigen-targeted CAR T cells [82]. Imaging by positron
emission tomography (PET) allowed with high sensitivity to track the CAR T cells in vivo for tumor
tropism and distribution in a quantitative manner according to the administration route of the CAR
T cells. Brown et al. [85], indeed showed that IL13Rα2 targeted CAR T cells improved anti-tumor
efficacy against glioblastoma especially upon local intracranial delivery. Therefore, CAR T cell tracking
might clearly allow to predict the effect of CAR T cell design and administration route on in vivo
performance for clinical applications.

To minimize the risk of antigen escape by leukemic cells that lost CD19 expression, a bi-specific
CAR was designed targeting two B-cell specific molecules, CD19 and CD20. In contrast to CD19-CAR
T cells that only targeted CD19+ leukemic cells, the bispecific CD19/CD20-CAR T cells also eradicated
all leukemic cells, even those that lost CD19 expression at the surface in a xenograft NSG model [86].
Interestingly, anti-CD19 CAR T cell therapy was evaluated in a B-CLL xenograft mice model by
injecting into mice B cell lines carrying individual KOs representative for the mutational landscape in
B-CLL [87]. In vivo, they confirmed that anti-CD19 CAR T cells prolonged survival of the different
genetic classes of B-CLL tumor cells and revealed a differential anti-tumor efficacy according to the
mutation introduced [87]. This emphasizes the need for more personalized and optimized CAR design
in treatment of B-CLL.

3.3. Persistence and Exhaustion of CAR T and NK Cells in Vivo

CAR T cells are usually generated from PBMCs and expanded by culture in the presence of IL-2 [88].
However, this means that the autologous T cells after expansion are phenotypically heterogeneous and
consist mostly of highly differentiated T cells: effector memory (Tem) or effector T cells (Teff), which
are prone to exhausting and do not readily persist in vivo. In contrast, when less differentiated naive
or stem cell memory T cells (Tscm) were engineered for CAR expression, these induce more potent
antitumor responses than the previously mentioned T cell subsets [89–91]. IL-7 and IL-15 culture or
expression of IL-15 by the CAR T cell itself, seemed to preserve Tscm cells expressing CARs [92,93].
Therefore, the objective of Alizadeh et al. [94] was to produce CAR T cells that are less exhausted
and less differentiated by expanding them in the presence of IL-15. These authors confirmed the
preservation of Tscm CAR T cells in the presence of IL-15 as compared to IL-2. Moreover, they expanded
anti-CD19 CAR T cells in IL-15 and IL-2 and administrated them to NSG mice xenografted with a
luciferase marked Raji B cell line. The IL-15 expanded CAR T cells outperformed by far the ones
expanded in IL-2 in terms of antitumor potency and persistence in vivo in this model [94]. Interestingly,
this can probably be contributed to the fact that IL-15 expanded CAR T cells downregulate their mTORC
activity, leading to a metabolic switch in the CAR T cells from glycolysis to mitochondrial respiration,
a hallmark of persisting memory T cells [14,15,94]. Additionally, this IL-15 effect was independent of
the CAR design (costimulatory domain CD28 or 4-1BB) and CAR T cell target (anti-CD19 CAR for B
cell targeting or anti-IL-13Ra2-CAR for glioblastoma). This opens the possibility to improve future
CAR T cell therapies.

Heczay and coworkers [95], selected yet another T cell subset for CAR expression,
the CD1d-restricted natural killer T (NKT) cells. These have intrinsic anti-tumor properties and
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CD1d is expressed on only a few cell types, limiting potential toxicity (GvHD) in autologous or
allogenic settings [96]. These authors equipped the NKT cells with a CAR against GD2 ganglioside,
highly expressed on neuroblastoma [71]. Especially the third generation GD2 CAR design with
both the CD28 and 4-1BB costimulatory domains enhanced in vivo persistence of these NKT CAR
cells and revealed potent antitumor activity in a xenograft NSG model of metastatic neuroblastoma,
including a human blood system. This model closely mimics what is detected in the patients, since the
hematopoietic system is required for growth/maintenance of NB tumors. Repeated administration of
the NKT CAR cells, not possible with CAR T cells due to rejection, increased survival of this mouse
model without inducing GvHD.

In some specific applications, one could prefer transient CAR expression over persistent expression
in vivo. Peripheral T cell lymphomas (PTCLs), for which no effective treatment options exist and
outcome is very poor, became very recently a target disease for CAR T cell therapy. A recent overview
of the mechanisms involved in different PTCLs and the many novel drugs under evaluation underlines
the difficulty to find effective targeted treatments [97,98]. Therefore, targeting of malignant CD4+ T cells
in these T cell lymphomas by an anti-CD4 CAR T cell therapy is considered an option [99]. Engineered
anti-CD4 CAR CD8+ T cells displayed a significant anti-leukemic effect in vivo in a xenograft NSG
mouse engrafted with the KARPAS 299 aggressive PTCL cell line. However, since anti-CD4 CAR T
cells can persist over months or years, patients might suffer from immunodeficiency due to a severe
side-effect: the prolonged elimination not only of malignant but also healthy CD4+ T cells. In this
particular application, one could prefer transient CAR expression over persistent expression in vivo.
Since in contrast to CAR T cells, CAR NK cells have a limited lifespan, with a turn-over of about
2 weeks [44], they might be the target cell of choice for anti-CD4 CAR therapy in PTCL. It is expected
that these CAR NK cells disappear shortly after eliminating the cancer cells and thus have a lower risk
of long-term toxicity. Pinz et al. demonstrated that anti-CD4 CAR NK cells significantly prolonged
survival of PTCL xeno-grafted mice by lysis of the tumor cells [99]. This opens a new avenue of
curative treatments for PTCL patient with no or little therapeutic options. Since CD4 is expressed at
high level on acute myeloid leukemia cells (AML), Salman et al. [58] evaluated anti-CD4 CAR NK cells
in a NSG mice injected with luciferase-expressing MOLM-13 leukemic cells. These anti-CD4 CAR NKs
showed 98% tumor regression by day 9, which was much more efficient as compared to unmodified
NK treated mice [58].

Chen et al. [26] adapted a similar approach by targeting CD5, a marker expressed at the surface of
a majority of T-cell malignancies including T-ALL and T cell lymphomas [100,101]. Anti-CD5 CAR
NK cells inhibited and controlled cancer progression in xenograft mouse models of T-ALL but failed
though to eradicate established tumor cells [26]. Moreover, the CAR NK cells did not persist since they
were not detected 30 days post-injections, again emphasizing that CAR NK cell expression is transient.
Alternatively, anti-CD5 CAR T and NK cells as reported by Mamonkin et al. [27] also allowed inhibition
of disease progression in a T-ALL xenograft model. Maciocia et al. [102] choose another strategy to
avoid CAR T cell-induced immunodeficiency in T cell lymphomas when targeting malignant T cells.
Since TCR-αβ is highly expressed on T cell cancers [103], they suggested to target CAR T cells to one of
two existing TCR β chain constant regions either encoded by TRBC1 or TRBC2 in a mutually exclusive
manner [104,105]. Hence, T cell lymphoma cells which are normally monoclonal, will express either
TRBC1 or TRBC2. They decided to target CAR T cells to TRBC1 in a model where the malignant T cells
are homogenously expressing TRBC1. NSG mice injected with TRBC1+ Jurkat cells and TRBC2+ JKO
cells, when treated with a TRBC1- directed CAR T cells, showed complete elimination of the Jurkat
cells while the JKO T cells were the only surviving T cells. Moreover, co-injection of human PBMCs
with TRBC1+ Jurkat cells in NSG followed by TRBC1 CAR T cell injection resulted in human non-CAR
T cell survival confirming the persistence of healthy T cells during Jurkat elimination [102]. Since only
one third of the healthy T cells expresses TRBC1, elimination of those healthy T cells in the clinic would
not result in severe immunosuppression.
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Normally the target cell for CAR T cell expression are mature T or NK cells. To allow persistence
of the CAR T cells some authors introduced the CAR already at the level of the hematopoietic
stem cell [106] since this results in continuous output of CAR-modified T cells and a long-term
persistence of anti-cancer immunity. Larson et al. [107] introduced an anti-CD19 CAR into HSCs.
The CAR-modified HSCs were transplanted into newborn NSG mice, which allowed to detect output
in vivo of anti-CD19-CAR T cells in the blood of these humanized mice. Moreover, subsequent injection
of malignant Raji B cells showed that the NSG mice engrafted with anti-CD19 CAR-transduced HSCs
did not develop tumors even after 120 days in contrast to non-transduced HSC recipient mice, which
developed huge-sized tumors and did not survive more than 60 days [107].

3.4. Avoiding Immune Response Against CAR T Cells in Vivo

Importantly, the early CARs harbor a murine antigen domain, which can potentially induce an
immune response in the patients leading to premature elimination of the CAR T cells and might result
in tumor relapse [8,108,109]. To overcome this issue, one team developed a fully human CD19-specific
CAR, which proved functional for eliminating a human lymphoma xenograft in NSG mice [110].
Alabanza et al. [111] improved this design by humanizing the anti-CD19 CAR even more through
insertion of a hinge and transmembrane domains (TM) of human CD8. This TM caused weaker T cell
activation and lower cytokine release than the CD28 TM domain in a xenograft mouse model [111].
A recent clinical trial using this optimized CAR confirmed these results and concluded that the hinge
and TM domain included in the CAR dictated the levels of cytokines released by the CAR T cells [112].

Blum et al. developed a humanized CAR against the B cell maturation Antigen (BCMA) [113].
BCMA-CAR T cells eradicated the tumor cells both in a multiple myeloma and a B cell lymphoma
xenograft model [113]. BCMA CAR T cells were also able to target other B cells malignancies in
humanized NSG mice in another study [114]. It is clear that a fully humanized CAR may reduce
immune rejection compared to a murine-based CAR. In an attempt to reduce immune response even
further, Lam and colleagues developed an anti-BCMA CAR carrying only a fully human heavy-chain
variable domain instead of a complete scFv [115]. NSG mice were transplanted with MM.1S multiple
myeloma cell line or with a human myeloma cell line. After establishing solid tumors, injection
of anti-BCMA CAR T cells confirmed complete elimination of the tumors. Interestingly, long-term
persistence and higher expansion of CAR T cells was only found in vivo when the CAR including
only the heavy-chain of anti-BCMA scFv was combined with the 4-1BB co-stimulatory domain but not
when including a CD28 co-stimulatory domain [115]. The same strategy was adapted for an anti-CD33
CAR for treatment of acute myeloid leukemia (AML) cells, which express high levels of the CD33
antigen [116].

CAR T cell therapy encounters in vivo multiple obstacles such as inhibitory signals from the
tumor and its microenvironment. The latter can express the inhibitory ligands, programmed death
ligand 1 (PDL-1) and 2 (PDL-2) for PD-1, which can is upregulated on activated CAR T cells [117]
or NK cells. This PDL-1/PDL-2 binding to PD-1 h dampens the function and reduces persistence of
these gene-modified cells [118–124]. To overcome this particular problem, CAR T and NK cells have
been developed, in which inhibitory receptors were removed [125–130] or that express costimulatory
signals or secrete factor that can re-activate the immune system such as inhibitors or cytokines [131,132].
One of those immune stimulating cytokines is IL-12P70, which was reported to increase CAR T cell
activity [133–135]. Sachdeva et al. [136] achieved using an elegant strategy two objectives at once
by gene editing of CAR T cells, in which they placed the IL-12P70 expression into the PDCD1 locus
coding for PD1. By this means the secretion of IL-12P70 is under the control of PDCD1 regulatory
elements, thus will only be expressed when the CAR T cells encounters the tumor antigen. Moreover,
this concomitantly led to abolishment of PD1 expression on the CAR T cells, one major checkpoint
of T cell function. In NSG mice xenografted with luciferase+ Raji cells, these authors demonstrated
that the IL-12 secreting CAR T cells Knock-out (KO) for PDCD1 increased significantly antitumor



Cancers 2020, 12, 1915 11 of 23

activity and CAR T cell accumulation compared to CAR T cells KO for PDCD1 alone or CAR T cell
counterparts [136]. These results might be explained by the controlled IL-12P70 secretion [133–135,137].

3.5. CAR T Cell Combination Therapy Evaluation

Very recently Parihar et al. [138] reported an interesting combinatorial approach to improve
CAR T cell activity against solid tumors. They decided to combine CAR NK and CAR T cell therapy.
NK cells strongly express NKG2D [139], a cytotoxicity receptor, for which the ligand is overexpressed
on several solid tumors and on tumor-infiltrating myeloid-derived suppressor cells (MDSC) [140].
Binding of the ligand to NKG2D receptor reduced NK anti-tumor activity. The authors [138] showed
that NK cells expressing a CAR against the NKG2D receptor [141], are able to eliminate the suppressive
myeloid cells in the tumor and counteract in this way the immunosuppression to allow tumor-specific
CAR T cells to persist and function in the tumor micro-environment. They used a xenograft model
of neuroblastoma, in which they reconstituted a tumor micro-environment by co-injection of LAN-1
tumor cells with human MDSC cells subcutaneously into NSG mice. These were then treated with
NKG2D directed NKs followed by GD2 (target on neuroblastoma) directed CAR T cells. In vivo MDSC
cells were eliminated by the CAR NK cells from the tumor and increased recruitment of the CAR T
cells into the solid tumors was demonstrated with strong tumor regression as compared to CAR T
cell infusion alone. These data might argue for a combination of immune therapies for solid tumors.
This is only one of the examples for combinatory approaches with CAR T cell therapy but multiple
were tested in NSG xenograft models [142–144].

3.6. Mechanism of CAR T Cell Action

A major barrier to efficacy in CAR T cell therapy is T cell exhaustion, characterized by
expression of inhibitory receptors and transcriptional and epigenetic alterations [145–147]. But the
mechanism underlying CAR T cell exhaustion and dysfunction were up to recently not clear. Therefore,
Lynn et al. [148] investigated this important issue using a tonically signaling CAR, driving healthy
CAR T cells to exhaustion [12]. In these exhausted T cells dysregulation of Activator protein 1
(AP-1) transcription factor-binding motifs and increased expression of basic leucine zipper (bZIP)
and interferon regulating factor (IRF) were detected. Importantly, these genes are implicated in the
regulation of gene signatures of exhaustion. Lynn et al. [148] hypothesized exhaustion may be due to
deficiency in c-jun/c-Fos/AP-1 heterodimers. Remarkably, c-jun overexpressing CAR T cell became
resistant to exhaustion and upon antigen encounter, they showed higher production of IL-2 and
IFNγ and increased levels of stem cell memory and central memory phenotype, characteristics of
long-term persisting T cells. Moreover, using the Nalm6-GD2+ leukemia xenograft NSG model, c-jun
overexpressing CAR T cells were superior for anti-tumor activity even when antigen expression on
cancer cells was low. Importantly, c-jun-expressing CAR T cells demonstrated enhanced anti-tumor
function in solid tumors. For example, c-jun+ Her2 targeted CAR T cells showed improved survival
for 143B osteosarcoma tumor growth in vivo and strong in vivo expansion of these CAR T cells
compared to control counterpart Her2 CAR T cells. Moreover, single cell analysis of infiltrating c-jun+

Her2 CAR T cells showed their strong proliferation, activation and downregulation of exhaustion
markers. In conclusion, overexpression of c-Jun in CAR T cells avoided phenotypic and functional T
cell exhaustion and accordingly increased anti-tumor control in several preclinical xenograft mouse
models, which encourages clinical testing of Jun+ CAR T cells in the future. However, safety testing
(off-target effects) is still required before entry into the clinical can be considered.

Xenograft NSG-based tumor models also aided in revealing why CAR T cell therapy induced
tumor relapse in the clinic through tumor antigen loss or reduced expression of the CAR targeted
antigen [112,149–153]. Hamieh et al. [153] used a NALM6 B cell acute lymphoblastic leukemia xenograft
model (ALL), in which they infused a low dose of anti-CD19 CAR T cells leading to tumor relapse.
In vivo CD19 expression was strongly reduced on the NALM6 cells, while surprisingly a fraction of
the CAR T cells stained positive for CD19. These authors revealed that this was due to an active
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process in which the target antigen (CD19) is transferred from B cells to T cells, a mechanism called
trogocytosis [153]. This diminishes antigen density on the cancer cells and thus their killing but
additionally also leads to CD19+ T cell killing and exhaustion. This finding dictates the rationale for
combinatorial targeting CAR T cell strategies.

4. In Vivo CAR T Cell Generation Using Lentiviral Vectors Targeted to Specific Human T Cells

4.1. Advantages of in Vivo CAR T Cell Generation

The delivery of therapeutic or relevant genes directly into the organism is called in vivo gene
delivery. In vivo targeted CAR delivery to T cells would represent a big step forward in the field of
cancer therapy.

Importantly, CAR transfer in vivo must be specific for the target T cell to avoid transfer in malignant
cells and the risk of transducing antigen presenting cells (APCs), which might elicit a transgene specific
immune response leading to elimination of CAR T cells. Freshly isolated T lymphocytes, though,
are not susceptible to classical VSV-G pseudotyped lentiviral vector transduction, unless they are
stimulated through the TCR to allow efficient gene transfer [50,154]. This ex vivo transduction and
amplification process to generate CAR T cells, clearly changes their phenotype and long-term in vivo
persistence before infusion. Moreover, ex vivo CAR T cell therapy remains a personalized treatment
since it requires ex vivo production of gene-modified autologous cells using high doses of vectors.
These manufacturing processes are extremely costly. In vivo administration of the vector would omit
this labor-intensive and costly ex vivo process. In summary, in vivo gene therapy, consisting of a single
injection of a vector encoding CARs into the blood stream, might make CAR T cell therapy more
broadly available to patients.

4.2. Evaluation of in Vivo CAR T Cell Generation in Humanized Mice

Humanized mice provide a unique system to evaluate the genetic modification by vectors
targeted to specific cell types in vivo. As stated already above, the immunodeficient NOD/SCID,
γc−/− (NSG) mice [155,156] allow high level engraftment of human HSCs and reconstitution with
human lymphoid immune cells but are still refractory in the human myeloid lineage [157]. Meanwhile,
improved humanized mouse models have been reported, which supported much better myeloid
differentiation [158,159]. In the future, these will be the better models to evaluate specificity of targeted
vectors for transduction of subtypes of T cells upon in vivo administration. But for the moment study
of in vivo CAR T cell engineering, relied on the well characterized NSG mouse model.

As mentioned above it would be of great benefit if the CAR-encoding vectors could be injected
directly in vivo to transduce the cells of choice, e.g., human CD4+ or CD8+ T cells. LVs were retargeted
specifically to human CD4 and CD8 T cells through introduction of a scFv or a Designed Ankyrin repeat
protein (DARPIN) directed against CD4 or CD8 epitopes into the measles virus (MV) glycoprotein
H. These CD4-MV and CD8-MV retargeted vectors showed, exclusive gene transfer into the CD4+

or CD8+ subset of hT cells, respectively, in vitro in human PBMCs. Remarkably, also in vivo upon
systemic delivery in NSG mice humanized with hPBMCs targeted gene transfer into the CD4+ or CD8+

T cells was confirmed [160,161]. Additionally, CD4-MV LVs also specifically targeted CD4 T cells in
HSC-humanized NSG mice [161].

The same research team developed LVs pseudotyped with receptor-retargeted Nipah virus
glycoproteins (NiV-LVs) [162]. These NiV-LVs could be produced at higher titers and were not
inactivated in vivo since in the human serum no neutralizing antibodies against Niv are present.

Importantly, Pfeifer et al. has very recently performed a first step toward in vivo reprogramming of
CAR T cells using CD8 T cell directed NiV-LVs encoding for an anti-CD19 CAR. A single administration
of the anti-CD19 CAR encoding CD8NiV-LVs in the blood stream of HSC-humanized NSG mice
generated anti-CD19 CAR-expressing CD8 T cells in vivo, which induced the elimination of the CD19+

B cells from all hematopoietic tissues (Figure 5A; [163]). The generation of these CAR T cells in vivo
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was associated with the induction of CRS in some mice, similar to patients infused with CAR T cells,
which underlines the need for supplemental optimization [163].

Figure 5. In vivo CAR T cell generation in humanized mice. (A) Cord blood CD34+ cells were injected
into NSG mice and humanized for 8-10 weeks before injection of the CD8-targeted (CD8NiV)-LV
encoding for a CAR-directed against CD19 present on B cells. Mice were sacrificed at 5-12 weeks for
FACS analysis of the immune cells. The CAR expression was revealed exclusively in hCD8 T cells,
which were amplified in vivo through contact with CD19+ B cells. Upon contact these gene-modified
CD8 T cells were able to eliminate the human B cells in the different hematopoietic tissues (blood,
spleen, bone marrow). (B) B cell line xenografted NSG mice, were subsequently infused with human
PBMCs. Upon tumor formation and human immune cell reconstitution, the NSG mice were injected
with CD8-targeted (CD8NiV)-LV encoding for a CAR-directed against CD19 present on tumor B cells.
The CAR expression was revealed exclusively in hCD8 T cells, which were amplified in vivo through
contact with CD19+ on the tumor B cells. Upon contact these gene-modified CD8 T cells were able to
eliminate the tumor B cells.

More recently, this team evaluated the same CD8NiV-LV delivering the anti-CD19 CAR in an
NSG mice engrafted with CD19+ Nalm-6 tumor cells, followed by injection with human PBMCs [164].
A single injection of this CD8 targeted LV was sufficient to eliminate CD19+ Nalm-6 tumor cells, whereas
in control animals tumor cells expanded in a uncontrolled manner [164]. Surprisingly, they detected
also anti-CD19 CAR expression at the surface of NKT cells in vivo, since these cells also express the
CD8α chain, the target of the CD8NiV-LV particles. This study provides for the first time a clear
evidence of in vivo anti-CD19 CAR T cell generation in a cancer xenograft model (Figure 5B).

Although the humanized mice in this context is extremely useful as a preclinical model for in vivo
evaluation of vectors targeted to specific immune cells, we have to be prudent in directly translating
these results to patients since these mice lack a fully functional human immune system. Clearly, further
testing in immune competent model (e.g., non-human primates) is warranted before moving to a
clinical trial with in vivo CAR T cell gene therapy [165].

5. Conclusions

Humanized mice have been instrumental in evaluating safety, efficacy, and specificity of CAR
T and NK cell therapy directed against various cancer antigens on numerous cancers. What’s more,
they often provide the missing link between the proof of concept of innovative strategies to overcome
current limitations in CAR T cells and their translation into the clinic. For the moment, CAR T cells
have been approved in the clinic for some hematological malignancies, and ongoing trials hopefully
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will extend CAR T application to solid tumors, for which new treatment options are urgently needed.
Importantly, NK CAR T cells are not approved as a clinical drug yet and preclinical and clinical testing
is still required before they will be available to patients. Among these hurdles, CAR T and NK cells
encounter immune responses, inhibitory signals from the tumor cells and tumor microenvironment,
toxic side-effects, and loss of long-term persistence among others. The field is actively looking for
solutions to these obstacles by multiple inventive approaches, including gene editing techniques and
in vivo generation of CAR T cells to improve accessibility of the CAR T cell therapy to more patients.
In the future, improved mice models that mimic even closer human hematopoiesis and immune
response [166] will help the field to address questions otherwise still unanswered.

Author Contributions: E.V. and R.M. have contributed to original draft preparation, review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: E.V. is inventor on a patent of the receptor targeted Niv-LVs, which is under license
with SANA.

References

1. June, C.H.; Riddell, S.R.; Schumacher, T.N. Adoptive cellular therapy: A race to the finish line. Sci. Transl. Med.
2015, 7. [CrossRef] [PubMed]

2. Posey, A.D., Jr.; Schwab, R.D.; Boesteanu, A.C.; Steentoft, C.; Mandel, U.; Engels, B.; Stone, J.D.; Madsen, T.D.;
Schreiber, K.; Haines, K.M.; et al. Engineered CAR T Cells Targeting the Cancer-Associated Tn-Glycoform of
the Membrane Mucin MUC1 Control Adenocarcinoma. Immunity 2016, 44, 1444–1454. [CrossRef] [PubMed]

3. Brocker, T. Chimeric Fv-zeta or Fv-epsilon receptors are not sufficient to induce activation or cytokine
production in peripheral T cells. Blood 2000, 96, 1999–2001. [CrossRef] [PubMed]

4. Kershaw, M.H.; Westwood, J.A.; Parker, L.L.; Wang, G.; Eshhar, Z.; Mavroukakis, S.A.; White, D.E.;
Wunderlich, J.R.; Canevari, S.; Rogers-Freezer, L.; et al. A phase I study on adoptive immunotherapy using
gene-modified T cells for ovarian cancer. Clin. Cancer Res. 2006, 12, 6106–6115. [CrossRef] [PubMed]

5. Lamers, C.H.; Sleijfer, S.; Vulto, A.G.; Kruit, W.H.; Kliffen, M.; Debets, R.; Gratama, J.W.; Stoter, G.;
Oosterwijk, E. Treatment of metastatic renal cell carcinoma with autologous T-lymphocytes genetically
retargeted against carbonic anhydrase IX: First clinical experience. J. Clin. Oncol. 2006, 24, e20–e22. [CrossRef]
[PubMed]

6. Dotti, G.; Gottschalk, S.; Savoldo, B.; Brenner, M.K. Design and development of therapies using chimeric
antigen receptor-expressing T cells. Immunol. Rev. 2014, 257, 107–126. [CrossRef] [PubMed]

7. Sadelain, M.; Brentjens, R.; Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discov.
2013, 3, 388–398. [CrossRef] [PubMed]

8. Maus, M.V.; Haas, A.R.; Beatty, G.L.; Albelda, S.M.; Levine, B.L.; Liu, X.; Zhao, Y.; Kalos, M.; June, C.H. T cells
expressing chimeric antigen receptors can cause anaphylaxis in humans. Cancer Immunol. Res. 2013, 1, 26–31.
[CrossRef] [PubMed]

9. Firor, A.E.; Jares, A.; Ma, Y. From humble beginnings to success in the clinic: Chimeric antigen
receptor-modified T-cells and implications for immunotherapy. Exp. Biol. Med. 2015, 240, 1087–1098.
[CrossRef] [PubMed]

10. Brentjens, R.J.; Davila, M.L.; Riviere, I.; Park, J.; Wang, X.; Cowell, L.G.; Bartido, S.; Stefanski, J.;
Taylor, C.; Olszewska, M.; et al. CD19-targeted T cells rapidly induce molecular remissions in adults
with chemotherapy-refractory acute lymphoblastic leukemia. Sci. Transl. Med. 2013, 5. [CrossRef] [PubMed]

11. Lee, D.W.; Kochenderfer, J.N.; Stetler-Stevenson, M.; Cui, Y.K.; Delbrook, C.; Feldman, S.A.; Fry, T.J.;
Orentas, R.; Sabatino, M.; Shah, N.N.; et al. T cells expressing CD19 chimeric antigen receptors for acute
lymphoblastic leukaemia in children and young adults: A phase 1 dose-escalation trial. Lancet 2015, 385,
517–528. [CrossRef]

12. 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] [PubMed]

http://dx.doi.org/10.1126/scitranslmed.aaa3643
http://www.ncbi.nlm.nih.gov/pubmed/25810311
http://dx.doi.org/10.1016/j.immuni.2016.05.014
http://www.ncbi.nlm.nih.gov/pubmed/27332733
http://dx.doi.org/10.1182/blood.V96.5.1999
http://www.ncbi.nlm.nih.gov/pubmed/10961908
http://dx.doi.org/10.1158/1078-0432.CCR-06-1183
http://www.ncbi.nlm.nih.gov/pubmed/17062687
http://dx.doi.org/10.1200/JCO.2006.05.9964
http://www.ncbi.nlm.nih.gov/pubmed/16648493
http://dx.doi.org/10.1111/imr.12131
http://www.ncbi.nlm.nih.gov/pubmed/24329793
http://dx.doi.org/10.1158/2159-8290.CD-12-0548
http://www.ncbi.nlm.nih.gov/pubmed/23550147
http://dx.doi.org/10.1158/2326-6066.CIR-13-0006
http://www.ncbi.nlm.nih.gov/pubmed/24777247
http://dx.doi.org/10.1177/1535370215584936
http://www.ncbi.nlm.nih.gov/pubmed/25956686
http://dx.doi.org/10.1126/scitranslmed.3005930
http://www.ncbi.nlm.nih.gov/pubmed/23515080
http://dx.doi.org/10.1016/S0140-6736(14)61403-3
http://dx.doi.org/10.1038/nm.3838
http://www.ncbi.nlm.nih.gov/pubmed/25939063


Cancers 2020, 12, 1915 15 of 23

13. Porter, D.L.; Hwang, W.T.; Frey, N.V.; Lacey, S.F.; Shaw, P.A.; Loren, A.W.; Bagg, A.; Marcucci, K.T.; Shen, A.;
Gonzalez, V.; et al. Chimeric antigen receptor T cells persist and induce sustained remissions in relapsed
refractory chronic lymphocytic leukemia. Sci. Transl. Med. 2015, 7, 303139. [CrossRef] [PubMed]

14. Kawalekar, O.U.; O’Connor, R.S.; Fraietta, J.A.; Guo, L.; McGettigan, S.E.; Posey, A.D., Jr.; Patel, P.R.;
Guedan, S.; Scholler, J.; Keith, B.; et al. Distinct Signaling of Coreceptors Regulates Specific Metabolism
Pathways and Impacts Memory Development in CAR T Cells. Immunity 2016, 44, 380–390. [CrossRef]
[PubMed]

15. Van Bruggen, J.A.C.; Martens, A.W.J.; Fraietta, J.A.; Hofland, T.; Tonino, S.H.; Eldering, E.; Levin, M.D.;
Siska, P.J.; Endstra, S.; Rathmell, J.C.; et al. Chronic lymphocytic leukemia cells impair mitochondrial fitness
in CD8(+) T cells and impede CAR T-cell efficacy. Blood 2019, 134, 44–58. [CrossRef] [PubMed]

16. Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.;
Stefanski, H.E.; Myers, G.D.; et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic
Leukemia. N. Engl. J. Med. 2018, 378, 439–448. [CrossRef] [PubMed]

17. Park, J.H.; Riviere, I.; Gonen, M.; Wang, X.; Senechal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.;
Mead, E.; et al. Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl.
J. Med. 2018, 378, 449–459. [CrossRef] [PubMed]

18. Turtle, C.J.; Hay, K.A.; Hanafi, L.A.; Li, D.; Cherian, S.; Chen, X.; Wood, B.; Lozanski, A.; Byrd, J.C.;
Heimfeld, S.; et al. Durable Molecular Remissions in Chronic Lymphocytic Leukemia Treated With
CD19-Specific Chimeric Antigen Receptor-Modified T Cells After Failure of Ibrutinib. J. Clin. Oncol.
2017, 35, 3010–3020. [CrossRef] [PubMed]

19. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.;
Oluwole, O.O.; Siddiqi, T.; Lin, Y.; et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large
B-Cell Lymphoma. N. Engl. J. Med. 2017, 377, 2531–2544. [CrossRef] [PubMed]

20. Schuster, S.J.; Svoboda, J.; Chong, E.A.; Nasta, S.D.; Mato, A.R.; Anak, O.; Brogdon, J.L.; Pruteanu-Malinici, I.;
Bhoj, V.; Landsburg, D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N. Engl.
J. Med. 2017, 377, 2545–2554. [CrossRef] [PubMed]

21. 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. [CrossRef] [PubMed]

22. Kochenderfer, J.N.; Dudley, M.E.; Feldman, S.A.; Wilson, W.H.; Spaner, D.E.; Maric, I.; Stetler-Stevenson, M.;
Phan, G.Q.; Hughes, M.S.; Sherry, R.M.; et al. B-cell depletion and remissions of malignancy along with
cytokine-associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-transduced T cells.
Blood 2012, 119, 2709–2720. [CrossRef] [PubMed]

23. Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric antigen receptor-modified T cells in
chronic lymphoid leukemia. N. Engl. J. Med. 2011, 365, 725–733. [CrossRef] [PubMed]

24. Townsend, M.H.; Shrestha, G.; Robison, R.A.; O’Neill, K.L. The expansion of targetable biomarkers for CAR
T cell therapy. J. Exp. Clin. Cancer Res. 2018, 37, 163. [CrossRef] [PubMed]

25. Wang, Y.; Luo, F.; Yang, J.; Zhao, C.; Chu, Y. New Chimeric Antigen Receptor Design for Solid Tumors.
Front. Immunol. 2017, 8, 1934. [CrossRef] [PubMed]

26. Chen, K.H.; Wada, M.; Pinz, K.G.; Liu, H.; Lin, K.W.; Jares, A.; Firor, A.E.; Shuai, X.; Salman, H.;
Golightly, M.; et al. Preclinical targeting of aggressive T-cell malignancies using anti-CD5 chimeric antigen
receptor. Leukemia 2017, 31, 2151–2160. [CrossRef] [PubMed]

27. Mamonkin, M.; Rouce, R.H.; Tashiro, H.; Brenner, M.K. A T-cell-directed chimeric antigen receptor for the
selective treatment of T-cell malignancies. Blood 2015, 126, 983–992. [CrossRef] [PubMed]

28. Yan, L.E.; Zhang, H.; Wada, M.; Fang, L.; Feng, J.; Zhang, W.; Chen, Q.; Cao, Y.; Pinz, K.G.; Chen, K.H.; et al.
Targeting Two Antigens Associated with B-ALL with CD19-CD123 Compound Car T Cell Therapy. Stem Cell
Rev. Rep. 2020, 16, 385–396. [CrossRef] [PubMed]

29. Garfall, A.L.; Maus, M.V.; Hwang, W.T.; Lacey, S.F.; Mahnke, Y.D.; Melenhorst, J.J.; Zheng, Z.; Vogl, D.T.;
Cohen, A.D.; Weiss, B.M.; et al. Chimeric Antigen Receptor T Cells against CD19 for Multiple Myeloma.
N. Engl. J. Med. 2015, 373, 1040–1047. [CrossRef] [PubMed]

30. Mihara, K.; Yoshida, T.; Takei, Y.; Sasaki, N.; Takihara, Y.; Kuroda, J.; Ichinohe, T. T cells bearing anti-CD19
and/or anti-CD38 chimeric antigen receptors effectively abrogate primary double-hit lymphoma cells.
J. Hematol. Oncol. 2017, 10, 116. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/scitranslmed.aac5415
http://www.ncbi.nlm.nih.gov/pubmed/26333935
http://dx.doi.org/10.1016/j.immuni.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26885860
http://dx.doi.org/10.1182/blood.2018885863
http://www.ncbi.nlm.nih.gov/pubmed/31076448
http://dx.doi.org/10.1056/NEJMoa1709866
http://www.ncbi.nlm.nih.gov/pubmed/29385370
http://dx.doi.org/10.1056/NEJMoa1709919
http://www.ncbi.nlm.nih.gov/pubmed/29385376
http://dx.doi.org/10.1200/JCO.2017.72.8519
http://www.ncbi.nlm.nih.gov/pubmed/28715249
http://dx.doi.org/10.1056/NEJMoa1707447
http://www.ncbi.nlm.nih.gov/pubmed/29226797
http://dx.doi.org/10.1056/NEJMoa1708566
http://www.ncbi.nlm.nih.gov/pubmed/29226764
http://dx.doi.org/10.1126/scitranslmed.3002842
http://www.ncbi.nlm.nih.gov/pubmed/21832238
http://dx.doi.org/10.1182/blood-2011-10-384388
http://www.ncbi.nlm.nih.gov/pubmed/22160384
http://dx.doi.org/10.1056/NEJMoa1103849
http://www.ncbi.nlm.nih.gov/pubmed/21830940
http://dx.doi.org/10.1186/s13046-018-0817-0
http://www.ncbi.nlm.nih.gov/pubmed/30031396
http://dx.doi.org/10.3389/fimmu.2017.01934
http://www.ncbi.nlm.nih.gov/pubmed/29312360
http://dx.doi.org/10.1038/leu.2017.8
http://www.ncbi.nlm.nih.gov/pubmed/28074066
http://dx.doi.org/10.1182/blood-2015-02-629527
http://www.ncbi.nlm.nih.gov/pubmed/26056165
http://dx.doi.org/10.1007/s12015-019-09948-6
http://www.ncbi.nlm.nih.gov/pubmed/31970687
http://dx.doi.org/10.1056/NEJMoa1504542
http://www.ncbi.nlm.nih.gov/pubmed/26352815
http://dx.doi.org/10.1186/s13045-017-0488-x
http://www.ncbi.nlm.nih.gov/pubmed/28595585


Cancers 2020, 12, 1915 16 of 23

31. Gill, S.; June, C.H. Going viral: Chimeric antigen receptor T-cell therapy for hematological malignancies.
Immunol. Rev. 2015, 263, 68–89. [CrossRef] [PubMed]

32. DeFrancesco, L. CAR-T cell therapy seeks strategies to harness cytokine storm. Nat. Biotechnol. 2014, 32, 604.
[CrossRef] [PubMed]

33. Shimabukuro-Vornhagen, A.; Godel, P.; Subklewe, M.; Stemmler, H.J.; Schlosser, H.A.; Schlaak, M.;
Kochanek, M.; Boll, B.; von Bergwelt-Baildon, M.S. Cytokine release syndrome. J. Immunother. Cancer 2018,
6, 56. [CrossRef] [PubMed]

34. Bonifant, C.L.; Jackson, H.J.; Brentjens, R.J.; Curran, K.J. Toxicity and management in CAR T-cell therapy.
Mol. Ther. Oncolytics 2016, 3, 16011. [CrossRef] [PubMed]

35. Brudno, J.N.; Kochenderfer, J.N. Toxicities of chimeric antigen receptor T cells: Recognition and management.
Blood 2016, 127, 3321–3330. [CrossRef] [PubMed]

36. Chen, F.; Teachey, D.T.; Pequignot, E.; Frey, N.; Porter, D.; Maude, S.L.; Grupp, S.A.; June, C.H.; Melenhorst, J.J.;
Lacey, S.F. Measuring IL-6 and sIL-6R in serum from patients treated with tocilizumab and/or siltuximab
following CAR T cell therapy. J. Immunol. Methods 2016, 434, 1–8. [CrossRef] [PubMed]

37. Chen, H.; Wang, F.; Zhang, P.; Zhang, Y.; Chen, Y.; Fan, X.; Cao, X.; Liu, J.; Yang, Y.; Wang, B.; et al.
Management of cytokine release syndrome related to CAR-T cell therapy. Front. Med. 2019, 13, 610–617.
[CrossRef] [PubMed]

38. Becknell, B.; Caligiuri, M.A. Natural killer cells in innate immunity and cancer. J. Immunother. 2008, 31,
685–692. [CrossRef] [PubMed]

39. Caligiuri, M.A. Human natural killer cells. Blood 2008, 112, 461–469. [CrossRef] [PubMed]
40. Stojanovic, A.; Cerwenka, A. Natural killer cells and solid tumors. J. Innate Immun. 2011, 3, 355–364.

[CrossRef] [PubMed]
41. Godfrey, J.; Benson, D.M., Jr. The role of natural killer cells in immunity against multiple myeloma.

Leuk. Lymphoma 2012, 53, 1666–1676. [CrossRef] [PubMed]
42. Rubnitz, J.E.; Inaba, H.; Ribeiro, R.C.; Pounds, S.; Rooney, B.; Bell, T.; Pui, C.H.; Leung, W. NKAML: A pilot

study to determine the safety and feasibility of haploidentical natural killer cell transplantation in childhood
acute myeloid leukemia. J. Clin. Oncol. 2010, 28, 955–959. [CrossRef] [PubMed]

43. Ferlazzo, G.; Morandi, B. Cross-Talks between Natural Killer Cells and Distinct Subsets of Dendritic Cells.
Front. Immunol. 2014, 5, 159. [CrossRef] [PubMed]

44. Glienke, W.; Esser, R.; Priesner, C.; Suerth, J.D.; Schambach, A.; Wels, W.S.; Grez, M.; Kloess, S.; Arseniev, L.;
Koehl, U. Advantages and applications of CAR-expressing natural killer cells. Front. Pharmacol. 2015, 6, 21.
[CrossRef] [PubMed]

45. Zhang, Y.; Wallace, D.L.; de Lara, C.M.; Ghattas, H.; Asquith, B.; Worth, A.; Griffin, G.E.; Taylor, G.P.;
Tough, D.F.; Beverley, P.C.; et al. In vivo kinetics of human natural killer cells: The effects of ageing and
acute and chronic viral infection. Immunology 2007, 121, 258–265. [CrossRef] [PubMed]

46. Shimasaki, N.; Fujisaki, H.; Cho, D.; Masselli, M.; Lockey, T.; Eldridge, P.; Leung, W.; Campana, D. A clinically
adaptable method to enhance the cytotoxicity of natural killer cells against B-cell malignancies. Cytotherapy
2012, 14, 830–840. [CrossRef] [PubMed]

47. Chu, Y.; Hochberg, J.; Yahr, A.; Ayello, J.; van de Ven, C.; Barth, M.; Czuczman, M.; Cairo, M.S. Targeting
CD20+ Aggressive B-cell Non-Hodgkin Lymphoma by Anti-CD20 CAR mRNA-Modified Expanded Natural
Killer Cells In Vitro and in NSG Mice. Cancer Immunol. Res. 2015, 3, 333–344. [CrossRef] [PubMed]

48. Altvater, B.; Landmeier, S.; Pscherer, S.; Temme, J.; Schweer, K.; Kailayangiri, S.; Campana, D.; Juergens, H.;
Pule, M.; Rossig, C. 2B4 (CD244) signaling by recombinant antigen-specific chimeric receptors costimulates
natural killer cell activation to leukemia and neuroblastoma cells. Clin. Cancer Res. 2009, 15, 4857–4866.
[CrossRef] [PubMed]

49. Kruschinski, A.; Moosmann, A.; Poschke, I.; Norell, H.; Chmielewski, M.; Seliger, B.; Kiessling, R.;
Blankenstein, T.; Abken, H.; Charo, J. Engineering antigen-specific primary human NK cells against
HER-2 positive carcinomas. Proc. Natl. Acad. Sci. USA 2008, 105, 17481–17486. [CrossRef] [PubMed]

50. Bernadin, O.; Amirache, F.; Girard-Gagnepain, A.; Moirangthem, R.D.; Levy, C.; Ma, K.; Costa, C.; Negre, D.;
Reimann, C.; Fenard, D.; et al. Baboon envelope LVs efficiently transduced human adult, fetal, and progenitor
T cells and corrected SCID-X1 T-cell deficiency. Blood Adv. 2019, 3, 461–475. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/imr.12243
http://www.ncbi.nlm.nih.gov/pubmed/25510272
http://dx.doi.org/10.1038/nbt0714-604
http://www.ncbi.nlm.nih.gov/pubmed/25004212
http://dx.doi.org/10.1186/s40425-018-0343-9
http://www.ncbi.nlm.nih.gov/pubmed/29907163
http://dx.doi.org/10.1038/mto.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/27626062
http://dx.doi.org/10.1182/blood-2016-04-703751
http://www.ncbi.nlm.nih.gov/pubmed/27207799
http://dx.doi.org/10.1016/j.jim.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27049586
http://dx.doi.org/10.1007/s11684-019-0714-8
http://www.ncbi.nlm.nih.gov/pubmed/31571160
http://dx.doi.org/10.1097/CJI.0b013e318182de23
http://www.ncbi.nlm.nih.gov/pubmed/18779751
http://dx.doi.org/10.1182/blood-2007-09-077438
http://www.ncbi.nlm.nih.gov/pubmed/18650461
http://dx.doi.org/10.1159/000325465
http://www.ncbi.nlm.nih.gov/pubmed/21502747
http://dx.doi.org/10.3109/10428194.2012.676175
http://www.ncbi.nlm.nih.gov/pubmed/22423650
http://dx.doi.org/10.1200/JCO.2009.24.4590
http://www.ncbi.nlm.nih.gov/pubmed/20085940
http://dx.doi.org/10.3389/fimmu.2014.00159
http://www.ncbi.nlm.nih.gov/pubmed/24782864
http://dx.doi.org/10.3389/fphar.2015.00021
http://www.ncbi.nlm.nih.gov/pubmed/25729364
http://dx.doi.org/10.1111/j.1365-2567.2007.02573.x
http://www.ncbi.nlm.nih.gov/pubmed/17346281
http://dx.doi.org/10.3109/14653249.2012.671519
http://www.ncbi.nlm.nih.gov/pubmed/22458956
http://dx.doi.org/10.1158/2326-6066.CIR-14-0114
http://www.ncbi.nlm.nih.gov/pubmed/25492700
http://dx.doi.org/10.1158/1078-0432.CCR-08-2810
http://www.ncbi.nlm.nih.gov/pubmed/19638467
http://dx.doi.org/10.1073/pnas.0804788105
http://www.ncbi.nlm.nih.gov/pubmed/18987320
http://dx.doi.org/10.1182/bloodadvances.2018027508
http://www.ncbi.nlm.nih.gov/pubmed/30755435


Cancers 2020, 12, 1915 17 of 23

51. Girard-Gagnepain, A.; Amirache, F.; Costa, C.; Levy, C.; Frecha, C.; Fusil, F.; Negre, D.; Lavillette, D.;
Cosset, F.L.; Verhoeyen, E. Baboon envelope pseudotyped LVs outperform VSV-G-LVs for gene transfer into
early-cytokine-stimulated and resting HSCs. Blood 2014, 124, 1221–1231. [CrossRef] [PubMed]

52. Bari, R.; Granzin, M.; Tsang, K.S.; Roy, A.; Krueger, W.; Orentas, R.; Schneider, D.; Pfeifer, R.; Moeker, N.;
Verhoeyen, E.; et al. A Distinct Subset of Highly Proliferative and Lentiviral Vector (LV)-Transducible NK
Cells Define a Readily Engineered Subset for Adoptive Cellular Therapy. Front. Immunol. 2019, 10, 2001.
[CrossRef] [PubMed]

53. Colamartino, A.B.L.; Lemieux, W.; Bifsha, P.; Nicoletti, S.; Chakravarti, N.; Sanz, J.; Romero, H.; Selleri, S.;
Beland, K.; Guiot, M.; et al. Efficient and Robust NK-Cell Transduction With Baboon Envelope Pseudotyped
Lentivector. Front. Immunol. 2019, 10, 2873. [CrossRef] [PubMed]

54. Muller, S.; Bexte, T.; Gebel, V.; Kalensee, F.; Stolzenberg, E.; Hartmann, J.; Koehl, U.; Schambach, A.; Wels, W.S.;
Modlich, U.; et al. High Cytotoxic Efficiency of Lentivirally and Alpharetrovirally Engineered CD19-Specific
Chimeric Antigen Receptor Natural Killer Cells Against Acute Lymphoblastic Leukemia. Front. Immunol.
2019, 10, 3123. [CrossRef] [PubMed]

55. Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Nassif Kerbauy, L.; 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] [PubMed]

56. Hosur, V.; Low, B.E.; Avery, C.; Shultz, L.D.; Wiles, M.V. Development of Humanized Mice in the Age of
Genome Editing. J. Cell. Biochem. 2017, 118, 3043–3048. [CrossRef] [PubMed]

57. De Souza Fernandes Pereira, M.; Fantacini, D.M.C.; Picanco-Castro, V. Generation of Tumor Cells Expressing
Firefly Luciferase (fLuc) to Evaluate the Effectiveness of CAR in a Murine Model. Methods Mol. Biol. 2020,
2086, 237–250. [PubMed]

58. Salman, H.; Pinz, K.G.; Wada, M.; Shuai, X.; Yan, L.E.; Petrov, J.C.; Ma, Y. Preclinical Targeting of Human
Acute Myeloid Leukemia Using CD4-specific Chimeric Antigen Receptor (CAR) T Cells and NK Cells.
J. Cancer 2019, 10, 4408–4419. [CrossRef] [PubMed]

59. Barrett, D.M.; Zhao, Y.; Liu, X.; Jiang, S.; Carpenito, C.; Kalos, M.; Carroll, R.G.; June, C.H.; Grupp, S.A.
Treatment of advanced leukemia in mice with mRNA engineered T cells. Hum. Gene Ther. 2011, 22, 1575–1586.
[CrossRef] [PubMed]

60. Zhao, Y.; Moon, E.; Carpenito, C.; Paulos, C.M.; Liu, X.; Brennan, A.L.; Chew, A.; Carroll, R.G.; Scholler, J.;
Levine, B.L.; et al. Multiple injections of electroporated autologous T cells expressing a chimeric antigen
receptor mediate regression of human disseminated tumor. Cancer Res. 2010, 70, 9053–9061. [CrossRef]
[PubMed]

61. Jiang, Z.; Jiang, X.; Chen, S.; Lai, Y.; Wei, X.; Li, B.; Lin, S.; Wang, S.; Wu, Q.; Liang, Q.; et al. Anti-GPC3-CAR
T Cells Suppress the Growth of Tumor Cells in Patient-Derived Xenografts of Hepatocellular Carcinoma.
Front. Immunol. 2016, 7, 690. [CrossRef] [PubMed]

62. Bendle, G.M.; Linnemann, C.; Hooijkaas, A.I.; Bies, L.; de Witte, M.A.; Jorritsma, A.; Kaiser, A.D.; Pouw, N.;
Debets, R.; Kieback, E.; et al. Lethal graft-versus-host disease in mouse models of T cell receptor gene therapy.
Nat. Med. 2010, 16, 565–570. [CrossRef] [PubMed]

63. Covassin, L.; Laning, J.; Abdi, R.; Langevin, D.L.; Phillips, N.E.; Shultz, L.D.; Brehm, M.A. Human peripheral
blood CD4 T cell-engrafted non-obese diabetic-scid IL2rgamma(null) H2-Ab1 (tm1Gru) Tg (human leucocyte
antigen D-related 4) mice: A mouse model of human allogeneic graft-versus-host disease. Clin. Exp. Immunol.
2011, 166, 269–280. [CrossRef] [PubMed]

64. Haworth, K.G.; Ironside, C.; Norgaard, Z.K.; Obenza, W.M.; Adair, J.E.; Kiem, H.P. In Vivo Murine-Matured
Human CD3(+) Cells as a Preclinical Model for T Cell-Based Immunotherapies. Mol. Ther. Methods Clin. Dev.
2017, 6, 17–30. [CrossRef] [PubMed]

65. Jin, C.H.; Xia, J.; Rafiq, S.; Huang, X.; Hu, Z.; Zhou, X.; Brentjens, R.J.; Yang, Y.G. Modeling anti-CD19 CAR T
cell therapy in humanized mice with human immunity and autologous leukemia. EBioMedicine 2019, 39,
173–181. [CrossRef] [PubMed]

66. Ruella, M.; Xu, J.; Barrett, D.M.; Fraietta, J.A.; Reich, T.J.; 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] [PubMed]

http://dx.doi.org/10.1182/blood-2014-02-558163
http://www.ncbi.nlm.nih.gov/pubmed/24951430
http://dx.doi.org/10.3389/fimmu.2019.02001
http://www.ncbi.nlm.nih.gov/pubmed/31507603
http://dx.doi.org/10.3389/fimmu.2019.02873
http://www.ncbi.nlm.nih.gov/pubmed/31921138
http://dx.doi.org/10.3389/fimmu.2019.03123
http://www.ncbi.nlm.nih.gov/pubmed/32117200
http://dx.doi.org/10.1056/NEJMoa1910607
http://www.ncbi.nlm.nih.gov/pubmed/32023374
http://dx.doi.org/10.1002/jcb.26002
http://www.ncbi.nlm.nih.gov/pubmed/28332231
http://www.ncbi.nlm.nih.gov/pubmed/31707681
http://dx.doi.org/10.7150/jca.28952
http://www.ncbi.nlm.nih.gov/pubmed/31413761
http://dx.doi.org/10.1089/hum.2011.070
http://www.ncbi.nlm.nih.gov/pubmed/21838572
http://dx.doi.org/10.1158/0008-5472.CAN-10-2880
http://www.ncbi.nlm.nih.gov/pubmed/20926399
http://dx.doi.org/10.3389/fimmu.2016.00690
http://www.ncbi.nlm.nih.gov/pubmed/28123387
http://dx.doi.org/10.1038/nm.2128
http://www.ncbi.nlm.nih.gov/pubmed/20400962
http://dx.doi.org/10.1111/j.1365-2249.2011.04462.x
http://www.ncbi.nlm.nih.gov/pubmed/21985373
http://dx.doi.org/10.1016/j.omtm.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28649577
http://dx.doi.org/10.1016/j.ebiom.2018.12.013
http://www.ncbi.nlm.nih.gov/pubmed/30579863
http://dx.doi.org/10.1038/s41591-018-0201-9
http://www.ncbi.nlm.nih.gov/pubmed/30275568


Cancers 2020, 12, 1915 18 of 23

67. 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 2018, 32, 520–531. [CrossRef] [PubMed]

68. Di Stasi, A.; Tey, S.K.; Dotti, G.; Fujita, Y.; Kennedy-Nasser, A.; Martinez, C.; Straathof, K.; Liu, E.; Durett, A.G.;
Grilley, B.; et al. Inducible apoptosis as a safety switch for adoptive cell therapy. N. Engl. J. Med. 2011, 365,
1673–1683. [CrossRef] [PubMed]

69. Alvarez-Rueda, N.; Desselle, A.; Cochonneau, D.; Chaumette, T.; Clemenceau, B.; Leprieur, S.; Bougras, G.;
Supiot, S.; Mussini, J.M.; Barbet, J.; et al. A monoclonal antibody to O-acetyl-GD2 ganglioside and not to
GD2 shows potent anti-tumor activity without peripheral nervous system cross-reactivity. PLoS ONE 2011,
6, e25220. [CrossRef] [PubMed]

70. Cahan, L.D.; Irie, R.F.; Singh, R.; Cassidenti, A.; Paulson, J.C. Identification of a human neuroectodermal
tumor antigen (OFA-I-2) as ganglioside GD2. Proc. Natl. Acad. Sci. USA 1982, 79, 7629–7633. [CrossRef]
[PubMed]

71. Louis, C.U.; Savoldo, B.; Dotti, G.; Pule, M.; Yvon, E.; Myers, G.D.; Rossig, C.; Russell, H.V.; Diouf, O.;
Liu, E.; et al. Antitumor activity and long-term fate of chimeric antigen receptor-positive T cells in patients
with neuroblastoma. Blood 2011, 118, 6050–6056. [CrossRef] [PubMed]

72. Pule, M.A.; Savoldo, B.; Myers, G.D.; Rossig, C.; Russell, H.V.; Dotti, G.; Huls, M.H.; Liu, E.; Gee, A.P.;
Mei, Z.; et al. Virus-specific T cells engineered to coexpress tumor-specific receptors: Persistence and
antitumor activity in individuals with neuroblastoma. Nat. Med. 2008, 14, 1264–1270. [CrossRef] [PubMed]

73. Yuki, N.; Yamada, M.; Tagawa, Y.; Takahashi, H.; Handa, S. Pathogenesis of the neurotoxicity caused by
anti-GD2 antibody therapy. J. Neurol. Sci. 1997, 149, 127–130. [CrossRef]

74. Richman, S.A.; Nunez-Cruz, S.; Moghimi, B.; Li, L.Z.; Gershenson, Z.T.; Mourelatos, Z.; Barrett, D.M.;
Grupp, S.A.; Milone, M.C. High-Affinity GD2-Specific CAR T Cells Induce Fatal Encephalitis in a Preclinical
Neuroblastoma Model. Cancer Immunol. Res. 2018, 6, 36–46. [CrossRef] [PubMed]

75. Majzner, R.G.; Weber, E.W.; Lynn, R.C.; Xu, P.; Mackall, C.L. Neurotoxicity Associated with a High-Affinity
GD2 CAR-Letter. Cancer Immunol. Res. 2018, 6, 494–495. [CrossRef] [PubMed]

76. Casucci, M.; Falcone, L.; Camisa, B.; Norelli, M.; Porcellini, S.; Stornaiuolo, A.; Ciceri, F.; Traversari, C.;
Bordignon, C.; Bonini, C.; et al. Extracellular NGFR Spacers Allow Efficient Tracking and Enrichment of Fully
Functional CAR-T Cells Co-Expressing a Suicide Gene. Front. Immunol. 2018, 9, 507. [CrossRef] [PubMed]

77. Bonini, C.; Grez, M.; Traversari, C.; Ciceri, F.; Marktel, S.; Ferrari, G.; Dinauer, M.; Sadat, M.; Aiuti, A.;
Deola, S.; et al. Safety of retroviral gene marking with a truncated NGF receptor. Nat. Med. 2003, 9, 367–369.
[CrossRef] [PubMed]

78. Ciceri, F.; Bonini, C.; Stanghellini, M.T.; Bondanza, A.; Traversari, C.; Salomoni, M.; Turchetto, L.; Colombi, S.;
Bernardi, M.; Peccatori, J.; et al. Infusion of suicide-gene-engineered donor lymphocytes after family
haploidentical haemopoietic stem-cell transplantation for leukaemia (the TK007 trial): A non-randomised
phase I-II study. Lancet Oncol. 2009, 10, 489–500. [CrossRef]

79. Ghosh, A.; Smith, M.; James, S.E.; Davila, M.L.; Velardi, E.; Argyropoulos, K.V.; Gunset, G.; Perna, F.;
Kreines, F.M.; Levy, E.R.; et al. Donor CD19 CAR T cells exert potent graft-versus-lymphoma activity with
diminished graft-versus-host activity. Nat. Med. 2017, 23, 242–249. [CrossRef] [PubMed]

80. Legras, S.; Gunthert, U.; Stauder, R.; Curt, F.; Oliferenko, S.; Kluin-Nelemans, H.C.; Marie, J.P.; Proctor, S.;
Jasmin, C.; Smadja-Joffe, F. A strong expression of CD44-6v correlates with shorter survival of patients with
acute myeloid leukemia. Blood 1998, 91, 3401–3413. [CrossRef] [PubMed]

81. Liebisch, P.; Eppinger, S.; Schopflin, C.; Stehle, G.; Munzert, G.; Dohner, H.; Schmid, M. CD44v6, a target for
novel antibody treatment approaches, is frequently expressed in multiple myeloma and associated with
deletion of chromosome arm 13q. Haematologica 2005, 90, 489–493. [PubMed]

82. Weist, M.R.; Starr, R.; Aguilar, B.; Chea, J.; Miles, J.K.; Poku, E.; Gerdts, E.; Yang, X.; Priceman, S.J.;
Forman, S.J.; et al. PET of Adoptively Transferred Chimeric Antigen Receptor T Cells with (89)Zr-Oxine.
J. Nucl. Med. 2018, 59, 1531–1537. [CrossRef] [PubMed]

83. Asiedu, K.O.; Koyasu, S.; Szajek, L.P.; Choyke, P.L.; Sato, N. Bone Marrow Cell Trafficking Analyzed by
(89)Zr-oxine Positron Emission Tomography in a Murine Transplantation Model. Clin. Cancer Res. 2017, 23,
2759–2768. [CrossRef] [PubMed]

84. Sato, N.; Wu, H.; Asiedu, K.O.; Szajek, L.P.; Griffiths, G.L.; Choyke, P.L. (89)Zr-Oxine Complex PET Cell
Imaging in Monitoring Cell-based Therapies. Radiology 2015, 275, 490–500. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/leu.2017.226
http://www.ncbi.nlm.nih.gov/pubmed/28725044
http://dx.doi.org/10.1056/NEJMoa1106152
http://www.ncbi.nlm.nih.gov/pubmed/22047558
http://dx.doi.org/10.1371/journal.pone.0025220
http://www.ncbi.nlm.nih.gov/pubmed/21966461
http://dx.doi.org/10.1073/pnas.79.24.7629
http://www.ncbi.nlm.nih.gov/pubmed/6296843
http://dx.doi.org/10.1182/blood-2011-05-354449
http://www.ncbi.nlm.nih.gov/pubmed/21984804
http://dx.doi.org/10.1038/nm.1882
http://www.ncbi.nlm.nih.gov/pubmed/18978797
http://dx.doi.org/10.1016/S0022-510X(97)05390-2
http://dx.doi.org/10.1158/2326-6066.CIR-17-0211
http://www.ncbi.nlm.nih.gov/pubmed/29180536
http://dx.doi.org/10.1158/2326-6066.CIR-18-0089
http://www.ncbi.nlm.nih.gov/pubmed/29610423
http://dx.doi.org/10.3389/fimmu.2018.00507
http://www.ncbi.nlm.nih.gov/pubmed/29619024
http://dx.doi.org/10.1038/nm0403-367
http://www.ncbi.nlm.nih.gov/pubmed/12669036
http://dx.doi.org/10.1016/S1470-2045(09)70074-9
http://dx.doi.org/10.1038/nm.4258
http://www.ncbi.nlm.nih.gov/pubmed/28067900
http://dx.doi.org/10.1182/blood.V91.9.3401
http://www.ncbi.nlm.nih.gov/pubmed/9558399
http://www.ncbi.nlm.nih.gov/pubmed/15820944
http://dx.doi.org/10.2967/jnumed.117.206714
http://www.ncbi.nlm.nih.gov/pubmed/29728514
http://dx.doi.org/10.1158/1078-0432.CCR-16-1561
http://www.ncbi.nlm.nih.gov/pubmed/27965305
http://dx.doi.org/10.1148/radiol.15142849
http://www.ncbi.nlm.nih.gov/pubmed/25706654


Cancers 2020, 12, 1915 19 of 23

85. Brown, C.E.; Aguilar, B.; Starr, R.; Yang, X.; Chang, W.C.; Weng, L.; Chang, B.; Sarkissian, A.; Brito, A.;
Sanchez, J.F.; et al. Optimization of IL13Ralpha2-Targeted Chimeric Antigen Receptor T Cells for Improved
Anti-tumor Efficacy against Glioblastoma. Mol. Ther. 2018, 26, 31–44. [CrossRef] [PubMed]

86. Zah, E.; Lin, M.Y.; Silva-Benedict, A.; Jensen, M.C.; Chen, Y.Y. T Cells Expressing CD19/CD20 Bispecific
Chimeric Antigen Receptors Prevent Antigen Escape by Malignant B Cells. Cancer Immunol. Res. 2016, 4,
498–508. [CrossRef] [PubMed]

87. Mancikova, V.; Peschelova, H.; Kozlova, V.; Ledererova, A.; Ladungova, A.; Verner, J.; Loja, T.; Folber, F.;
Mayer, J.; Pospisilova, S.; et al. Performance of anti-CD19 chimeric antigen receptor T cells in genetically
defined classes of chronic lymphocytic leukemia. J. Immunother. Cancer 2020, 8, e000471. [CrossRef] [PubMed]

88. Rosenberg, S.A. IL-2: The first effective immunotherapy for human cancer. J. Immunol. 2014, 192, 5451–5458.
[CrossRef] [PubMed]

89. Berger, C.; Jensen, M.C.; Lansdorp, P.M.; Gough, M.; Elliott, C.; Riddell, S.R. Adoptive transfer of effector CD8+

T cells derived from central memory cells establishes persistent T cell memory in primates. J. Clin. Investig.
2008, 118, 294–305. [CrossRef] [PubMed]

90. Gattinoni, L.; Klebanoff, C.A.; Palmer, D.C.; Wrzesinski, C.; Kerstann, K.; Yu, Z.; Finkelstein, S.E.; Theoret, M.R.;
Rosenberg, S.A.; Restifo, N.P. Acquisition of full effector function in vitro paradoxically impairs the in vivo
antitumor efficacy of adoptively transferred CD8+ T cells. J. Clin. Investig. 2005, 115, 1616–1626. [CrossRef]
[PubMed]

91. Gattinoni, L.; Lugli, E.; Ji, Y.; Pos, Z.; Paulos, C.M.; Quigley, M.F.; Almeida, J.R.; Gostick, E.; Yu, Z.;
Carpenito, C.; et al. A human memory T cell subset with stem cell-like properties. Nat. Med. 2011, 17,
1290–1297. [CrossRef] [PubMed]

92. Krenciute, G.; Prinzing, B.L.; Yi, Z.; Wu, M.F.; Liu, H.; Dotti, G.; Balyasnikova, I.V.; Gottschalk, S. Transgenic
Expression of IL15 Improves Antiglioma Activity of IL13Ralpha2-CAR T Cells but Results in Antigen Loss
Variants. Cancer Immunol. Res. 2017, 5, 571–581. [CrossRef] [PubMed]

93. Xu, Y.; Zhang, M.; Ramos, C.A.; Durett, A.; Liu, E.; Dakhova, O.; Liu, H.; Creighton, C.J.; Gee, A.P.;
Heslop, H.E.; et al. Closely related T-memory stem cells correlate with in vivo expansion of CAR.CD19-T
cells and are preserved by IL-7 and IL-15. Blood 2014, 123, 3750–3759. [CrossRef] [PubMed]

94. Alizadeh, D.; Wong, R.A.; Yang, X.; Wang, D.; Pecoraro, J.R.; Kuo, C.F.; Aguilar, B.; Qi, Y.; Ann, D.K.;
Starr, R.; et al. IL15 Enhances CAR-T Cell Antitumor Activity by Reducing mTORC1 Activity and Preserving
Their Stem Cell Memory Phenotype. Cancer Immunol. Res. 2019, 7, 759–772. [CrossRef] [PubMed]

95. Heczey, A.; Liu, D.; Tian, G.; Courtney, A.N.; Wei, J.; Marinova, E.; Gao, X.; Guo, L.; Yvon, E.; Hicks, J.; et al.
Invariant NKT cells with chimeric antigen receptor provide a novel platform for safe and effective cancer
immunotherapy. Blood 2014, 124, 2824–2833. [CrossRef] [PubMed]

96. Ulanova, M.; Tarkowski, A.; Porcelli, S.A.; Hanson, L.A. Antigen-specific regulation of CD1 expression in
humans. J. Clin. Immunol. 2000, 20, 203–211. [CrossRef] [PubMed]

97. Fiore, D.; Cappelli, L.V.; Broccoli, A.; Zinzani, P.L.; Chan, W.C.; Inghirami, G. Peripheral T cell lymphomas:
From the bench to the clinic. Nat. Rev. Cancer 2020, 20, 323–342. [CrossRef] [PubMed]

98. Mondragon, L.; Mhaidly, R.; De Donatis, G.M.; Tosolini, M.; Dao, P.; Martin, A.R.; Pons, C.; Chiche, J.;
Jacquin, M.; Imbert, V.; et al. GAPDH Overexpression in the T Cell Lineage Promotes Angioimmunoblastic T
Cell Lymphoma through an NF-kappaB-Dependent Mechanism. Cancer Cell 2019, 36, 268–287.e10. [CrossRef]
[PubMed]

99. Pinz, K.G.; Yakaboski, E.; Jares, A.; Liu, H.; Firor, A.E.; Chen, K.H.; Wada, M.; Salman, H.; Tse, W.;
Hagag, N.; et al. Targeting T-cell malignancies using anti-CD4 CAR NK-92 cells. Oncotarget 2017, 8,
112783–112796. [CrossRef] [PubMed]

100. Campana, D.; van Dongen, J.J.; Mehta, A.; Coustan-Smith, E.; Wolvers-Tettero, I.L.; Ganeshaguru, K.;
Janossy, G. Stages of T-cell receptor protein expression in T-cell acute lymphoblastic leukemia. Blood 1991, 77,
1546–1554. [CrossRef] [PubMed]

101. Yamashita, D.; Shimada, K.; Takata, K.; Miyata-Takata, T.; Kohno, K.; Satou, A.; Sakakibara, A.; Nakamura, S.;
Asano, N.; Kato, S. Reappraisal of nodal Epstein-Barr Virus-negative cytotoxic T-cell lymphoma: Identification
of indolent CD5(+) diseases. Cancer Sci. 2018, 109, 2599–2610. [CrossRef] [PubMed]

102. Maciocia, P.M.; Wawrzyniecka, P.A.; Philip, B.; Ricciardelli, I.; Akarca, A.U.; Onuoha, S.C.; Legut, M.;
Cole, D.K.; Sewell, A.K.; Gritti, G.; et al. Targeting the T cell receptor beta-chain constant region for
immunotherapy of T cell malignancies. Nat. Med. 2017, 23, 1416–1423. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ymthe.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29103912
http://dx.doi.org/10.1158/2326-6066.CIR-15-0231
http://www.ncbi.nlm.nih.gov/pubmed/27059623
http://dx.doi.org/10.1136/jitc-2019-000471
http://www.ncbi.nlm.nih.gov/pubmed/32217767
http://dx.doi.org/10.4049/jimmunol.1490019
http://www.ncbi.nlm.nih.gov/pubmed/24907378
http://dx.doi.org/10.1172/JCI32103
http://www.ncbi.nlm.nih.gov/pubmed/18060041
http://dx.doi.org/10.1172/JCI24480
http://www.ncbi.nlm.nih.gov/pubmed/15931392
http://dx.doi.org/10.1038/nm.2446
http://www.ncbi.nlm.nih.gov/pubmed/21926977
http://dx.doi.org/10.1158/2326-6066.CIR-16-0376
http://www.ncbi.nlm.nih.gov/pubmed/28550091
http://dx.doi.org/10.1182/blood-2014-01-552174
http://www.ncbi.nlm.nih.gov/pubmed/24782509
http://dx.doi.org/10.1158/2326-6066.CIR-18-0466
http://www.ncbi.nlm.nih.gov/pubmed/30890531
http://dx.doi.org/10.1182/blood-2013-11-541235
http://www.ncbi.nlm.nih.gov/pubmed/25049283
http://dx.doi.org/10.1023/A:1006689514066
http://www.ncbi.nlm.nih.gov/pubmed/10941828
http://dx.doi.org/10.1038/s41568-020-0247-0
http://www.ncbi.nlm.nih.gov/pubmed/32249838
http://dx.doi.org/10.1016/j.ccell.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31447347
http://dx.doi.org/10.18632/oncotarget.22626
http://www.ncbi.nlm.nih.gov/pubmed/29348865
http://dx.doi.org/10.1182/blood.V77.7.1546.1546
http://www.ncbi.nlm.nih.gov/pubmed/1826223
http://dx.doi.org/10.1111/cas.13652
http://www.ncbi.nlm.nih.gov/pubmed/29845715
http://dx.doi.org/10.1038/nm.4444
http://www.ncbi.nlm.nih.gov/pubmed/29131157


Cancers 2020, 12, 1915 20 of 23

103. Jamal, S.; Picker, L.J.; Aquino, D.B.; McKenna, R.W.; Dawson, D.B.; Kroft, S.H. Immunophenotypic analysis
of peripheral T-cell neoplasms. A multiparameter flow cytometric approach. Am. J. Clin. Pathol. 2001, 116,
512–526. [CrossRef] [PubMed]

104. Sims, J.E.; Tunnacliffe, A.; Smith, W.J.; Rabbitts, T.H. Complexity of human T-cell antigen receptor beta-chain
constant- and variable-region genes. Nature 1984, 312, 541–545. [CrossRef] [PubMed]

105. Tunnacliffe, A.; Kefford, R.; Milstein, C.; Forster, A.; Rabbitts, T.H. Sequence and evolution of the human
T-cell antigen receptor beta-chain genes. Proc. Natl. Acad. Sci. USA 1985, 82, 5068–5072. [CrossRef] [PubMed]

106. De Oliveira, S.N.; Ryan, C.; Giannoni, F.; Hardee, C.L.; Tremcinska, I.; Katebian, B.; Wherley, J.; Sahaghian, A.;
Tu, A.; Grogan, T.; et al. Modification of hematopoietic stem/progenitor cells with CD19-specific chimeric
antigen receptors as a novel approach for cancer immunotherapy. Hum. Gene Ther. 2013, 24, 824–839.
[CrossRef] [PubMed]

107. Larson, S.M.; Truscott, L.C.; Chiou, T.T.; Patel, A.; Kao, R.; Tu, A.; Tyagi, T.; Lu, X.; Elashoff, D.; De Oliveira, S.N.
Pre-clinical development of gene modification of haematopoietic stem cells with chimeric antigen receptors
for cancer immunotherapy. Hum. Vaccines Immunother. 2017, 13, 1094–1104. [CrossRef] [PubMed]

108. Lamers, C.H.; Willemsen, R.; van Elzakker, P.; van Steenbergen-Langeveld, S.; Broertjes, M.;
Oosterwijk-Wakka, J.; Oosterwijk, E.; Sleijfer, S.; Debets, R.; Gratama, J.W. Immune responses to transgene
and retroviral vector in patients treated with ex vivo-engineered T cells. Blood 2011, 117, 72–82. [CrossRef]
[PubMed]

109. Turtle, C.J.; Hanafi, L.A.; Berger, C.; Gooley, T.A.; Cherian, S.; Hudecek, M.; Ommermeyer, 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]

110. Sommermeyer, D.; Hill, T.; Shamah, S.M.; Salter, A.I.; Chen, Y.; Mohler, K.M.; Riddell, S.R. Fully human
CD19-specific chimeric antigen receptors for T-cell therapy. Leukemia 2017, 31, 2191–2199. [CrossRef]
[PubMed]

111. Alabanza, L.; Pegues, M.; Geldres, C.; Shi, V.; Wiltzius, J.J.W.; Sievers, S.A.; Yang, S.; Kochenderfer, J.N.
Function of Novel Anti-CD19 Chimeric Antigen Receptors with Human Variable Regions Is Affected by
Hinge and Transmembrane Domains. Mol. Ther. 2017, 25, 2452–2465. [CrossRef] [PubMed]

112. Brudno, J.N.; Lam, N.; Vanasse, D.; Shen, Y.W.; Rose, J.J.; Rossi, J.; Xue, A.; Bot, A.; Scholler, N.;
Mikkilineni, L.; et al. Safety and feasibility of anti-CD19 CAR T cells with fully human binding domains in
patients with B-cell lymphoma. Nat. Med. 2020, 26, 270–280. [CrossRef] [PubMed]

113. Bluhm, J.; Kieback, E.; Marino, S.F.; Oden, F.; Westermann, J.; Chmielewski, M.; Abken, H.; Uckert, W.;
Hopken, U.E.; Rehm, A. CAR T Cells with Enhanced Sensitivity to B Cell Maturation Antigen for the
Targeting of B Cell Non-Hodgkin’s Lymphoma and Multiple Myeloma. Mol. Ther. 2018, 26, 1906–1920.
[CrossRef] [PubMed]

114. Friedman, K.M.; Garrett, T.E.; Evans, J.W.; Horton, H.M.; Latimer, H.J.; Seidel, S.L.; Horvath, C.J.; Morgan, R.A.
Effective Targeting of Multiple B-Cell Maturation Antigen-Expressing Hematological Malignances by
Anti-B-Cell Maturation Antigen Chimeric Antigen Receptor T Cells. Hum. Gene Ther. 2018, 29, 585–601.
[CrossRef] [PubMed]

115. Lam, N.; Trinklein, N.D.; Buelow, B.; Patterson, G.H.; Ojha, N.; Kochenderfer, J.N. Anti-BCMA chimeric
antigen receptors with fully human heavy-chain-only antigen recognition domains. Nat. Commun. 2020,
11, 283. [CrossRef] [PubMed]

116. Schneider, D.; Xiong, Y.; Hu, P.; Wu, D.; Chen, W.; Ying, T.; Zhu, Z.; Dimitrov, D.S.; Dropulic, B.; Orentas, R.J.
A Unique Human Immunoglobulin Heavy Chain Variable Domain-Only CD33 CAR for the Treatment of
Acute Myeloid Leukemia. Front. Oncol. 2018, 8, 539. [CrossRef] [PubMed]

117. Harvey, R.D. Immunologic and clinical effects of targeting PD-1 in lung cancer. Clin. Pharmacol. Ther. 2014,
96, 214–223. [CrossRef] [PubMed]

118. Bagley, S.J.; Desai, A.S.; Linette, G.P.; June, C.H.; O’Rourke, D.M. CAR T-cell therapy for glioblastoma: Recent
clinical advances and future challenges. Neuro Oncol. 2018, 20, 1429–1438. [CrossRef] [PubMed]

119. Joyce, J.A.; Fearon, D.T. T cell exclusion, immune privilege, and the tumor microenvironment. Science 2015,
348, 74–80. [CrossRef] [PubMed]

120. Rabinovich, G.A.; Gabrilovich, D.; Sotomayor, E.M. Immunosuppressive strategies that are mediated by
tumor cells. Annu. Rev. Immunol. 2007, 25, 267–296. [CrossRef] [PubMed]

http://dx.doi.org/10.1309/QF6N-VAQW-N74H-4JE2
http://www.ncbi.nlm.nih.gov/pubmed/11601136
http://dx.doi.org/10.1038/312541a0
http://www.ncbi.nlm.nih.gov/pubmed/6334238
http://dx.doi.org/10.1073/pnas.82.15.5068
http://www.ncbi.nlm.nih.gov/pubmed/3860845
http://dx.doi.org/10.1089/hum.2012.202
http://www.ncbi.nlm.nih.gov/pubmed/23978226
http://dx.doi.org/10.1080/21645515.2016.1268745
http://www.ncbi.nlm.nih.gov/pubmed/28059624
http://dx.doi.org/10.1182/blood-2010-07-294520
http://www.ncbi.nlm.nih.gov/pubmed/20889925
http://dx.doi.org/10.1172/JCI85309
http://www.ncbi.nlm.nih.gov/pubmed/27111235
http://dx.doi.org/10.1038/leu.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28202953
http://dx.doi.org/10.1016/j.ymthe.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28807568
http://dx.doi.org/10.1038/s41591-019-0737-3
http://www.ncbi.nlm.nih.gov/pubmed/31959992
http://dx.doi.org/10.1016/j.ymthe.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30078440
http://dx.doi.org/10.1089/hum.2018.001
http://www.ncbi.nlm.nih.gov/pubmed/29641319
http://dx.doi.org/10.1038/s41467-019-14119-9
http://www.ncbi.nlm.nih.gov/pubmed/31941907
http://dx.doi.org/10.3389/fonc.2018.00539
http://www.ncbi.nlm.nih.gov/pubmed/30524966
http://dx.doi.org/10.1038/clpt.2014.74
http://www.ncbi.nlm.nih.gov/pubmed/24690569
http://dx.doi.org/10.1093/neuonc/noy032
http://www.ncbi.nlm.nih.gov/pubmed/29509936
http://dx.doi.org/10.1126/science.aaa6204
http://www.ncbi.nlm.nih.gov/pubmed/25838376
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141609
http://www.ncbi.nlm.nih.gov/pubmed/17134371


Cancers 2020, 12, 1915 21 of 23

121. Bardhan, K.; Anagnostou, T.; Boussiotis, V.A. The PD1:PD-L1/2 Pathway from Discovery to Clinical
Implementation. Front. Immunol. 2016, 7, 550. [CrossRef] [PubMed]

122. Papaioannou, N.E.; Beniata, O.V.; Vitsos, P.; Tsitsilonis, O.; Samara, P. Harnessing the immune system to
improve cancer therapy. Ann. Transl. Med. 2016, 4, 261. [CrossRef] [PubMed]

123. Guo, Y.; Feng, X.; Jiang, Y.; Shi, X.; Xing, X.; Liu, X.; Li, N.; Fadeel, B.; Zheng, C. PD1 blockade enhances
cytotoxicity of in vitro expanded natural killer cells towards myeloma cells. Oncotarget 2016, 7, 48360–48374.
[CrossRef] [PubMed]

124. Ray, A.; Das, D.S.; Song, Y.; Richardson, P.; Munshi, N.C.; Chauhan, D.; Anderson, K.C. Targeting PD1-PDL1
immune checkpoint in plasmacytoid dendritic cell interactions with T cells, natural killer cells and multiple
myeloma cells. Leukemia 2015, 29, 1441–1444. [CrossRef] [PubMed]

125. Ren, J.; Liu, X.; Fang, C.; Jiang, S.; June, C.H.; Zhao, Y. Multiplex Genome Editing to Generate Universal CAR
T Cells Resistant to PD1 Inhibition. Clin. Cancer Res. 2017, 23, 2255–2266. [CrossRef] [PubMed]

126. Zhao, Z.; Shi, L.; Zhang, W.; Han, J.; Zhang, S.; Fu, Z.; Cai, J. CRISPR knock out of programmed cell death
protein 1 enhances anti-tumor activity of cytotoxic T lymphocytes. Oncotarget 2018, 9, 5208–5215. [CrossRef]
[PubMed]

127. Rupp, L.J.; Schumann, K.; Roybal, K.T.; Gate, R.E.; Ye, C.J.; Lim, W.A.; Marson, A. CRISPR/Cas9-mediated
PD-1 disruption enhances anti-tumor efficacy of human chimeric antigen receptor T cells. Sci. Rep. 2017,
7, 737. [CrossRef] [PubMed]

128. Guo, X.; Jiang, H.; Shi, B.; Zhou, M.; Zhang, H.; Shi, Z.; Du, G.; Luo, H.; Wu, X.; Wang, Y.; et al. Disruption
of PD-1 Enhanced the Anti-tumor Activity of Chimeric Antigen Receptor T Cells Against Hepatocellular
Carcinoma. Front. Pharmacol. 2018, 9, 1118. [CrossRef] [PubMed]

129. Pomeroy, E.J.; Hunzeker, J.T.; Kluesner, M.G.; Lahr, W.S.; Smeester, B.A.; Crosby, M.R.; Lonetree, C.L.;
Yamamoto, K.; Bendzick, L.; Miller, J.S.; et al. A Genetically Engineered Primary Human Natural Killer Cell
Platform for Cancer Immunotherapy. Mol. Ther. 2020, 28, 52–63. [CrossRef] [PubMed]

130. Zhang, Y.; Zhang, X.; Cheng, C.; Mu, W.; Liu, X.; Li, N.; Wei, X.; Liu, X.; Xia, C.; Wang, H. CRISPR-Cas9
mediated LAG-3 disruption in CAR-T cells. Front. Med. 2017, 11, 554–562. [CrossRef] [PubMed]

131. Suarez, E.R.; de Chang, 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]

132. 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] [PubMed]

133. Chmielewski, M.; Kopecky, C.; Hombach, A.A.; Abken, H. IL-12 release by engineered T cells expressing
chimeric antigen receptors can effectively Muster an antigen-independent macrophage response on tumor
cells that have shut down tumor antigen expression. Cancer Res. 2011, 71, 5697–5706. [CrossRef] [PubMed]

134. 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] [PubMed]

135. 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] [PubMed]

136. Sachdeva, M.; Busser, B.W.; Temburni, S.; Jahangiri, B.; Gautron, A.S.; Marechal, A.; Juillerat, A.; Williams, A.;
Depil, S.; Duchateau, P.; et al. Repurposing endogenous immune pathways to tailor and control chimeric
antigen receptor T cell functionality. Nat. Commun. 2019, 10, 5100. [CrossRef] [PubMed]

137. Chmielewski, M.; Abken, H. CAR T cells transform to trucks: Chimeric antigen receptor-redirected
T cells engineered to deliver inducible IL-12 modulate the tumour stroma to combat cancer.
Cancer Immunol. Immunother. 2012, 61, 1269–1277. [CrossRef] [PubMed]

138. Parihar, R.; Rivas, C.; Huynh, M.; Omer, B.; Lapteva, N.; Metelitsa, L.S.; Gottschalk, S.M.; Rooney, C.M.
NK Cells Expressing a Chimeric Activating Receptor Eliminate MDSCs and Rescue Impaired CAR-T Cell
Activity against Solid Tumors. Cancer Immunol. Res. 2019, 7, 363–375. [CrossRef] [PubMed]

139. Gonzalez, S.; Lopez-Soto, A.; Suarez-Alvarez, B.; Lopez-Vazquez, A.; Lopez-Larrea, C. NKG2D ligands: Key
targets of the immune response. Trends Immunol. 2008, 29, 397–403. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fimmu.2016.00550
http://www.ncbi.nlm.nih.gov/pubmed/28018338
http://dx.doi.org/10.21037/atm.2016.04.01
http://www.ncbi.nlm.nih.gov/pubmed/27563648
http://dx.doi.org/10.18632/oncotarget.10235
http://www.ncbi.nlm.nih.gov/pubmed/27356741
http://dx.doi.org/10.1038/leu.2015.11
http://www.ncbi.nlm.nih.gov/pubmed/25634684
http://dx.doi.org/10.1158/1078-0432.CCR-16-1300
http://www.ncbi.nlm.nih.gov/pubmed/27815355
http://dx.doi.org/10.18632/oncotarget.23730
http://www.ncbi.nlm.nih.gov/pubmed/29435173
http://dx.doi.org/10.1038/s41598-017-00462-8
http://www.ncbi.nlm.nih.gov/pubmed/28389661
http://dx.doi.org/10.3389/fphar.2018.01118
http://www.ncbi.nlm.nih.gov/pubmed/30327605
http://dx.doi.org/10.1016/j.ymthe.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31704085
http://dx.doi.org/10.1007/s11684-017-0543-6
http://www.ncbi.nlm.nih.gov/pubmed/28625015
http://dx.doi.org/10.18632/oncotarget.9114
http://www.ncbi.nlm.nih.gov/pubmed/27145284
http://dx.doi.org/10.1038/s41598-017-10940-8
http://www.ncbi.nlm.nih.gov/pubmed/28874817
http://dx.doi.org/10.1158/0008-5472.CAN-11-0103
http://www.ncbi.nlm.nih.gov/pubmed/21742772
http://dx.doi.org/10.1158/0008-5472.CAN-10-0735
http://www.ncbi.nlm.nih.gov/pubmed/20647327
http://dx.doi.org/10.1182/blood-2011-12-400044
http://www.ncbi.nlm.nih.gov/pubmed/22354001
http://dx.doi.org/10.1038/s41467-019-13088-3
http://www.ncbi.nlm.nih.gov/pubmed/31723132
http://dx.doi.org/10.1007/s00262-012-1202-z
http://www.ncbi.nlm.nih.gov/pubmed/22274776
http://dx.doi.org/10.1158/2326-6066.CIR-18-0572
http://www.ncbi.nlm.nih.gov/pubmed/30651290
http://dx.doi.org/10.1016/j.it.2008.04.007
http://www.ncbi.nlm.nih.gov/pubmed/18602338


Cancers 2020, 12, 1915 22 of 23

140. Raffaghello, L.; Prigione, I.; Airoldi, I.; Camoriano, M.; Levreri, I.; Gambini, C.; Pende, D.; Steinle, A.;
Ferrone, S.; Pistoia, V. Downregulation and/or release of NKG2D ligands as immune evasion strategy of
human neuroblastoma. Neoplasia 2004, 6, 558–568. [CrossRef] [PubMed]

141. Barber, A.; Rynda, A.; Sentman, C.L. Chimeric NKG2D expressing T cells eliminate immunosuppression and
activate immunity within the ovarian tumor microenvironment. J. Immunol. 2009, 183, 6939–6947. [CrossRef]
[PubMed]

142. Lee, Y.G.; Marks, I.; Srinivasarao, M.; Kanduluru, A.K.; Mahalingam, S.M.; Liu, X.; Chu, H.; Low, P.S. Use of a
Single CAR T Cell and Several Bispecific Adapters Facilitates Eradication of Multiple Antigenically Different
Solid Tumors. Cancer Res. 2019, 79, 387–396. [CrossRef] [PubMed]

143. Li, Y.; Xiao, F.; Zhang, A.; Zhang, D.; Nie, W.; Xu, T.; Han, B.; Seth, P.; Wang, H.; Yang, Y.; et al. Oncolytic
adenovirus targeting TGF-beta enhances anti-tumor responses of mesothelin-targeted chimeric antigen
receptor T cell therapy against breast cancer. Cell. Immunol. 2020, 348, 104041. [CrossRef] [PubMed]

144. Zhang, E.; Yang, P.; Gu, J.; Wu, H.; Chi, X.; Liu, C.; Wang, Y.; Xue, J.; Qi, W.; Sun, Q.; et al. Recombination of a
dual-CAR-modified T lymphocyte to accurately eliminate pancreatic malignancy. J. Hematol. Oncol. 2018,
11, 102. [CrossRef] [PubMed]

145. Bengsch, B.; Ohtani, T.; Khan, O.; Setty, M.; Manne, S.; O’Brien, S.; Gherardini, P.F.; Herati, R.S.; Huang, A.C.;
Chang, K.M.; et al. Epigenomic-Guided Mass Cytometry Profiling Reveals Disease-Specific Features of
Exhausted CD8 T Cells. Immunity 2018, 48, 1029–1045.e5. [CrossRef] [PubMed]

146. Man, K.; Gabriel, S.S.; Liao, Y.; Gloury, R.; Preston, S.; Henstridge, D.C.; Pellegrini, M.; Zehn, D.;
Berberich-Siebelt, F.; Febbraio, M.A.; et al. Transcription Factor IRF4 Promotes CD8(+) T Cell Exhaustion
and Limits the Development of Memory-like T Cells during Chronic Infection. Immunity 2017, 47, 1129–1141.
[CrossRef] [PubMed]

147. Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15,
486–499. [CrossRef] [PubMed]

148. Lynn, R.C.; Weber, E.W.; Sotillo, E.; Gennert, D.; Xu, P.; Good, Z.; Anbunathan, H.; Lattin, J.; Jones, R.;
Tieu, V.; et al. C-Jun overexpression in CAR T cells induces exhaustion resistance. Nature 2019, 576, 293–300.
[CrossRef] [PubMed]

149. Fry, T.J.; Shah, N.N.; Orentas, R.J.; Stetler-Stevenson, M.; Yuan, C.M.; Ramakrishna, S.; Wolters, P.; Martin, S.;
Delbrook, C.; Yates, B.; et al. CD22-targeted CAR T cells induce remission in B-ALL that is naive or resistant
to CD19-targeted CAR immunotherapy. Nat. Med. 2018, 24, 20–28. [CrossRef] [PubMed]

150. Gardner, R.; Wu, D.; Cherian, S.; Fang, M.; Hanafi, L.A.; Finney, O.; Smithers, H.; Jensen, M.C.; Riddell, S.R.;
Maloney, D.G.; et al. Acquisition of a CD19-negative myeloid phenotype allows immune escape of
MLL-rearranged B-ALL from CD19 CAR-T-cell therapy. Blood 2016, 127, 2406–2410. [CrossRef] [PubMed]

151. Majzner, R.G.; Mackall, C.L. Tumor Antigen Escape from CAR T-cell Therapy. Cancer Discov. 2018, 8,
1219–1226. [CrossRef] [PubMed]

152. Sotillo, E.; Barrett, D.M.; Black, K.L.; Bagashev, A.; Oldridge, D.; Wu, G.; Sussman, R.; 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] [PubMed]

153. Hamieh, M.; Dobrin, A.; Cabriolu, A.; van der Stegen, S.J.C.; Giavridis, T.; Mansilla-Soto, J.; Eyquem, J.;
Zhao, Z.; Whitlock, B.M.; Miele, M.M.; et al. CAR T cell trogocytosis and cooperative killing regulate tumour
antigen escape. Nature 2019, 568, 112–116. [CrossRef] [PubMed]

154. Amirache, F.; Levy, C.; Costa, C.; Mangeot, P.E.; Torbett, B.E.; Wang, C.X.; Negre, D.; Cosset, F.L.; Verhoeyen, E.
Mystery solved: VSV-G-LVs do not allow efficient gene transfer into unstimulated T cells, B cells, and HSCs
because they lack the LDL receptor. Blood 2014, 123, 1422–1424. [CrossRef] [PubMed]

155. Hiramatsu, H.; Nishikomori, R.; Heike, T.; Ito, M.; Kobayashi, K.; Katamura, K.; Nakahata, T. Complete
reconstitution of human lymphocytes from cord blood CD34+ cells using the NOD/SCID/gammacnull mice
model. Blood 2003, 102, 873–880. [CrossRef] [PubMed]

156. Ito, M.; Hiramatsu, H.; Kobayashi, K.; Suzue, K.; Kawahata, M.; Hioki, K.; Ueyama, Y.; Koyanagi, Y.;
Sugamura, K.; Tsuji, K.; et al. NOD/SCID/gamma(c)(null) mouse: An excellent recipient mouse model for
engraftment of human cells. Blood 2002, 100, 3175–3182. [CrossRef] [PubMed]

157. Shultz, L.D.; Ishikawa, F.; Greiner, D.L. Humanized mice in translational biomedical research.
Nat. Rev. Immunol. 2007, 7, 118–130. [CrossRef] [PubMed]

http://dx.doi.org/10.1593/neo.04316
http://www.ncbi.nlm.nih.gov/pubmed/15548365
http://dx.doi.org/10.4049/jimmunol.0902000
http://www.ncbi.nlm.nih.gov/pubmed/19915047
http://dx.doi.org/10.1158/0008-5472.CAN-18-1834
http://www.ncbi.nlm.nih.gov/pubmed/30482775
http://dx.doi.org/10.1016/j.cellimm.2020.104041
http://www.ncbi.nlm.nih.gov/pubmed/31983398
http://dx.doi.org/10.1186/s13045-018-0646-9
http://www.ncbi.nlm.nih.gov/pubmed/30103775
http://dx.doi.org/10.1016/j.immuni.2018.04.026
http://www.ncbi.nlm.nih.gov/pubmed/29768164
http://dx.doi.org/10.1016/j.immuni.2017.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29246443
http://dx.doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
http://dx.doi.org/10.1038/s41586-019-1805-z
http://www.ncbi.nlm.nih.gov/pubmed/31802004
http://dx.doi.org/10.1038/nm.4441
http://www.ncbi.nlm.nih.gov/pubmed/29155426
http://dx.doi.org/10.1182/blood-2015-08-665547
http://www.ncbi.nlm.nih.gov/pubmed/26907630
http://dx.doi.org/10.1158/2159-8290.CD-18-0442
http://www.ncbi.nlm.nih.gov/pubmed/30135176
http://dx.doi.org/10.1158/2159-8290.CD-15-1020
http://www.ncbi.nlm.nih.gov/pubmed/26516065
http://dx.doi.org/10.1038/s41586-019-1054-1
http://www.ncbi.nlm.nih.gov/pubmed/30918399
http://dx.doi.org/10.1182/blood-2013-11-540641
http://www.ncbi.nlm.nih.gov/pubmed/24578496
http://dx.doi.org/10.1182/blood-2002-09-2755
http://www.ncbi.nlm.nih.gov/pubmed/12689924
http://dx.doi.org/10.1182/blood-2001-12-0207
http://www.ncbi.nlm.nih.gov/pubmed/12384415
http://dx.doi.org/10.1038/nri2017
http://www.ncbi.nlm.nih.gov/pubmed/17259968


Cancers 2020, 12, 1915 23 of 23

158. Rahmig, S.; Kronstein-Wiedemann, R.; Fohgrub, J.; Kronstein, N.; Nevmerzhitskaya, A.; Bornhauser, M.;
Gassmann, M.; Platz, A.; Ordemann, R.; Tonn, T.; et al. Improved Human Erythropoiesis and Platelet
Formation in Humanized NSGW41 Mice. Stem Cell Rep. 2016, 7, 591–601. [CrossRef] [PubMed]

159. Rongvaux, A.; Willinger, T.; Martinek, J.; Strowig, T.; Gearty, S.V.; Teichmann, L.L.; Saito, Y.; Marches, F.;
Halene, S.; Palucka, A.K.; et al. Development and function of human innate immune cells in a humanized
mouse model. Nat. Biotechnol. 2014, 32, 364–372. [CrossRef] [PubMed]

160. Zhou, Q.; Schneider, I.C.; Edes, I.; Honegger, A.; Bach, P.; Schonfeld, K.; Schambach, A.; Wels, W.S.; Kneissl, S.;
Uckert, W.; et al. T-cell receptor gene transfer exclusively to human CD8(+) cells enhances tumor cell killing.
Blood 2012, 120, 4334–4342. [CrossRef] [PubMed]

161. Zhou, Q.; Uhlig, K.M.; Muth, A.; Kimpel, J.; Levy, C.; Munch, R.C.; Seifried, J.; Pfeiffer, A.; Trkola, A.;
Coulibaly, C.; et al. Exclusive Transduction of Human CD4+ T Cells upon Systemic Delivery of CD4-Targeted
Lentiviral Vectors. J. Immunol. 2015, 195, 2493–2501. [CrossRef] [PubMed]

162. Bender, R.R.; Muth, A.; Schneider, I.C.; Friedel, T.; Hartmann, J.; Pluckthun, A.; Maisner, A.; Buchholz, C.J.
Receptor-Targeted Nipah Virus Glycoproteins Improve Cell-Type Selective Gene Delivery and Reveal a
Preference for Membrane-Proximal Cell Attachment. PLoS Pathog. 2016, 12, e1005641. [CrossRef] [PubMed]

163. Pfeiffer, A.; Thalheimer, F.B.; Hartmann, S.; Frank, A.M.; Bender, R.R.; Danisch, S.; Costa, C.; Wels, W.S.;
Modlich, U.; Stripecke, R.; et al. In vivo generation of human CD19-CAR T cells results in B-cell depletion
and signs of cytokine release syndrome. EMBO Mol. Med. 2018, 10. [CrossRef] [PubMed]

164. Agarwal, S.; Weidner, T.; Thalheimer, F.B.; Buchholz, C.J. In vivo generated human CAR T cells eradicate
tumor cells. Oncoimmunology 2019, 8, e1671761. [CrossRef] [PubMed]

165. Mhaidly, R.; Verhoeyen, E. The Future: In Vivo CAR T Cell Gene Therapy. Mol. Ther. 2019, 27, 707–709.
[CrossRef] [PubMed]

166. Brendel, C.; Rio, P.; Verhoeyen, E. Humanized mice are precious tools for evaluation of hematopoietic gene
therapies and preclinical modeling to move towards a clinical trial. Biochem. Pharmacol. 2020, 174, 113711.
[CrossRef] [PubMed]

© 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/10.1016/j.stemcr.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27618723
http://dx.doi.org/10.1038/nbt.2858
http://www.ncbi.nlm.nih.gov/pubmed/24633240
http://dx.doi.org/10.1182/blood-2012-02-412973
http://www.ncbi.nlm.nih.gov/pubmed/22898597
http://dx.doi.org/10.4049/jimmunol.1500956
http://www.ncbi.nlm.nih.gov/pubmed/26232436
http://dx.doi.org/10.1371/journal.ppat.1005641
http://www.ncbi.nlm.nih.gov/pubmed/27281338
http://dx.doi.org/10.15252/emmm.201809158
http://www.ncbi.nlm.nih.gov/pubmed/30224381
http://dx.doi.org/10.1080/2162402X.2019.1671761
http://www.ncbi.nlm.nih.gov/pubmed/31741773
http://dx.doi.org/10.1016/j.ymthe.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/30914238
http://dx.doi.org/10.1016/j.bcp.2019.113711
http://www.ncbi.nlm.nih.gov/pubmed/31726047
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Anti-Cancer CAR T Cell Therapy 
	Anti-Cancer CAR NK versus CAR T Cell Therapy 

	Different Humanized Mice Models for Preclinical Testing of CAR T and NK Cell Therapy 
	Xenograft Mouse Model for CAR T and CAR NK Cell Evaluation 
	Patient-Derived Xenograft Model for CAR T/NK Cell Evaluation 
	Fully Autologous Humanized Cancer Model for CAR T Cell Testing 

	Preclinical Evaluation of CAR T and CAR NK Cell Therapies in Humanized Mice 
	Evaluation of Safety and Toxicity of CAR T or NK Cells in Humanized Mice 
	Efficacy of Novel ‘Optimized’ CAR Designs in Humanized Mice 
	Persistence and Exhaustion of CAR T and NK Cells in Vivo 
	Avoiding Immune Response Against CAR T Cells in Vivo 
	CAR T Cell Combination Therapy Evaluation 
	Mechanism of CAR T Cell Action 

	In Vivo CAR T Cell Generation Using Lentiviral Vectors Targeted to Specific Human T Cells 
	Advantages of in Vivo CAR T Cell Generation 
	Evaluation of in Vivo CAR T Cell Generation in Humanized Mice 

	Conclusions 
	References

