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Simple Summary: Cell therapy is revolutionizing the prospect of deadly hematological malignancies
such as high-risk acute myeloid leukemia. Stem cell therapy of allogeneic source from compatible
human leukocyte antigen donor has exceptional success promoting durable remissions, but the
rate of relapse is currently still high and there is transplant-related mortality. This review presents
the current knowledge on the clinical use of mesenchymal stromal cells to improve outcomes in
hematopoietic stem cell transplants. As an alternative or adjuvant approach to prevent relapse, we
summarize the status of the promising forms of cellular immunotherapy aimed at targeting not only
the bulk but also the cells of origin of leukemia. Finally, we discuss the available in vivo models for
disease modelling and treatment efficacy prediction in these contexts.

Abstract: The purpose of this review is to present the current knowledge on the clinical use of several
forms of cell therapy in hematological malignancies and the preclinical models available for their
study. In the context of allogeneic hematopoietic stem cell transplants, mesenchymal stromal cells
are pursued to help stem cell engraftment and expansion, and control graft versus host disease. We
further summarize the status of promising forms of cellular immunotherapy including CAR T cell
and CAR NK cell therapy aimed at eradicating the cells of origin of leukemia, i.e., leukemia stem
cells. Updates on other forms of cellular immunotherapy, such as NK cells, CIK cells and CAR CIK
cells, show encouraging results in AML. The considerations in available in vivo models for disease
modelling and treatment efficacy prediction are discussed, with a particular focus on their strengths
and weaknesses for the study of healthy and diseased hematopoietic stem cell reconstitution, graft
versus host disease and immunotherapy. Despite current limitations, cell therapy is a rapidly evolving
field that holds the promise of improved cure rates, soon. As a result, we may be witnessing the birth
of the hematology of tomorrow. To further support its development, improved preclinical models
including humanized microenvironments in mice are urgently needed.

Keywords: cellular immunotherapy; cell therapy; adoptive cell therapy; mesenchymal stromal cells;
hematopoietic stem cells; hematopoietic malignancy; acute myeloid leukemia; preclinical models

1. Introduction: Cell Therapy in a Nutshell

Cell therapy is a treatment grounded on delivery of viable cells that are injected or
transplanted into the patient to exert a therapeutic effect. There are two main principles for
the therapeutic action; either replacement of diseased cells with healthy, functional ones, or
capacity to exert or induce cell-mediated immunity and/or release soluble factors such as
cytokines, chemokines and growth factors that function in paracrine/endocrine ways on
diseased cells.

1.1. Hematopoietic Stem Cells

Examples of cell replacement therapies include blood transfusions, organ transplants
and bone marrow (BM) transplants, but a prospect of cure needs to always meet the
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requirement of replacing the dysfunctional stem cells, i.e., stem cell therapy. Unfortunately,
adult stem cell treatments have often been propelled by empty promises [1], with few
exceptions such as the BM transplant. This is an exceptionally successful stem cell therapy
applied frequently in the clinic for a variety of severe diseases. The stem cell therapy of
allogeneic source from compatible human leukocyte antigen (HLA) donor has improved
dramatically the rates of durable remission in patients of severe hematological diseases
such as high-risk acute myeloid leukemia (AML) [2], but the rate of relapse is still high
and the primary cause of death [3,4], and there is a need to reduce the transplant-related
mortality [5]. Reduced-intensity conditioning regimens have been tested to reduce the non-
disease mortality and open this alternative for the older patient [6–8], but they seem less
effective in disease control, particularly for higher-risk AML [9–11]. Monoclonal antibodies,
including combination of anti-c-Kit antibody that depletes HSC with blockade of CD47,
a myeloid-specific immune checkpoint which extends HSC clearance, show promising
results in preclinical studies in mice and non-human primates [12,13]. This combination
has been taken into a Phase Ib clinical trial by Forty Seven, Inc. (Menlo Park, CA, USA).
A recent follow-up to this strategy combined pharmacologic Janus kinase 1/2 inhibition
with anti-CD45 or anti-c-Kit antibodies to enable robust multilineage alloengraftment
in mice, balancing graft-versus-host disease (GvHD) and graft-versus-leukemia (GvL)
responses [14]. These kinds of approaches promise a future of stem cell transplants without
chemotherapy or irradiation, and come along with other new cell therapy strategies that are
pursued to reduce relapse and unrelated mortality due to transplant toxicity for patients,
as follows.

1.2. Mesenchymal Stromal Cells

In hematopoietic stem cell (HSC) transplantation, preconditioning via irradiation or
chemotherapeutics is performed to deplete the host diseased stem cells and allow donor
HSC engraftment. Without preconditioning, donor chimerism is not established or very
low [15]. However, preconditioning of this kind also disrupts niche function by damaging
several components, including mesenchymal stromal cells (MSC) [16,17] and results in
radiation-induced bystander effects that impair long-term HSC reconstitution by oxidative
DNA damage [18]. The HSC niche is a dynamic entity that supports the function, fate and
numbers of HSC in the BM, where HSC reside [19]. Mesenchymal stromal cells (MSC)
are essential components of the HSC niche, yet the absence of selective markers to study
them in vivo has challenged our understanding of their nature [20,21]. Due to their role
in tissue remodeling and cell regulation of other cell subsets, particularly stem cells but
also immune cells, through dynamic and paracrine interactions, MSC are extensively
pursued as therapeutics [21–23]. In the context of hematology, MSC are pursued mainly
to help promote BM HSC niche reconstitution and HSC engraftment and expansion, treat
autoimmune diseases and control GvHD (Figure 1) [24,25]. Preclinical models show a
certain degree of success [25], but the malpractice of MSC therapies in the clinic, many
times used lacking confirmation on safety and effectiveness from large-scale clinical trials,
threatens development of MSC therapeutics [24,26,27]. In addition, failures have been
reported in many early- and late-stage clinical trials [28]. Factors contributing to the
failure of MSC in clinical applications may include poor-quality controls and inconsistent
characteristics of MSC regarding immune-compatibility, functional heterogeneity and
differentiation status, among others [21,24].

1.3. Cellular Immunotherapy

Adoptive cell therapy or cellular immunotherapy is a form of cell therapy that uses
the cells of the immune system, such as T cells or natural killer (NK) cells, to eliminate
cancer cells. Some approaches involve isolation, activation and expansion of immune
cells to infuse them back into the patient, such as tumor-infiltrating lymphocyte therapy
or natural NK cell therapy. More advanced strategies involve autologous or allogeneic
immune cells and additional gene therapy to enhance their function, i.e., engineered T
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cell receptor therapy, chimeric antigen receptor (CAR) T cell therapy and CAR NK cell
therapy. These strategies are revolutionizing the field of hematology and beyond. As of
today, there are more than 800 clinical trials using CAR T cells in hematology and oncology.
In the era of advanced therapy medicinal products, the fourth generation of CAR T cells
combine the direct cancer cell killing of the CAR T cell with the additionally engineered
release of transgenic cytokines upon CAR signaling in the targeted tumor tissue. This
concept is currently explored with single or combined interleukins (IL) such as IL-7, IL-12,
IL-15, IL-18 and IL-23 in early phase clinical trials [29]. The next step of fifth generation
CAR, with the additional engineered expression of cytokine receptors such as IL-2 that
respond to cytokine signals in the tumor microenvironment, are on their way. This strategy
elicits antigen-dependent activation of the JAK-STAT pathway resulting in improved cell
proliferation and persistence [30,31]. However, adverse events such as cytokine-release
syndrome, neurotoxicity and high rate of relapse still limit broad application [32]. Therefore,
most clinical efforts are currently pursued with autologous CAR T cells. Allogeneic CAR
T cells have high risk of GvHD, and gene editing through CRISPR system seems to be an
efficient strategy to manufacture universal CAR T cells deficient in CD3 and HLA-class [33].
However, the elimination of HLA-class I from CAR T cells could induce the attack from host
NK cells, which should be taken into consideration in the design of future therapies [34,35].
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Figure 1. Mesenchymal stromal cells as cell therapy in hematology. Mesenchymal stromal
cells are pursued to promote HSC function, remodel the HSC niche in the bone marrow and
modulate inflammation.

NK cells are innate immune cells, tightly regulated by a variety of surface inhibitory
receptors, i.e., CD94/natural killer group 2A (NKG2A), inhibitory killer immunoglobulin-
like receptors (KIRs) and leukocyte immunoglobulin-like receptors (LIRs), and activating
receptors i.e., CD94/NKG2C, NKG2D, activating KIRs and natural cytotoxicity receptors
(NCRs) [36,37]. One of their specializations is the recognition of the absence of HLA-
proteins, which are often downregulated in malignant or virally infected cells helping
escape immune surveillance [38]. Most commonly, NK cells are obtained from donor
leukapheresis followed by magnetic cell sorting that depletes for CD3+ cells and enriches or
not for CD56. Donor CD34+ progenitor cells may also be used for ex vivo differentiation into
NK cells, including cord blood CD34+ cells [37]. CAR NK cells provide an advantageous
dual killing-capacity by CAR-dependent and -independent mechanisms, such as NCR and
other receptors responsible for NK cell activation such as NKG2D. Allogeneic CAR NK cells
show good GvL killing and do not induce GvHD, but prolonged persistence is a challenge
that must be overcome [39]. In fact, mouse studies showed that donor NK cell lysis of host
antigen-presenting cells suppresses development of GvHD, as those are essential for donor
T cell activation in GvHD induction [40]. Donor NK cells are also able to lyse syngeneic
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alloreactive GvHD-inducing T cells in vivo [41]. Currently, there are 26 trials investigating
CAR NK cells for the treatment of hematological malignancies and solid tumors.

An interesting alternative that combines the best clinically relevant effector functions of
both T cells and NK cells are CD3+CD56+ cytokine-induced killer (CIK) cells. CIK cells are
ex vivo–activated cytotoxic T lymphocytes obtained from human peripheral blood or BM
(autologous or allogeneic), or cord blood mononuclear cells, by sequential addition of IFN-
γ, anti-CD3 antibody (OKT3) and high doses of recombinant human IL-2, reaching high
numbers after 3 weeks in culture [42–45]. After these culture conditions, CIK cells express
not only TCR/CD3 but also CD56, activating NK receptors; including NKG2D, DNAX
accessory molecule-1 (DNAM-1) and low levels of NKp30, and inhibitory NK receptors;
including inhibitory members of KIR and CD94-NKG2A [45–47]. Hence, cytotoxicity
against a wide variety of tumor targets is performed through TCR/CD3, NKG2D, DNAM-
1, NKp30 and the adhesion molecule lymphocyte function-associated antigen-1 [45]. CIK
cell potential has been hypothesized to control both neoplastic relapses and viral infections
in patients that received a transplant [45], and their infusion induces minimal GvHD in
murine models and clinical trials [47–49]. CIK cells are pursued against a variety of tumors
but one of their best applications is probably in the context of myeloid malignancies after
allogeneic BM transplant [50]. CIK cells may be engineered to express cytokine genes
improving proliferation rates and cytotoxic activities in clinical trials against a variety of
tumors including lymphomas [51], and CAR providing additional killing capacity and
versatility to their functional repertoire. The international registry on CIK cells (IRCC) was
established in 2010 to collect and evaluate clinical trials using CIK cells for the treatment of
patients of hematological malignancies and solid tumors, and reported a total of 106 clinical
trials in 2020 [52].

2. Clinical Applications of MSC to Improve Outcomes in Hematopoietic Stem
Cell Transplant

MSC are pursued to expand HSC ex vivo and improve engraftment after transplanta-
tion, for example of umbilical cord blood that has limited potential due to low cell doses.
A pioneering study in 2012, studied engraftment in 31 adults with hematological malig-
nancies who received transplants of two cord blood units, one of them containing cord
blood that had been previously expanded ex vivo using cocultures with allogeneic STRO-3+

mesenchymal cells from healthy donors in a confluence of 70% or higher (NCT00498316).
The cocultures had started fourteen days before transplantation, when the same fractions
of the cord blood unit were seeded into 10 flasks containing the mesenchymal cells and
serum-free medium with stem cell factor (SCF), FMS-like tyrosine kinase 3 ligand (FLT3L),
thrombopoietin (TPO) and granulocyte colony stimulating factor (G-CSF). The results were
compared with 80 historical controls who had received two units of unmanipulated cord
blood. Coculture led to expansions of both total nucleated cells (12.2x) and particularly
CD34+ cells (30.1x), so patients in this group received significantly higher cellular doses
than those receiving unmanipulated cord blood. In patients with engraftment, cells en-
grafted faster i.e., 15 versus 24 days for neutrophils and 42 versus 49 days for platelets.
There were also more patients with engraftment in the group receiving expanded cells
i.e., 88% versus 53% for neutrophils on day 26 and 71% versus 31% for platelets on day
60 [53]. Following up these encouraging results, a disappointing pilot clinical trial was
recently performed to assess feasibility and efficacy of expanding cord blood CD34+ cells
for transplantation in patients of hematological malignancies, using a combination of SCF,
TPO, FLT3L and insulin-like growth factor-binding protein 2 (IGFBP-2), and coculture
with BM haplo-identical MSC obtained from the BM of a family member of the patient
(NCT01624701). The coculture was performed on an 80–90% confluent BM MSC stromal
layer (4th to 6th passage), and prior to addition of hematopoietic cells, BM MSC were
checked for positive phenotypic expression of CD90, CD73 and CD105, and absence of
CD45 and CD34. Two out of the three patients enrolled in the study died prematurely,
which resulted in trial discontinuation. The authors reported suboptimal outcome re-



Cancers 2022, 14, 580 5 of 18

garding neutrophil engraftment, primarily due to complicated patient disease status at
transplantation and low CD34+ cell infusion [54].

In an attempt to better sustain primitive HSC ex vivo, BM MSC were cultured as
nonadherent mesenchymal spheres previous to cocultures [55,56]. Human mesenspheres
were derived from CD45−CD31−Ter119−PDGFRα+CD51+ which characterizes a large
fraction of BM nestin+ cells, CD45−CD31−CD71−CD146+CD105+nestin+ cells, or were
simply grown from fetal or adult BM CD45−-enriched cells. Mesenspheres display a
moderately undifferentiated phenotype, with low adherence to plastic and self-renewal
capacity. They are enriched in HSC maintenance genes and promote expansion of cord
blood CD34+ cells through secreted soluble factors. Human hematopoietic progenitors
cocultured with mesenspheres are able to engraft in immunodeficient mice [55] and are
serially transplantable, with increased long-term hematopoietic engraftment [56]. This
technique has so far not been followed up with clinical trials.

Cotransplantation strategies of culture-expanded MSC and HSC from HLA-identical
sibling donors after myeloablative therapy hypothesize that MSC could both facilitate
engraftment and reduce GvHD. This strategy was feasible and seemed safe in patients of
hematological malignancies, without MSC-associated toxicities [57]. In 2010, a phase I trial
studied the side effects and best dose of donor MSC in treating 49 patients of hematological
malignancies with acute or chronic GvHD after undergoing a donor stem cell transplant.
No results were posted or published (NCT00361049). In 2019, random-effects model
was applied to analyze 12 completed randomized controlled trials and 13 on-going trials
including participants with a hematological condition who had undergone HSC transplant
as treatment, and were randomized to MSC or no MSC to prevent or treat GvHD. This
analysis included trials comparing different doses of MSC, MSC of different sources and
MSC cotransplanted with HSC or administered post-HSC transplantation. The authors
concluded that the overall quality of the studies is low, and the evidence from randomized
controlled trials does not support MSC as an effective therapy for treating acute GvHD
whereas they may reduce the risk of chronic GvHD [58].

3. Clinical Applications of Cellular Immunotherapy to Target the Malignant
Hematopoietic Stem Cell
3.1. CAR T Cells

Immunotherapy, including adoptive cell therapy, is expected to improve prognosis of
patients of hematological malignancies because it prevents use of the cytotoxic mechanisms
of conventional chemotherapy [59]. It is highly versatile, and it can be delivered as induc-
tion or consolidation therapy, in combination or not with chemotherapy, HSC transplant,
checkpoint inhibitors or other drugs targeting the tumor or aimed at modulating immune
cell functions such as proliferation [37,60,61]. CAR T cells are successful in the treatment of
relapsed/refractory (R/R) acute lymphoblastic leukemia (ALL) and B cell non-Hodgkin
lymphoma [62–64]. However, 40–60% of patients relapse due to poor CAR T cell persistence
or emergence of clones negative for CD19 [32]. Factors such as the single-chain spacer, the
extracellular and costimulatory domains, and the CAR binding affinity influence CAR T
cell function and persistence [32,65–67]. CD19 CAR (CAT) with lower affinity than the most
frequent high-affinity binder used in clinical studies, FMC63, induced molecular remission
in 12 out of 14 patients (NCT02443831) with R/R pediatric B cell ALL. CAR T cells showed
enhanced expansion, and persistence was demonstrated in 11 of the 14 patients at last
follow-up (up to 2 years) [32].

In AML, relapses are caused by treatment-selection of leukemic cells resistant to
conventional chemotherapy, which are able to regenerate leukemia, i.e., leukemia stem
cells (LSC) [68]. AML LSC may persist or diversify clonally after chemotherapy, driving
progression to more aggressive forms of AML and fatal outcomes after relapse [69]. Thus,
any potential curative therapy against a disease such as AML should ultimately aim at
LSC eradication [68]. This has proven challenging though, as LSC are rare, heterogeneous
among AML patients and share main features with healthy HSC, such as surface markers
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and functions such as dormancy and self-renewal [68,70,71]. CAR T cells engineered to
target LSC have the potential to prevent relapse caused by LSC persistence, and selectivity
against LSC will correlate directly with treatment safety. Nevertheless, results to date with
AML CAR T clinical trials directed to target one single antigen such as CD33, CD123 and
NKG2D ligands, reported limited therapeutic effects except for anti-CLL1 CAR T cells in
3 patients who reached complete remission after one month of treatment [62,72,73]. In
preclinical models, promising data have been obtained through administration of activating
anti-CD44 monoclonal antibody H90 into NOD/SCID mice transplanted with human AML
cells. This treatment reduced leukemic engraftment, induced blast differentiation and
eradicated functional LSC as evidenced by serial transplantations in vivo, due to reduced
homing capacity of LSC into the BM microenvironment [74]. As a follow up, an exciting
phase I/II clinical trial is currently recruiting R/R AML patients to monitor the safety and
anti-leukemia therapeutic activity of autologous CD44v6 CAR T-cells (NCT04097301). In
this trial, T cells are genetically engineered to express a CAR targeting the most abundant
CD44 isoform expressed in AML patients, which predicts poor prognosis [75,76]. This is
also a second generation of CAR T cells where the cells are further modified to express the
suicide gene HSV-TK Mut2, activated in case of toxicity with ganciclovir.

AML heterogeneity may be a powerful reason for CAR T cell failure when directed
against single antigens, due to incomplete targeting and clonal selection [77]. Combination
of multiple antigens may be a good strategy to overcome this challenge [78]. In this
direction, CAR T cells targeting antigens on LSC (CD123) and AML blasts (CD33) show
relevant preclinical efficacy [78], and dual CAR T cells targeting CD123, CD33 or CLL1
are being tested in clinical trials (NCT03795779, NCT04156256 and NCT04010877) with
promising results reported for CLL1-CD33 CAR T cells (NCT03795779) [79]. However, a
clinical trial aimed at treating R/R AML patients using single CAR T or double CAR T cells
with CD33, CD38, CD56, CD123, CD117, CD133, CD34 or Muc1 was recently suspended
as the therapeutic effect was not as expected (NCT03473457). This indicates that further
research is needed to tackle the most severe forms of the disease. Available CAR and their
antigenic targets in the context of AML are summarized in Table 1.

Table 1. Available CAR in AML and examples of clinical trials.

Antigenic Target Cellular
Immunotherapy Clinical Trial

Single strategies

CD33
CAR T NCT04010877, NCT03971799

CAR NK-92 NCT02944162

CD123 CAR T
NCT03796390, NCT03585517,
NCT04014881, NCT03556982,
NCT03766126, NCT04010877

NKG2 ligands CAR T NCT04167696

CLL1 CAR T NCT04010877, NCT04219163

CD44v6 CAR T NCT04097301

CD7 CAR NK-92 NCT02742727

Dual strategies

CD123/CD33 CAR T NCT04156256

CLL1/CD33 CAR T NCT03795779, NCT04010877

CLL1/CD123 CAR T NCT03631576, NCT04010877

Single/dual strategies

Muc1/CD33/CD38/CD56/CD123/CD117/CD133/CD34 CAR T NCT03473457

Multi strategies

Muc1/CLL1/CD33/CD38/CD56/CD123 CAR T NCT03222674

3.2. NK and CAR NK Cells

In a recent phase I/II trial, 11 patients with R/R CD19+ non-Hodgkin lymphoma
or chronic lymphocytic leukemia were administered with HLA-mismatched anti-CD19
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CAR NK cells derived from cord blood (NCT03056339). NK cells were transduced with a
retroviral vector expressing genes that encode anti-CD19 CAR, IL-15 and inducible caspase
9 as a safety measure. The cells were expanded ex vivo and administered in a single
infusion after chemotherapy. Of the 11 patients, 7 reached complete remission and 1 partial
remission, within 30 days. The infused CAR NK cells expanded and persisted at low levels
for at least 12 months, without development of major toxic effects [80].

In AML, donor NK cells have a variety of interesting therapeutic properties including
GvL killing and depletion of host T cells that promotes engraftment in the transplantation
setting. Further, depletion of host T cells and antigen-presenting cells, together with other
mechanisms such as production of IL-10, protect against GvHD [81,82]. Transplantation
from NK alloreactive donors is a strong independent event that predicts survival in re-
cipients of allogeneic HSC transplants [83,84]. NK cell transfer is a versatile strategy that
reduces disease burden to make patients eligible for transplantation [85], consolidates en-
graftment after HLA-haploidentical HSC transplant [86,87] and reduces leukemia progres-
sion [88]. Adoptive NK cell transfer is a feasible consolidation therapy after chemotherapy,
in the non-transplantation setting, able to induce durable remissions of AML [89–91]. As
recently reviewed by Xu and Niu, more recent strategies aim at boosting the patient NK
cell responses against AML by the use of monoclonal antibodies targeting tumor-associated
proteins or NK cell inhibitory receptors, humanized bi-specific and tri-specific killer cell
engagers, which are the recombinant single-chain variable fragments serving as immuno-
logical synapses between NK cells and tumor cells, cytokines or other immunomodulatory
drugs [37].

CAR NK cells have been less explored in the context of AML, but CAR NK cells
redirected against CD123 are able to bind and induce apoptosis of AML patient cells ex
vivo [92]. Further, in the absence of a specific CAR target antigen, the innate and alloreactive
potential of NK cells against AML provides for activity against target antigen negative
clones. This together with fast availability and low toxicity makes CAR NK cell therapy a
potentially suitable option for AML patients [93]. CD33 CAR NK-92 cells, cell line that can
expand unlimited, were evaluated in a phase I clinical trial in 3 patients with R/R AML
(NCT02944162). While multiple infusions of CD33 CAR NK-92 cells were safe, it is not
possible to infer a therapeutic effect from this study [94]. The variety of NK cell sources,
expansion methods, CAR designs and combination therapies together with the unique
inherent functionality of NK cells, offer good versatility to potentially tackle the complexity
of AML treatment in the future [93].

3.3. CIK and CAR CIK Cells

In clinical trials to treat AML, CIK cells have been infused in combination or not
with allogeneic HSC transplantation [47]. Preliminary phase I/II clinical studies with
cord blood-derived or autologous CIK cells showed little or none therapeutic value but
confirmed low toxicity [95,96]. More recent data suggest that IL-15-activated CIK cells may
sustain remission in a heterogeneous cohort of pediatric and adult leukemia patients after
allogeneic HSC transplant [97]. Recently, CIK cells were engineered to express a CD33 CAR
with the latest version of the non-viral Sleeping Beauty transposon system SB100X-pT4 [98].
SB-modified CD33 CAR CIK cells displayed antileukemic activity in vitro and in patient-
derived xenograft models, when administered at both initial and advanced stages of the
disease. CD33 CAR CIK cells were also effective against chemotherapy resistant/residual
AML cells, further supporting future clinical development [98].

4. Considerations in Preclinical Studies of Disease Modelling and Treatment
Efficacy Prediction
4.1. Healthy and Diseased HSC Reconstitution

Preclinical humanized models make it possible to study in vivo complex biological
features of healthy and diseased HSC such as lineage commitment and self-renewal, and
immune responses, without invasive procedures for the human donor. These models allow
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both disease modelling and prediction of efficiency of gene and cell therapy in a close to
physiological setting. The mice used in these studies are immunodeficient and lack T, B
and NK cells, to prevent graft rejection, usually in NOD or BALB/c backgrounds. Data
obtained from these tools are highly valuable, but it should be considered in the context
of their weaknesses to prevent misinterpretation. Selecting the best mouse model for the
purpose of the research is a key step towards accuracy (Figure 2).
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Figure 2. Immunodeficient mouse strains available for the study of HSC reconstitution. Background
strains and additional genetic engineering are depicted. Advantages for research are shown in blue
and disadvantages in red. The major limitation of all xenograft models is a mouse bone marrow
microenvironment to support human HSC engraftment. h, human; SCF, stem cell factor; GM-CSF,
granulocyte colony stimulating factor; IL, interleukin; SIRPα, signal-regulatory protein alpha; M-CSF,
macrophage colony-stimulating factor; TPO, thrombopoietin; NK, natural killer.

Strains in NOD (NOD Prkdcscid Il2rg−/−; NSG) backgrounds support higher engraft-
ment of human HSC compared to BALB/c-based recipients (BALB/c Rag2−/− Il2rg−/−;
BRg) [99]. NSG mice differ from NOG mice in the Il2rg mutation and the genetic back-
ground, but seem similar in biological features and xenograft outputs [100]. The NSG
mouse was developed by backcrossing the Il2rg−/− mouse resulting from a complete null
mutation onto NOD/ShiLtSz-Prkdcscid mouse [101]. The NOG mouse was developed by
backcrossing the Il2rg−/− mouse resulting from a truncated intracellular signaling domain
onto NOD/ShiLtSz-Prkdcscid mouse [102]. In NOG mice, the Il2rg mutant gene is expressed
and produces a protein that binds cytokines but does not signal. Conversely, no Il2rg gene
expression happens in NSG mice [16]. BRg mice expressing human signal-regulatory pro-
tein alpha (SIRPα) transgene show enhanced human chimerism relative to wild-type BRg,
as result of inhibited phagocytosis of the human cells [103]. These models show low human
myeloid cell differentiation due to evolutionary differences between mouse cytokines and
growth factors and human receptors needed for myeloid differentiation [104].

The next generation of humanized mouse models, i.e., NSG-SGM3 (or NSGS), NSGW41,
NOG-EXL and MISTRG, support human myelopoiesis at varying degrees and through
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different strategies. NSGS supply supraphysiological concentrations (2000–4000 pg/mL)
of SCF, granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-3, expressed
under the CMV promoter [104–106]. Some reports show that the transgenic overexpression
of human cytokines induces human HSC exhaustion in these mice [104,107], whereas
other authors demonstrate improved myeloid engraftment from normal human CD34+

progenitors and AML subtypes previously challenging to engraft [105,108]. Differences in
technical protocols, and source and number of CD34+ cells transplanted may contribute to
these discrepancies. In a recently improved protocol using ex vivo cultured CD34+ cells
obtained from peripheral blood of patients with myelofibrosis (MF), xenotransplantation
by X-ray guided intra-tibial injection into sublethally irradiated NSGS mice generated
patient-derived xenografts (PDX) that reproduced the hallmarks of MF, including BM
fibrosis. Genetic analysis showed maintenance of MF patient clonal architecture within
the engrafted cell population and prediction of clonal progression to secondary AML for
patients. The model was also useful for pharmacological target validation [109].

NSGW41 mice promote human engraftment by reducing mouse HSC through the
W41/W41 inactivating mutation of the c-Kit gene, which opens the BM niche to human
HSC engraftment and differentiation. This strategy achieves genetic preconditioning and
prevents the use of irradiation, enabling robust, uniform, sustained and serially trans-
plantable engraftment of human cord blood CD34+ progenitors [110]. NSGW41 mice also
support improved human erythropoiesis and platelet formation from cord blood CD34+

progenitors compared to irradiated NSG recipients [111]. No remarkable limitations to this
mouse model have been reported to date.

The NOG-EXL expresses human GM-CSF and IL-3 under the SV40 promoter on the
NOG background, with expression levels in the range of 35 pg/mL for GM-CSF and
80 pg/mL for IL-3, and mimic human allergic responses [112]. MISTRG mice combine
genetic preconditioning and cytokine-mediated support through knockin gene replace-
ment. The base model is BRg on a mixed BALB/c and 12924 backgrounds, which also
includes the transgene expressing human SIRPα to improve human HSC engraftment.
In addition, MISTRG mice express physiological concentrations of human macrophage
colony-stimulating factor (M-CSF), IL-3, GM-CSF and TPO, all under the endogenous
mouse promoters except for GM-CSF that is under the human promoter control [113]. Of
note, MISTRG PDX using BM-derived CD34+ cells from patients with myelodysplastic
syndromes transplanted intrahepatically into sublethally irradiated newborn recipients,
reproduced patient dysplastic morphology with multilineage representation, including
erythro- and megakaryopoiesis. MISTRG MDS-PDX replicated the original patient sample
genetic complexity, could be propagated via serial transplantation and was useful for
pharmacological target validation [114].

Mouse red blood cells are susceptible of destruction by human phagocytes, resulting
in anemia in both NOG-EXL and MISTRG mice [113,115]. In the original description of
MISTRG mice, anemia was lethal when engraftment reached ∼50% [113]. In a recent
comparative study using NSGS, NSGW41 and MISTRG mice transplanted with fetal CD34+

cells, anemia was confirmed in MISTRG recipients with negligible effects on red blood
cell counts on the other two strains. However, there was no significant difference in
survival among groups. Discrepancy with MISTRG previous report was explained on the
basis of the lower dose of radiation use (80 cGy versus 150 cGy), lower numbers of fetal
CD34+ cells transplanted (20,000–50,000 versus 100,000 cells) and rederivation of the line
which potentially eliminated a pathobiont that induced anemia-related lethality [107]. In
accordance with some previous studies, the authors further concluded that NSGS mice
may be used for mast cell research [116], but they are defective in HSC maintenance and
myeloid cell maturation. They also confirmed NSGW41 mice are suitable models for human
HSC studies, and proposed MISTRG mice as a supportive model for engraftment and
maintenance of HSC of a variety of sources, i.e., fetal, newborn and adult, and differentiation
to terminal monocytes and macrophages [107].
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Additional comparative studies are highly recommended, particularly in the contexts
of gene editing and cell therapy. Despite its limitations, NSG is the most common strain
used in these contexts to date. For example, NSG mice have been used to test the efficiency
of gene editing in human long-term HSC using a barcoding strategy to track the edited
clones. This elegant strategy showed that editing activates p53, which reduces the HSC
clonal repertoire in vivo, but does not affect multilineage reconstitution and self-renewing
properties [117]. Transient p53 inhibition restored polyclonal graft composition and com-
bined E4orf6/7 expression and p53 inhibition increased homology-directed repair editing
efficiencies to up to 50% in long-term HSC, with no functional perturbations [117].

Importantly, the greatest limitation of xenograft models is a mouse BM microenvi-
ronment to support human HSC engraftment and sustain human hematopoiesis. As of
today, there is insufficient knowledge of the murine HSC niche cell types and molecular
interactions involved [118]. For example, mouse CXCL12 binds and signals through hu-
man CXCR4, whereas other soluble factors such as osteopontin expressed by stromal cells
including MSC and its receptors expressed on HSC, show only moderate protein identity
between mouse and human, suggesting little contribution to human HSC maintenance in
the mouse HSC niche [118–120]. A potential strategy to overcome this milestone is to hu-
manize the HSC niche. After intra-tibia transplantation in NOD/SCID mice, human MSC
engraft in BM and integrate into the microenvironment, differentiating into pericytes, my-
ofibroblasts, BM stromal cells, osteocytes in bone, bone-lining osteoblasts and endothelial
cells [121]. The presence of human MSC resulted in increased human hematopoietic output
and numbers of CD34+ cells in mouse BM after transplantation of human cord blood CD34+

cells [121]. Later, human induced MSC transduced with platelet derived growth factor
subunit B (PDGFB) by lentiviral transduction cotransplanted intra-tibia in NOD/SCID
or NOG mice with human cord blood CD34+ cells promoted superior engraftment and
proliferation of human hematopoietic cells, and supported self-renewal as demonstrated
by remarkable engraftment into secondary recipients, versus no MSC or GFP-MSC [25].
Human PDGFB-MSC showed better survival and proliferation than GFP-MSC in the mouse
BM [25].

4.2. GvHD

Chronic GvHD induced by human T cells derived from CD34+ cells in humanized
mice has been explored scarcely. It was initially characterized as a systemic autoimmune
disease ≥24 weeks post patient CD34+ cell receipt, which involved lung, liver, skin, gin-
giva and intestine in NSG mice. Affected mice received cells with HLA haplotypes that
induce susceptibility for psoriasis in humans [122]. In these experiments, engraftment was
supported by the weekly administration of a fusion protein providing IL-7 for stimulating
T cell development in a stable form with bioavailability over 7 days after injection [122].
NSG mice engrafted with CD34+ cells from cord blood with chronic GvHD high-risk HLA
haplotypes (C*0602 and C*0401) developed chronic GvHD 18 to 39 weeks post-engraftment,
with symptoms that included severe weight loss, impaired movement, severe ruffling,
facial/full body alopecia and scaly skin. This was accompanied by remarkable human
CD45+ engraftment, particularly T cells [123].

NSGW41 mice were recently optimized for in vivo human T cell differentiation by
expression of human IL-7 under the control of mouse IL-7 regulatory elements, which then
supports a better balanced human immune system output without evidenced pathological
events [124]. Future work will elucidate the susceptibility of these mice to chronic GvHD,
and their utility for the study of this condition.

4.3. Immunotherapy

Humanized PDX models are used to predict the efficiency of immunotherapy. How-
ever, the function and antitumor activity of CAR T cells have been characterized mainly
in vitro, given that PDX models provide a host environment that differs from patients
due to their immunodeficient nature and presence of allogeneic/xenogeneic immune re-
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sponses [125]. Basic NSG mice can be engrafted with different types of human leukocytes
and CD34+ cells, obtained from BM, umbilical cord blood, fetal liver or thymus. Successful
engraftment is at 25% or more human CD45+ cell chimerism in peripheral blood of recipient
mice. Specific PDXs from solid tumors can then be inserted into the humanized mice, and
an immunotherapeutic agent can be administered for testing [126].

In leukemia immunotherapy, another limitation that may result in discrepancies in
treatment efficacy between patients and humanized PDX models is the use of cell lines
as opposed to primary leukemia cells [127–129]. In many cases though, studies combine
generation of CAR T cells derived from patients, such as B cell ALL patients, to test
antitumor responses against cell lines in NSG models. This strategy has led to interesting
observations such as the positive correlation between the proportion of stem cell memory T
cells in the final CAR T cell product with the in vivo expansion of CAR T cells and long-
term remission [128]. To mimic faithfully patient response to immunotherapy, the ideal
PDX model should model patient immune responses in presence of autologous leukemia.
Some elegant efforts have been taken in the direction. For example, for humanized mouse
preparation, NSG mice were conditioned with sublethal irradiation, and transplanted
intravenously with human CD34+ fetal liver cells and under kidney capsule with fetal
thymus from the same donor. Human T cells were isolated from humanized mouse
spleens, and then transduced with anti-CD19 CAR- or control CAR-expressing lentiviral or
retroviral particles, and used immediately after expansion for adoptive immunotherapy in
leukemic humanized mice. The same human fetal liver-derived CD34+ cells, previously
transduced with retroviruses expressing MLL-AF9, were transplanted into different NSG
mice to develop human B cell ALL. Leukemic humanized mice were generated using
transplants of these human B ALL cells into the humanized mice. The result is a valuable
in vivo system to model antitumor responses of CAR T cells, with potential to help identify
new more efficient CARs [125]. Future improvements in xenograft settings are needed,
particularly in the context of leukemia and immunotherapy.

5. Conclusions

HSC transplant has considerably improved survival in patients of previously deadly
diseases such as AML. Currently, HSC engraftment requires preconditioning through
heavy irradiation or chemotherapy, which makes this therapy not suitable for the older
patient, and has damaging consequences for the HSC niche in the BM and long-term
HSC reconstitution. The research agenda should include exploring alternative, less toxic,
ways of preconditioning and improved understanding of the BM HSC niche. To date,
allogeneic HSC transplantation is the most successful setting to prevent relapse, but it
increases the likelihood of GvHD, a condition that can be life threatening. In this context,
MSC are pursued mainly to promote HSC niche reconstitution, HSC engraftment and
expansion, and GvHD suppression. Results are somewhat disappointing, mainly due to
our poor understanding of MSC immunophenotype and their fine-tuned roles in tissue
remodeling and paracrine regulatory interactions as well as absence of standardization of
their culture conditions to preserve their function. Future improved detection methods and
characterization of their nature will allow to determine their true potential as cell therapy
in these contexts and expand their application to promote immunotherapy, or HSC niche
reconstitution in additional scenarios such as myelodysplastic syndromes and other BM
failure syndromes.

Cellular immunotherapy holds the promise of improved cure rates, providing speci-
ficity and less toxicity as compared to chemotherapy. Neurotoxicity and GvHD are still
challenges for the broad application of CAR T cells, which are currently tackled from
extensive characterization of these powerful cells and their responses to the engineered
expression of suicide genes. The next generation of CAR T cells will be further engineered
to express receptors that will allow their regulation from the BM microenvironment. To
harness the full potential of this strategy in the context of AML will require better under-
standing of the hijacking of the BM HSC niche exerted by LSC. Further, CAR T cells directed
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against single antigens are unsuccessful in AML likely due to heterogeneity and insufficient
knowledge of LSC, which are subject of current extended research. Dual blast and LSC
targeting is being pursued in several clinical trials at the moment with some promising
results already reported. CAR NK cells are a more recent approach with advantages over
CAR T cells, including no induction of GvHD, dual killing capacity by CAR-dependent
and innate pathways as well as fast availability. Their persistence in vivo seems to be a
challenge that may be overcome by improved understanding of the regulatory mechanisms
of these cells through the microenvironment, and this should be subject of future investiga-
tion. As of today, there are more than 800 clinical trials using CAR T cells in hematology
and oncology, and 26 investigating CAR NK cells in hematological malignancies and solid
tumors. Other forms of immunotherapy are also available such as NK cells, CIK cells and
CAR CIK cells and show promising results in the context of AML. Cellular immunotherapy
can be strengthened or modulated by further gene engineering, and combination or not
with chemotherapy, HSC transplant, checkpoint inhibitors or other drugs targeting the
tumor or aimed at modulating immune cell functions. It is a powerful strategy that offers
the versatility required to tackle complex diseases. We are witnessing the birth of the
hematology of tomorrow.

Finally, disease modelling and treatment efficacy predictions in hematology rely on
the use of preclinical models. Data derived from these models are highly valuable, but
it should be considered in the context of their limitations to prevent misinterpretation.
Careful choice of the preclinical model among those available, according to the purpose
of the study, is highly recommended. Genetic preconditioning in NSGW41 is a promising
strategy that allows the study of cell behavior in a native microenvironment, not subjected
to previous irradiation. However, the challenge of a mouse BM microenvironment to
support and regulate human stem and immune cells is a significant milestone that still
must be overcome. There is insufficient understanding of the mouse HSC niche, and
its cellular and molecular alterations in the context of immunodeficient mice as well as
differences among models. The field will benefit substantially from further research on
improved preclinical models including humanized microenvironments in mice.

Funding: L.A. work is supported by a joint meeting grant of the Northern Norway Regional Health
Authority and UiT (2014/5668), Young Research Talent grants from the Research Council of Norway
(RCN, Stem Cell Program, 247596; FRIPRO Program, 250901), Research Project for Scientific Renewal
from RCN (FRIPRO Program, 326530), and from the Norwegian Cancer Society (6765150).

Conflicts of Interest: The author declares no conflict of interest.

References
1. Snyder, J.; Turner, L.; Crooks, V.A. Crowdfunding for Unproven Stem Cell-Based Interventions. JAMA J. Am. Med. Assoc. 2018,

319, 1935–1936. [CrossRef] [PubMed]
2. Brunner, A.M.; Fathi, A.T.; Chen, Y.B. Life after transplant: Are we becoming high maintenance in AML? Bone Marrow Transplant.

2016, 51, 1423–1430. [CrossRef] [PubMed]
3. Wingard, J.R.; Majhail, N.S.; Brazauskas, R.; Wang, Z.; Sobocinski, K.A.; Jacobsohn, D.; Sorror, M.L.; Horowitz, M.M.; Bolwell, B.;

Rizzo, J.D.; et al. Long-term survival and late deaths after allogeneic hematopoietic cell transplantation. J. Clin. Oncol. 2011, 29,
2230–2239. [CrossRef] [PubMed]

4. Bejanyan, N.; Weisdorf, D.J.; Logan, B.R.; Wang, H.L.; Devine, S.M.; de Lima, M.; Bunjes, D.W.; Zhang, M.J. Survival of patients
with acute myeloid leukemia relapsing after allogeneic hematopoietic cell transplantation: A center for international blood and
marrow transplant research study. Biol. Blood Marrow Transplant. 2015, 21, 454–459. [CrossRef] [PubMed]

5. Loke, J.; Buka, R.; Craddock, C. Allogeneic Stem Cell Transplantation for Acute Myeloid Leukemia: Who, When, and How? Front.
Immunol. 2021, 12, 659595. [CrossRef]

6. Sayer, H.G.; Kroger, M.; Beyer, J.; Kiehl, M.; Klein, S.A.; Schaefer-Eckart, K.; Schwerdtfeger, R.; Siegert, W.; Runde, V.; Theuser,
C.; et al. Reduced intensity conditioning for allogeneic hematopoietic stem cell transplantation in patients with acute myeloid
leukemia: Disease status by marrow blasts is the strongest prognostic factor. Bone Marrow Transplant. 2003, 31, 1089–1095.
[CrossRef]

7. Blaise, D.P.; Michel Boiron, J.; Faucher, C.; Mohty, M.; Bay, J.O.; Bardoux, V.J.; Perreau, V.; Coso, D.; Pigneux, A.; Vey, N. Reduced
intensity conditioning prior to allogeneic stem cell transplantation for patients with acute myeloblastic leukemia as a first-line
treatment. Cancer 2005, 104, 1931–1938. [CrossRef]

http://doi.org/10.1001/jama.2018.3057
http://www.ncbi.nlm.nih.gov/pubmed/29801003
http://doi.org/10.1038/bmt.2016.160
http://www.ncbi.nlm.nih.gov/pubmed/27322850
http://doi.org/10.1200/JCO.2010.33.7212
http://www.ncbi.nlm.nih.gov/pubmed/21464398
http://doi.org/10.1016/j.bbmt.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25460355
http://doi.org/10.3389/fimmu.2021.659595
http://doi.org/10.1038/sj.bmt.1704062
http://doi.org/10.1002/cncr.21418


Cancers 2022, 14, 580 13 of 18

8. McSweeney, P.A.; Niederwieser, D.; Shizuru, J.A.; Sandmaier, B.M.; Molina, A.J.; Maloney, D.G.; Chauncey, T.R.; Gooley, T.A.;
Hegenbart, U.; Nash, R.A.; et al. Hematopoietic cell transplantation in older patients with hematologic malignancies: Replacing
high-dose cytotoxic therapy with graft-versus-tumor effects. Blood 2001, 97, 3390–3400. [CrossRef]

9. Oudin, C.; Chevallier, P.; Furst, S.; Guillaume, T.; El Cheikh, J.; Delaunay, J.; Castagna, L.; Faucher, C.; Granata, A.; Devillier, R.;
et al. Reduced-toxicity conditioning prior to allogeneic stem cell transplantation improves outcome in patients with myeloid
malignancies. Haematologica 2014, 99, 1762–1768. [CrossRef]

10. Alyea, E.P.; Kim, H.T.; Ho, V.; Cutler, C.; DeAngelo, D.J.; Stone, R.; Ritz, J.; Antin, J.H.; Soiffer, R.J. Impact of conditioning
regimen intensity on outcome of allogeneic hematopoietic cell transplantation for advanced acute myelogenous leukemia and
myelodysplastic syndrome. Biol. Blood Marrow Transplant. 2006, 12, 1047–1055. [CrossRef]

11. de Lima, M.; Anagnostopoulos, A.; Munsell, M.; Shahjahan, M.; Ueno, N.; Ippoliti, C.; Andersson, B.S.; Gajewski, J.; Couriel,
D.; Cortes, J.; et al. Nonablative versus reduced-intensity conditioning regimens in the treatment of acute myeloid leukemia
and high-risk myelodysplastic syndrome: Dose is relevant for long-term disease control after allogeneic hematopoietic stem cell
transplantation. Blood 2004, 104, 865–872. [CrossRef] [PubMed]

12. Chhabra, A.; Ring, A.M.; Weiskopf, K.; Schnorr, P.J.; Gordon, S.; Le, A.C.; Kwon, H.S.; Ring, N.G.; Volkmer, J.; Ho, P.Y.; et al.
Hematopoietic stem cell transplantation in immunocompetent hosts without radiation or chemotherapy. Sci. Transl. Med. 2016, 8,
351ra105. [CrossRef]

13. Marjon, K.D.; Chen, J.Y.; Duan, J.Q.; Choi, T.S.; Sompalli, K.; Feng, D.D.; Mata, O.; Chen, S.; Kean, L.; Chao, M.M.; et al. An All
Antibody Approach for Conditioning Bone Marrow for Hematopoietic Stem Cell Transplantation with Anti-cKIT and Anti-CD47
in Non-Human Primates. Blood 2019, 134, 4428. [CrossRef]

14. Persaud, S.P.; Ritchey, J.K.; Kim, S.; Lim, S.; Ruminski, P.G.; Cooper, M.L.; Rettig, M.P.; Choi, J.; DiPersio, J.F. Antibody-drug
conjugates plus Janus kinase inhibitors enable MHC-mismatched allogeneic hematopoietic stem cell transplantation. J. Clin.
Investig. 2021, 131, e145501. [CrossRef] [PubMed]

15. Bhattacharya, D.; Czechowicz, A.; Ooi, A.G.L.; Rossi, D.J.; Bryder, D.; Weissman, I.L. Niche recycling through division-
independent egress of hematopoietic stem cells. J. Exp. Med. 2009, 206, 2837–2850. [CrossRef]

16. Lucas, D.; Scheiermann, C.; Chow, A.; Kunisaki, Y.; Bruns, I.; Barrick, C.; Tessarollo, L.; Frenette, P.S. Chemotherapy-induced bone
marrow nerve injury impairs hematopoietic regeneration. Nat. Med. 2013, 19, 695–703. [CrossRef]

17. Cao, X.; Wu, X.W.; Frassica, D.; Yu, B.; Pang, L.J.; Xian, L.L.; Wan, M.; Lei, W.Q.; Armour, M.; Tryggestad, E.; et al. Irradiation
induces bone injury by damaging bone marrow microenvironment for stem cells. Proc. Natl. Acad. Sci. USA 2011, 108, 1609–1614.
[CrossRef]

18. Hu, L.; Yin, X.; Zhang, Y.; Pang, A.; Xie, X.; Yang, S.; Zhu, C.; Li, Y.; Zhang, B.; Huang, Y.; et al. Radiation-induced bystander
effects impair transplanted human hematopoietic stem cells via oxidative DNA damage. Blood 2021, 137, 3339–3350. [CrossRef]

19. Schepers, K.; Campbell, T.B.; Passegue, E. Normal and leukemic stem cell niches: Insights and therapeutic opportunities. Cell
Stem Cell 2015, 16, 254–267. [CrossRef]

20. Kfoury, Y.; Scadden, D.T. Mesenchymal cell contributions to the stem cell niche. Cell Stem Cell 2015, 16, 239–253. [CrossRef]
21. Bernal, A.; Arranz, L. Nestin-expressing progenitor cells: Function, identity and therapeutic implications. Cell. Mol. Life Sci. 2018,

75, 2177–2195. [CrossRef] [PubMed]
22. Parekkadan, B.; Milwid, J.M. Mesenchymal Stem Cells as Therapeutics. Annu. Rev. Biomed. Eng. 2010, 12, 87–117. [CrossRef]

[PubMed]
23. Cuminetti, V.; Arranz, L. Bone Marrow Adipocytes: The Enigmatic Components of the Hematopoietic Stem Cell Niche. J. Clin.

Med. 2019, 8, 707. [CrossRef] [PubMed]
24. Zhou, T.; Yuan, Z.; Weng, J.; Pei, D.; Du, X.; He, C.; Lai, P. Challenges and advances in clinical applications of mesenchymal

stromal cells. J. Hematol. Oncol. 2021, 14, 24. [CrossRef]
25. Yin, X.; Hu, L.; Zhang, Y.; Zhu, C.; Cheng, H.; Xie, X.; Shi, M.; Zhu, P.; Zhao, X.; Chen, W.; et al. PDGFB-expressing mesenchymal

stem cells improve human hematopoietic stem cell engraftment in immunodeficient mice. Bone Marrow Transplant. 2020, 55,
1029–1040. [CrossRef]

26. Rubin, R. Unproven but Profitable: The Boom in US Stem Cell Clinics. JAMA 2018, 320, 1421–1423. [CrossRef]
27. Dimmeler, S.; Ding, S.; Rando, T.A.; Trounson, A. Translational strategies and challenges in regenerative medicine. Nat. Med.

2014, 20, 814–821. [CrossRef]
28. Wang, S.; Qu, X.; Zhao, R.C. Clinical applications of mesenchymal stem cells. J. Hematol. Oncol. 2012, 5, 19. [CrossRef] [PubMed]
29. Chmielewski, M.A.; Abken, H. TRUCKS, the fourth-generation CAR T cells: Current developments and clinical translation. Adv.

Cell Gene Ther. 2020, 3, e84. [CrossRef]
30. Kim, D.W.; Cho, J.Y. Recent Advances in Allogeneic CAR-T Cells. Biomolecules 2020, 10, 263. [CrossRef]
31. Kagoya, Y.; Tanaka, S.; Guo, T.; Anczurowski, M.; Wang, C.H.; Saso, K.; Butler, M.O.; Minden, M.D.; Hirano, N. A novel chimeric

antigen receptor containing a JAK-STAT signaling domain mediates superior antitumor effects. Nat. Med. 2018, 24, 352–359.
[CrossRef] [PubMed]

32. Ghorashian, S.; Kramer, A.M.; Onuoha, S.; Wright, G.; Bartram, J.; Richardson, R.; Albon, S.J.; Casanovas-Company, J.; Castro,
F.; Popova, B.; et al. Enhanced CAR T cell expansion and prolonged persistence in pediatric patients with ALL treated with a
low-affinity CD19 CAR. Nat. Med. 2019, 25, 1408–1414. [CrossRef] [PubMed]

http://doi.org/10.1182/blood.V97.11.3390
http://doi.org/10.3324/haematol.2014.105981
http://doi.org/10.1016/j.bbmt.2006.06.003
http://doi.org/10.1182/blood-2003-11-3750
http://www.ncbi.nlm.nih.gov/pubmed/15090449
http://doi.org/10.1126/scitranslmed.aae0501
http://doi.org/10.1182/blood-2019-131490
http://doi.org/10.1172/JCI145501
http://www.ncbi.nlm.nih.gov/pubmed/34730109
http://doi.org/10.1084/jem.20090778
http://doi.org/10.1038/nm.3155
http://doi.org/10.1073/pnas.1015350108
http://doi.org/10.1182/blood.2020007362
http://doi.org/10.1016/j.stem.2015.02.014
http://doi.org/10.1016/j.stem.2015.02.019
http://doi.org/10.1007/s00018-018-2794-z
http://www.ncbi.nlm.nih.gov/pubmed/29541793
http://doi.org/10.1146/annurev-bioeng-070909-105309
http://www.ncbi.nlm.nih.gov/pubmed/20415588
http://doi.org/10.3390/jcm8050707
http://www.ncbi.nlm.nih.gov/pubmed/31109063
http://doi.org/10.1186/s13045-021-01037-x
http://doi.org/10.1038/s41409-019-0766-z
http://doi.org/10.1001/jama.2018.13861
http://doi.org/10.1038/nm.3627
http://doi.org/10.1186/1756-8722-5-19
http://www.ncbi.nlm.nih.gov/pubmed/22546280
http://doi.org/10.1002/acg2.84
http://doi.org/10.3390/biom10020263
http://doi.org/10.1038/nm.4478
http://www.ncbi.nlm.nih.gov/pubmed/29400710
http://doi.org/10.1038/s41591-019-0549-5
http://www.ncbi.nlm.nih.gov/pubmed/31477906


Cancers 2022, 14, 580 14 of 18

33. Ren, J.; Zhang, X.; Liu, X.; Fang, C.; Jiang, S.; June, C.H.; Zhao, Y. A versatile system for rapid multiplex genome-edited CAR T
cell generation. Oncotarget 2017, 8, 17002–17011. [CrossRef] [PubMed]

34. Gao, Q.; Dong, X.; Xu, Q.; Zhu, L.; Wang, F.; Hou, Y.; Chao, C.C. Therapeutic potential of CRISPR/Cas9 gene editing in engineered
T-cell therapy. Cancer Med. 2019, 8, 4254–4264. [CrossRef]

35. McCreedy, B.J.; Senyukov, V.V.; Nguyen, K.T. Off the shelf T cell therapies for hematologic malignancies. Best Pract. Res. Clin.
Haematol. 2018, 31, 166–175. [CrossRef]

36. Terme, M.; Ullrich, E.; Delahaye, N.F.; Chaput, N.; Zitvogel, L. Natural killer cell-directed therapies: Moving from unexpected
results to successful strategies. Nat. Immunol. 2008, 9, 486–494. [CrossRef]

37. Xu, J.; Niu, T. Natural killer cell-based immunotherapy for acute myeloid leukemia. J. Hematol. Oncol. 2020, 13, 167. [CrossRef]
38. Freeman, A.J.; Vervoort, S.J.; Ramsbottom, K.M.; Kelly, M.J.; Michie, J.; Pijpers, L.; Johnstone, R.W.; Kearney, C.J.; Oliaro, J. Natural

Killer Cells Suppress T Cell-Associated Tumor Immune Evasion. Cell Rep. 2019, 28, 2784–2794.e5. [CrossRef]
39. Reindl, L.M.; Albinger, N.; Bexte, T.; Muller, S.; Hartmann, J.; Ullrich, E. Immunotherapy with NK cells: Recent developments in

gene modification open up new avenues. Oncoimmunology 2020, 9, 1777651. [CrossRef]
40. Shlomchik, W.D.; Couzens, M.S.; Tang, C.B.; McNiff, J.; Robert, M.E.; Liu, J.; Shlomchik, M.J.; Emerson, S.G. Prevention of graft

versus host disease by inactivation of host antigen-presenting cells. Science 1999, 285, 412–415. [CrossRef]
41. Olson, J.A.; Leveson-Gower, D.B.; Gill, S.; Baker, J.; Beilhack, A.; Negrin, R.S. NK cells mediate reduction of GVHD by inhibiting

activated, alloreactive T cells while retaining GVT effects. Blood 2010, 115, 4293–4301. [CrossRef] [PubMed]
42. Schmidtwolf, I.G.H.; Negrin, R.S.; Kiem, H.P.; Blume, K.G.; Weissman, I.L. Use of a Scid Mouse Human Lymphoma Model

to Evaluate Cytokine-Induced Killer-Cells with Potent Antitumor Cell-Activity. J. Exp. Med. 1991, 174, 139–149. [CrossRef]
[PubMed]

43. Introna, M.; Franceschetti, M.; Ciocca, A.; Borleri, G.; Conti, E.; Golay, J.; Rambaldi, A. Rapid and massive expansion of cord
blood-derived cytokine-induced killer cells: An innovative proposal for the treatment of leukemia relapse after cord blood
transplantation. Bone Marrow Transplant. 2006, 38, 621–627. [CrossRef] [PubMed]

44. Hoyle, C.; Bangs, C.D.; Chang, P.; Kamel, O.; Mehta, B.; Negrin, R.S. Expansion of Philadelphia chromosome-negative
CD3(+)CD56(+) cytotoxic cells from chronic myeloid leukemia patients: In vitro and in vivo efficacy in severe combined immun-
odeficiency disease mice. Blood 1998, 92, 3318–3327. [CrossRef]

45. Pievani, A.; Borleri, G.; Pende, D.; Moretta, L.; Rambaldi, A.; Golay, J.; Introna, M. Dual-functional capability of CD3(+)CD56(+)
CIK cells, a T-cell subset that acquires NK function and retains TCR-mediated specific cytotoxicity. Blood 2011, 118, 3301–3310.
[CrossRef]

46. Hansrivijit, P.; Gale, R.P.; Barrett, J.; Ciurea, S.O. Cellular therapy for acute myeloid Leukemia—Current status and future
prospects. Blood Rev. 2019, 37, 100578. [CrossRef]

47. Limongello, R.; Marra, A.; Mancusi, A.; Bonato, S.; Hoxha, E.; Ruggeri, L.; Hui, S.; Velardi, A.; Pierini, A. Novel Immune
Cell-Based Therapies to Eradicate High-Risk Acute Myeloid Leukemia. Front. Immunol. 2021, 12, 695051. [CrossRef]

48. Baker, J.; Verneris, M.R.; Ito, M.; Shizuru, J.A.; Negrin, R.S. Expansion of cytolytic CD8(+) natural killer T cells with limited
capacity for graft-versus-host disease induction due to interferon gamma production. Blood 2001, 97, 2923–2931. [CrossRef]

49. Verneris, M.R.; Ito, M.; Baker, J.; Arshi, A.; Negrin, R.S.; Shizuru, J.A. Engineering hematopoietic grafts: Purified allogeneic
hematopoietic stem cells plus expanded CD8+ NK-T cells in the treatment of lymphoma. Biol. Blood Marrow Transplant. 2001, 7,
532–542. [CrossRef]

50. Tettamanti, S.; Marin, V.; Pizzitola, I.; Magnani, C.F.; Giordano Attianese, G.M.; Cribioli, E.; Maltese, F.; Galimberti, S.; Lopez, A.F.;
Biondi, A.; et al. Targeting of acute myeloid leukaemia by cytokine-induced killer cells redirected with a novel CD123-specific
chimeric antigen receptor. Br. J. Haematol. 2013, 161, 389–401. [CrossRef]

51. Hontscha, C.; Borck, Y.; Zhou, H.; Messmer, D.; Schmidt-Wolf, I.G. Clinical trials on CIK cells: First report of the international
registry on CIK cells (IRCC). J. Cancer Res. Clin. Oncol. 2011, 137, 305–310. [CrossRef] [PubMed]

52. Zhang, Y.; Schmidt-Wolf, I.G.H. Ten-year update of the international registry on cytokine-induced killer cells in cancer im-
munotherapy. J. Cell. Physiol. 2020, 235, 9291–9303. [CrossRef] [PubMed]

53. de Lima, M.; McNiece, I.; Robinson, S.N.; Munsell, M.; Eapen, M.; Horowitz, M.; Alousi, A.; Saliba, R.; McMannis, J.D.; Kaur,
I.; et al. Cord-blood engraftment with ex vivo mesenchymal-cell coculture. N. Engl. J. Med. 2012, 367, 2305–2315. [CrossRef]
[PubMed]

54. Fan, X.; Grant, D.; Gay, F.; Bari, S.; Quek, J.; Niam, M.; Soh, M.; Chan, M.; Koh, M.; Lodish, H.; et al. Expansion of Umbilical Cord
Blood with IGFBP2 in MSC Co-Culture System—Modest but Long-term Engraftment of Donor Cells. J. Microbiol. Pathol. 2018, 2,
1000e106.

55. Pinho, S.; Lacombe, J.; Hanoun, M.; Mizoguchi, T.; Bruns, I.; Kunisaki, Y.; Frenette, P.S. PDGFRalpha and CD51 mark human
nestin+ sphere-forming mesenchymal stem cells capable of hematopoietic progenitor cell expansion. J. Exp. Med. 2013, 210,
1351–1367. [CrossRef]

56. Isern, J.; Martin-Antonio, B.; Ghazanfari, R.; Martin, A.M.; Lopez, J.A.; del Toro, R.; Sanchez-Aguilera, A.; Arranz, L.; Martin-Perez,
D.; Suarez-Lledo, M.; et al. Self-renewing human bone marrow mesenspheres promote hematopoietic stem cell expansion. Cell
Rep. 2013, 3, 1714–1724. [CrossRef]

http://doi.org/10.18632/oncotarget.15218
http://www.ncbi.nlm.nih.gov/pubmed/28199983
http://doi.org/10.1002/cam4.2257
http://doi.org/10.1016/j.beha.2018.03.001
http://doi.org/10.1038/ni1580
http://doi.org/10.1186/s13045-020-00996-x
http://doi.org/10.1016/j.celrep.2019.08.017
http://doi.org/10.1080/2162402X.2020.1777651
http://doi.org/10.1126/science.285.5426.412
http://doi.org/10.1182/blood-2009-05-222190
http://www.ncbi.nlm.nih.gov/pubmed/20233969
http://doi.org/10.1084/jem.174.1.139
http://www.ncbi.nlm.nih.gov/pubmed/1711560
http://doi.org/10.1038/sj.bmt.1705503
http://www.ncbi.nlm.nih.gov/pubmed/16980990
http://doi.org/10.1182/blood.V92.9.3318
http://doi.org/10.1182/blood-2011-02-336321
http://doi.org/10.1016/j.blre.2019.05.002
http://doi.org/10.3389/fimmu.2021.695051
http://doi.org/10.1182/blood.V97.10.2923
http://doi.org/10.1016/S1083-8791(01)70014-6
http://doi.org/10.1111/bjh.12282
http://doi.org/10.1007/s00432-010-0887-7
http://www.ncbi.nlm.nih.gov/pubmed/20407789
http://doi.org/10.1002/jcp.29827
http://www.ncbi.nlm.nih.gov/pubmed/32484595
http://doi.org/10.1056/NEJMoa1207285
http://www.ncbi.nlm.nih.gov/pubmed/23234514
http://doi.org/10.1084/jem.20122252
http://doi.org/10.1016/j.celrep.2013.03.041


Cancers 2022, 14, 580 15 of 18

57. Lazarus, H.M.; Koc, O.N.; Devine, S.M.; Curtin, P.; Maziarz, R.T.; Holland, H.K.; Shpall, E.J.; McCarthy, P.; Atkinson, K.; Cooper,
B.W.; et al. Cotransplantation of HLA-identical sibling culture-expanded mesenchymal stem cells and hematopoietic stem cells in
hematologic malignancy patients. Biol. Blood Marrow Transplant. 2005, 11, 389–398. [CrossRef]

58. Fisher, S.A.; Cutler, A.; Doree, C.; Brunskill, S.J.; Stanworth, S.J.; Navarrete, C.; Girdlestone, J. Mesenchymal stromal cells as
treatment or prophylaxis for acute or chronic graft-versus-host disease in haematopoietic stem cell transplant (HSCT) recipients
with a haematological condition. Cochrane Database Syst. Rev. 2019, 2019, CD009768. [CrossRef]

59. Shang, Y.; Zhou, F. Current Advances in Immunotherapy for Acute Leukemia: An Overview of Antibody, Chimeric Antigen
Receptor, Immune Checkpoint, and Natural Killer. Front. Oncol. 2019, 9, 917. [CrossRef]

60. Wang, H.; Kaur, G.; Sankin, A.I.; Chen, F.; Guan, F.; Zang, X. Immune checkpoint blockade and CAR-T cell therapy in hematologic
malignancies. J. Hematol. Oncol. 2019, 12, 59. [CrossRef]

61. Albinger, N.; Hartmann, J.; Ullrich, E. Current status and perspective of CAR-T and CAR-NK cell therapy trials in Germany. Gene
Ther. 2021, 28, 513–527. [CrossRef] [PubMed]

62. Michelozzi, I.M.; Kirtsios, E.; Giustacchini, A. Driving CAR T Stem Cell Targeting in Acute Myeloid Leukemia: The Roads to
Success. Cancers 2021, 13, 2816. [CrossRef] [PubMed]

63. 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]

64. 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]

65. Qin, H.Y.; Nguyen, S.M.; Ramakrishna, S.; Tarun, S.; Yang, L.L.; Verdini, N.P.; Haso, W.; Fry, T.J. Novel CD19/CD22 Bicistronic
Chimeric Antigen Receptors Outperform Single or Bivalent Cars in Eradicating CD19(+) CD22(+), CD19(-), and CD22(-) Pre-B
Leukemia. Blood 2017, 130, 810. [CrossRef]

66. Hudecek, M.; Lupo-Stanghellini, M.T.; Kosasih, P.L.; Sommermeyer, D.; Jensen, M.C.; Rader, C.; Riddell, S.R. Receptor Affinity
and Extracellular Domain Modifications Affect Tumor Recognition by ROR1-Specific Chimeric Antigen Receptor T Cells. Clin.
Cancer Res. 2013, 19, 3153–3164. [CrossRef]

67. Milone, M.C.; Fish, J.D.; Carpenito, C.; Carroll, R.G.; Binder, G.K.; Teachey, D.; Samanta, M.; Lakhal, M.; Gloss, B.; Danet-
Desnoyers, G.; et al. Chimeric receptors containing CD137 signal transduction domains mediate enhanced survival of T cells and
increased antileukemic efficacy in vivo. Mol. Ther. 2009, 17, 1453–1464. [CrossRef]

68. Villatoro, A.; Konieczny, J.; Cuminetti, V.; Arranz, L. Leukemia Stem Cell Release From the Stem Cell Niche to Treat Acute
Myeloid Leukemia. Front. Cell Dev. Biol. 2020, 8, 607. [CrossRef]

69. Vetrie, D.; Helgason, G.V.; Copland, M. The leukaemia stem cell: Similarities, differences and clinical prospects in CML and AML.
Nat. Rev. Cancer 2020, 20, 158–173. [CrossRef]

70. Buzzai, M.; Licht, J.D. New molecular concepts and targets in acute myeloid leukemia. Curr. Opin. Hematol. 2008, 15, 82–87.
[CrossRef]

71. Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328–337. [CrossRef] [PubMed]
72. Fiorenza, S.; Turtle, C.J. CAR-T Cell Therapy for Acute Myeloid Leukemia: Preclinical Rationale, Current Clinical Progress, and

Barriers to Success. Biodrugs 2021, 35, 281–302. [CrossRef] [PubMed]
73. Bu, C.K.; Peng, Z.Y.; Luo, M.; Li, G.C.; Li, C.F. Phase I Clinical Trial of Autologous CLL1 CAR-T Therapy for Pediatric Patients

with Relapsed and Refractory Acute Myeloid Leukemia. Blood 2020, 136, 13. [CrossRef]
74. Jin, L.; Hope, K.J.; Zhai, Q.; Smadja-Joffe, F.; Dick, J.E. Targeting of CD44 eradicates human acute myeloid leukemic stem cells.

Nat. Med. 2006, 12, 1167–1174. [CrossRef]
75. 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]

76. di Robilant, B.N.; Casucci, M.; Falcone, L.; Camisa, B.; Gentner, B.; Naldini, L.; Bordignon, C.; Ciceri, F.; Bonini, C.; Bondanza,
A. CD44v6 Is Required For In Vivo Tumorigenesis Of Human AML and MM Cells: Role Of Microenvironmental Signals and
Therapeutic Implications. Blood 2013, 122, 605. [CrossRef]

77. Wang, Q.S.; Wang, Y.; Lv, H.Y.; Han, Q.W.; Fan, H.; Guo, B.; Wang, L.L.; Han, W.D. Treatment of CD33-directed chimeric antigen
receptor-modified T cells in one patient with relapsed and refractory acute myeloid leukemia. Mol. Ther. 2015, 23, 184–191.
[CrossRef]

78. Petrov, J.C.; Wada, M.; Pinz, K.G.; Yan, L.L.E.; Chen, K.H.; Shuai, X.; Liu, H.; Chen, X.; Leung, L.H.; Salman, H.; et al. Compound
CAR T-cells as a double-pronged approach for treating acute myeloid leukemia. Leukemia 2018, 32, 1317–1326. [CrossRef]

79. Liu, F.; Cao, Y.Z.; Pinz, K.; Ma, Y.; Wada, M.; Chen, K.; Ma, G.; Shen, J.Q.; Tse, C.O.; Su, Y.; et al. First-in-Human CLL1-CD33
Compound CAR T Cell Therapy Induces Complete Remission in Patients with Refractory Acute Myeloid Leukemia: Update on
Phase 1 Clinical Trial. Blood 2018, 132, 901. [CrossRef]

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

http://doi.org/10.1016/j.bbmt.2005.02.001
http://doi.org/10.1002/14651858.CD009768.pub2
http://doi.org/10.3389/fonc.2019.00917
http://doi.org/10.1186/s13045-019-0746-1
http://doi.org/10.1038/s41434-021-00246-w
http://www.ncbi.nlm.nih.gov/pubmed/33753909
http://doi.org/10.3390/cancers13112816
http://www.ncbi.nlm.nih.gov/pubmed/34198742
http://doi.org/10.1056/NEJMoa1709866
http://www.ncbi.nlm.nih.gov/pubmed/29385370
http://doi.org/10.1056/NEJMoa1709919
http://www.ncbi.nlm.nih.gov/pubmed/29385376
http://doi.org/10.1182/blood.V130.Suppl_1.810.810
http://doi.org/10.1158/1078-0432.CCR-13-0330
http://doi.org/10.1038/mt.2009.83
http://doi.org/10.3389/fcell.2020.00607
http://doi.org/10.1038/s41568-019-0230-9
http://doi.org/10.1097/MOH.0b013e3282f3ded0
http://doi.org/10.1038/nature12624
http://www.ncbi.nlm.nih.gov/pubmed/24048065
http://doi.org/10.1007/s40259-021-00477-8
http://www.ncbi.nlm.nih.gov/pubmed/33826079
http://doi.org/10.1182/blood-2020-140648
http://doi.org/10.1038/nm1483
http://doi.org/10.1182/blood.V91.9.3401
http://doi.org/10.1182/blood.V122.21.605.605
http://doi.org/10.1038/mt.2014.164
http://doi.org/10.1038/s41375-018-0075-3
http://doi.org/10.1182/blood-2018-99-110579
http://doi.org/10.1056/NEJMoa1910607


Cancers 2022, 14, 580 16 of 18

81. Ruggeri, L.; Mancusi, A.; Perruccio, K.; Burchielli, E.; Martelli, M.F.; Velardi, A. Natural killer cell alloreactivity for leukemia
therapy. J. Immunother. 2005, 28, 175–182. [CrossRef] [PubMed]

82. Chan, Y.L.T.; Zuo, J.; Inman, C.; Croft, W.; Begum, J.; Croudace, J.; Kinsella, F.; Maggs, L.; Nagra, S.; Nunnick, J.; et al. NK cells
produce high levels of IL-10 early after allogeneic stem cell transplantation and suppress development of acute GVHD. Eur. J.
Immunol. 2018, 48, 316–329. [CrossRef] [PubMed]

83. Cooley, S.; Weisdorf, D.J.; Guethlein, L.A.; Klein, J.P.; Wang, T.; Le, C.T.; Marsh, S.G.; Geraghty, D.; Spellman, S.; Haagenson, M.D.;
et al. Donor selection for natural killer cell receptor genes leads to superior survival after unrelated transplantation for acute
myelogenous leukemia. Blood 2010, 116, 2411–2419. [CrossRef] [PubMed]

84. Miller, J.S.; Cooley, S.; Parham, P.; Farag, S.S.; Verneris, M.R.; McQueen, K.L.; Guethlein, L.A.; Trachtenberg, E.A.; Haagenson, M.;
Horowitz, M.M.; et al. Missing KIR ligands are associated with less relapse and increased graft-versus-host disease (GVHD)
following unrelated donor allogeneic HCT. Blood 2007, 109, 5058–5061. [CrossRef]

85. Rubnitz, J.E.; Inaba, H.; Kang, G.; Gan, K.; Hartford, C.; Triplett, B.M.; Dallas, M.; Shook, D.; Gruber, T.; Pui, C.H.; et al. Natural
killer cell therapy in children with relapsed leukemia. Pediatr. Blood Cancer 2015, 62, 1468–1472. [CrossRef] [PubMed]

86. Passweg, J.R.; Tichelli, A.; Meyer-Monard, S.; Heim, D.; Stern, M.; Kuhne, T.; Favre, G.; Gratwohl, A. Purified donor NK-
lymphocyte infusion to consolidate engraftment after haploidentical stem cell transplantation. Leukemia 2004, 18, 1835–1838.
[CrossRef] [PubMed]

87. Stern, M.; Passweg, J.R.; Meyer-Monard, S.; Esser, R.; Tonn, T.; Soerensen, J.; Paulussen, M.; Gratwohl, A.; Klingebiel, T.; Bader, P.;
et al. Pre-emptive immunotherapy with purified natural killer cells after haploidentical SCT: A prospective phase II study in two
centers. Bone Marrow Transplant. 2013, 48, 433–438. [CrossRef]

88. Choi, I.; Yoon, S.R.; Park, S.Y.; Kim, H.; Jung, S.J.; Jang, Y.J.; Kang, M.; Yeom, Y.I.; Lee, J.L.; Kim, D.Y.; et al. Donor-derived natural
killer cells infused after human leukocyte antigen-haploidentical hematopoietic cell transplantation: A dose-escalation study. Biol.
Blood Marrow Transplant. 2014, 20, 696–704. [CrossRef]

89. Bjorklund, A.T.; Carlsten, M.; Sohlberg, E.; Liu, L.L.; Clancy, T.; Karimi, M.; Cooley, S.; Miller, J.S.; Klimkowska, M.; Schaffer, M.;
et al. Complete Remission with Reduction of High-Risk Clones following Haploidentical NK-Cell Therapy against MDS and
AML. Clin. Cancer Res. 2018, 24, 1834–1844. [CrossRef]

90. Curti, A.; Ruggeri, L.; Parisi, S.; Bontadini, A.; Dan, E.; Motta, M.R.; Rizzi, S.; Trabanelli, S.; Ocadlikova, D.; Lecciso, M.; et al.
Larger Size of Donor Alloreactive NK Cell Repertoire Correlates with Better Response to NK Cell Immunotherapy in Elderly
Acute Myeloid Leukemia Patients. Clin. Cancer Res. 2016, 22, 1914–1921. [CrossRef]

91. Shaffer, B.C.; Le Luduec, J.B.; Forlenza, C.; Jakubowski, A.A.; Perales, M.A.; Young, J.W.; Hsu, K.C. Phase II Study of Haploidentical
Natural Killer Cell Infusion for Treatment of Relapsed or Persistent Myeloid Malignancies Following Allogeneic Hematopoietic
Cell Transplantation. Biol. Blood Marrow Transplant. 2016, 22, 705–709. [CrossRef]

92. Kloss, S.; Oberschmidt, O.; Morgan, M.; Dahlke, J.; Arseniev, L.; Huppert, V.; Granzin, M.; Gardlowski, T.; Matthies, N.; Soltenborn,
S.; et al. Optimization of Human NK Cell Manufacturing: Fully Automated Separation, Improved Ex Vivo Expansion Using IL-21
with Autologous Feeder Cells, and Generation of Anti-CD123-CAR-Expressing Effector Cells. Hum. Gene Ther. 2017, 28, 897–913.
[CrossRef] [PubMed]

93. Gurney, M.; O’Dwyer, M. Realizing Innate Potential: CAR-NK Cell Therapies for Acute Myeloid Leukemia. Cancers 2021, 13,
1568. [CrossRef] [PubMed]

94. Tang, X.; Yang, L.; Li, Z.; Nalin, A.P.; Dai, H.; Xu, T.; Yin, J.; You, F.; Zhu, M.; Shen, W.; et al. First-in-man clinical trial of CAR
NK-92 cells: Safety test of CD33-CAR NK-92 cells in patients with relapsed and refractory acute myeloid leukemia. Am. J. Cancer
Res. 2018, 8, 1083–1089. [PubMed]

95. Linn, Y.C.; Yong, H.X.; Niam, M.; Lim, T.J.; Chu, S.X.; Choong, A.; Chuah, C.; Goh, Y.T.; Hwang, W.; Loh, Y.; et al. A phase I/II
clinical trial of autologous cytokine-induced killer cells as adjuvant immunotherapy for acute and chronic myeloid leukemia in
clinical remission. Cytotherapy 2012, 14, 851–859. [CrossRef] [PubMed]

96. Introna, M.; Pievani, A.; Borleri, G.; Capelli, C.; Algarotti, A.; Mico, C.; Grassi, A.; Oldani, E.; Golay, J.; Rambaldi, A. Feasibility
and safety of adoptive immunotherapy with CIK cells after cord blood transplantation. Biol. Blood Marrow Transplant. 2010, 16,
1603–1607. [CrossRef]

97. Rettinger, E.; Huenecke, S.; Bonig, H.; Merker, M.; Jarisch, A.; Soerensen, J.; Willasch, A.; Bug, G.; Schulz, A.; Klingebiel, T.;
et al. Interleukin-15-activated cytokine-induced killer cells may sustain remission in leukemia patients after allogeneic stem cell
transplantation: Feasibility, safety and first insights on efficacy. Haematologica 2016, 101, e153–e156. [CrossRef]

98. Rotiroti, M.C.; Buracchi, C.; Arcangeli, S.; Galimberti, S.; Valsecchi, M.G.; Perriello, V.M.; Rasko, T.; Alberti, G.; Magnani, C.F.;
Cappuzzello, C.; et al. Targeting CD33 in Chemoresistant AML Patient-Derived Xenografts by CAR-CIK Cells Modified with an
Improved SB Transposon System. Mol. Ther. 2020, 28, 1974–1986. [CrossRef]

99. Brehm, M.A.; Cuthbert, A.; Yang, C.; Miller, D.M.; DiIorio, P.; Laning, J.; Burzenski, L.; Gott, B.; Foreman, O.; Kavirayani, A.; et al.
Parameters for establishing humanized mouse models to study human immunity: Analysis of human hematopoietic stem cell
engraftment in three immunodeficient strains of mice bearing the IL2rgamma(null) mutation. Clin. Immunol. 2010, 135, 84–98.
[CrossRef]

100. Nagatani, K.; Kodera, T.; Suzuki, D.; Igura, S.; Fukunaga, Y.; Kanemitsu, H.; Nakamura, D.; Mochizuki, M.; Kemi, M.; Tamura,
K.; et al. Comparison of biological features between severely immuno-deficient NOD/Shi-scid Il2rgnull and NOD/LtSz-scid
Il2rgnull mice. Exp. Anim. 2019, 68, 471–482. [CrossRef]

http://doi.org/10.1097/01.cji.0000161395.88959.1f
http://www.ncbi.nlm.nih.gov/pubmed/15838373
http://doi.org/10.1002/eji.201747134
http://www.ncbi.nlm.nih.gov/pubmed/28944953
http://doi.org/10.1182/blood-2010-05-283051
http://www.ncbi.nlm.nih.gov/pubmed/20581313
http://doi.org/10.1182/blood-2007-01-065383
http://doi.org/10.1002/pbc.25555
http://www.ncbi.nlm.nih.gov/pubmed/25925135
http://doi.org/10.1038/sj.leu.2403524
http://www.ncbi.nlm.nih.gov/pubmed/15457184
http://doi.org/10.1038/bmt.2012.162
http://doi.org/10.1016/j.bbmt.2014.01.031
http://doi.org/10.1158/1078-0432.CCR-17-3196
http://doi.org/10.1158/1078-0432.CCR-15-1604
http://doi.org/10.1016/j.bbmt.2015.12.028
http://doi.org/10.1089/hum.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/28810809
http://doi.org/10.3390/cancers13071568
http://www.ncbi.nlm.nih.gov/pubmed/33805422
http://www.ncbi.nlm.nih.gov/pubmed/30034945
http://doi.org/10.3109/14653249.2012.694419
http://www.ncbi.nlm.nih.gov/pubmed/22799277
http://doi.org/10.1016/j.bbmt.2010.05.015
http://doi.org/10.3324/haematol.2015.138016
http://doi.org/10.1016/j.ymthe.2020.05.021
http://doi.org/10.1016/j.clim.2009.12.008
http://doi.org/10.1538/expanim.19-0024


Cancers 2022, 14, 580 17 of 18

101. Shultz, L.D.; Lyons, B.L.; Burzenski, L.M.; Gott, B.; Chen, X.; Chaleff, S.; Kotb, M.; Gillies, S.D.; King, M.; Mangada, J.; et al.
Human lymphoid and myeloid cell development in NOD/LtSz-scid IL2R gamma null mice engrafted with mobilized human
hemopoietic stem cells. J. Immunol. 2005, 174, 6477–6489. [CrossRef] [PubMed]

102. 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]

103. Strowig, T.; Rongvaux, A.; Rathinam, C.; Takizawa, H.; Borsotti, C.; Philbrick, W.; Eynon, E.E.; Manz, M.G.; Flavell, R.A.
Transgenic expression of human signal regulatory protein alpha in Rag2(-/-)gamma(-/-)(c) mice improves engraftment of human
hematopoietic cells in humanized mice. Proc. Natl. Acad. Sci. USA 2011, 108, 13218–13223. [CrossRef]

104. Nicolini, F.E.; Cashman, J.D.; Hogge, D.E.; Humphries, R.K.; Eaves, C.J. NOD/SCID mice engineered to express human IL-3,
GM-CSF and Steel factor constitutively mobilize engrafted human progenitors and compromise human stem cell regeneration.
Leukemia 2004, 18, 341–347. [CrossRef] [PubMed]

105. Wunderlich, M.; Chou, F.S.; Link, K.A.; Mizukawa, B.; Perry, R.L.; Carroll, M.; Mulloy, J.C. AML xenograft efficiency is significantly
improved in NOD/SCID-IL2RG mice constitutively expressing human SCF, GM-CSF and IL-3. Leukemia 2010, 24, 1785–1788.
[CrossRef] [PubMed]

106. Billerbeck, E.; Barry, W.T.; Mu, K.; Dorner, M.; Rice, C.M.; PLoSs, A. Development of human CD4+FoxP3+ regulatory T
cells in human stem cell factor-, granulocyte-macrophage colony-stimulating factor-, and interleukin-3-expressing NOD-SCID
IL2Rgamma(null) humanized mice. Blood 2011, 117, 3076–3086. [CrossRef] [PubMed]

107. Sippel, T.R.; Radtke, S.; Olsen, T.M.; Kiem, H.P.; Rongvaux, A. Human hematopoietic stem cell maintenance and myeloid cell
development in next-generation humanized mouse models. Blood Adv. 2019, 3, 268–274. [CrossRef]

108. Saito, Y.; Ellegast, J.M.; Rafiei, A.; Song, Y.; Kull, D.; Heikenwalder, M.; Rongvaux, A.; Halene, S.; Flavell, R.A.; Manz, M.G.
Peripheral blood CD34(+) cells efficiently engraft human cytokine knock-in mice. Blood 2016, 128, 1829–1833. [CrossRef]

109. Celik, H.; Krug, E.; Zhang, C.R.; Han, W.; Issa, N.; Koh, W.K.; Bjeije, H.; Kukhar, O.; Allen, M.; Li, T.; et al. A Humanized Animal
Model Predicts Clonal Evolution and Therapeutic Vulnerabilities in Myeloproliferative Neoplasms. Cancer Discov. 2021, 11,
3126–3141. [CrossRef]

110. Cosgun, K.N.; Rahmig, S.; Mende, N.; Reinke, S.; Hauber, I.; Schafer, C.; Petzold, A.; Weisbach, H.; Heidkamp, G.; Purbojo, A.;
et al. Kit regulates HSC engraftment across the human-mouse species barrier. Cell Stem Cell 2014, 15, 227–238. [CrossRef]

111. 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]

112. Ito, R.; Takahashi, T.; Katano, I.; Kawai, K.; Kamisako, T.; Ogura, T.; Ida-Tanaka, M.; Suemizu, H.; Nunomura, S.; Ra, C.; et al.
Establishment of a Human Allergy Model Using Human IL-3/GM-CSF-Transgenic NOG Mice. J. Immunol. 2013, 191, 2890–2899.
[CrossRef] [PubMed]

113. 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]

114. Song, Y.; Rongvaux, A.; Taylor, A.; Jiang, T.; Tebaldi, T.; Balasubramanian, K.; Bagale, A.; Terzi, Y.K.; Gbyli, R.; Wang, X.; et al. A
highly efficient and faithful MDS patient-derived xenotransplantation model for pre-clinical studies. Nat. Commun. 2019, 10, 366.
[CrossRef]

115. Perdomo-Celis, F.; Medina-Moreno, S.; Davis, H.; Bryant, J.; Zapata, J.C. HIV Replication in Humanized IL-3/GM-CSF-Transgenic
NOG Mice. Pathogens 2019, 8, 33. [CrossRef] [PubMed]

116. Bryce, P.J.; Falahati, R.; Kenney, L.L.; Leung, J.; Bebbington, C.; Tomasevic, N.; Krier, R.A.; Hsu, C.L.; Shultz, L.D.; Greiner, D.L.;
et al. Humanized mouse model of mast cell-mediated passive cutaneous anaphylaxis and passive systemic anaphylaxis. J. Allergy
Clin. Immunol. 2016, 138, 769–779. [CrossRef]

117. Ferrari, S.; Jacob, A.; Beretta, S.; Unali, G.; Albano, L.; Vavassori, V.; Cittaro, D.; Lazarevic, D.; Brombin, C.; Cugnata, F.; et al.
Efficient gene editing of human long-term hematopoietic stem cells validated by clonal tracking. Nat. Biotechnol. 2020, 38,
1298–1308. [CrossRef]

118. Fröbel, F.; Landspersky, T.; Percin, G.; Schreck, C.; Rahmig, S.; Ori, A.; Nowak, D.; Essers, M.; Waskow, C.; Oostendorp, R.A.J. The
Hematopoietic Bone Marrow Niche Ecosystem. Front. Cell Dev. Biol. 2021, 9, 705410. [CrossRef]

119. Costa, M.J.; Kudaravalli, J.; Liu, W.H.; Stock, J.; Kong, S.; Liu, S.H. A mouse model for evaluation of efficacy and concomitant
toxicity of anti-human CXCR4 therapeutics. PLoS ONE 2018, 13, e0194688. [CrossRef]

120. Dolgalev, I.; Tikhonova, A.N. Connecting the Dots: Resolving the Bone Marrow Niche Heterogeneity. Front. Cell Dev. Biol. 2021, 9,
622519. [CrossRef]

121. Muguruma, Y.; Yahata, T.; Miyatake, H.; Sato, T.; Uno, T.; Itoh, J.; Kato, S.; Ito, M.; Hotta, T.; Ando, K. Reconstitution of the
functional human hematopoietic microenvironment derived from human mesenchymal stem cells in the murine bone marrow
compartment. Blood 2006, 107, 1878–1887. [CrossRef] [PubMed]

122. Sonntag, K.; Eckert, F.; Welker, C.; Muller, H.; Muller, F.; Zips, D.; Sipos, B.; Klein, R.; Blank, G.; Feuchtinger, T.; et al. Chronic graft-
versus-host-disease in CD34(+)-humanized NSG mice is associated with human susceptibility HLA haplotypes for autoimmune
disease. J. Autoimmun. 2015, 62, 55–66. [CrossRef] [PubMed]

http://doi.org/10.4049/jimmunol.174.10.6477
http://www.ncbi.nlm.nih.gov/pubmed/15879151
http://doi.org/10.1182/blood-2001-12-0207
http://www.ncbi.nlm.nih.gov/pubmed/12384415
http://doi.org/10.1073/pnas.1109769108
http://doi.org/10.1038/sj.leu.2403222
http://www.ncbi.nlm.nih.gov/pubmed/14628073
http://doi.org/10.1038/leu.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/20686503
http://doi.org/10.1182/blood-2010-08-301507
http://www.ncbi.nlm.nih.gov/pubmed/21252091
http://doi.org/10.1182/bloodadvances.2018023887
http://doi.org/10.1182/blood-2015-10-676452
http://doi.org/10.1158/2159-8290.CD-20-1652
http://doi.org/10.1016/j.stem.2014.06.001
http://doi.org/10.1016/j.stemcr.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27618723
http://doi.org/10.4049/jimmunol.1203543
http://www.ncbi.nlm.nih.gov/pubmed/23956433
http://doi.org/10.1038/nbt.2858
http://doi.org/10.1038/s41467-018-08166-x
http://doi.org/10.3390/pathogens8010033
http://www.ncbi.nlm.nih.gov/pubmed/30871027
http://doi.org/10.1016/j.jaci.2016.01.049
http://doi.org/10.1038/s41587-020-0551-y
http://doi.org/10.3389/fcell.2021.705410
http://doi.org/10.1371/journal.pone.0194688
http://doi.org/10.3389/fcell.2021.622519
http://doi.org/10.1182/blood-2005-06-2211
http://www.ncbi.nlm.nih.gov/pubmed/16282345
http://doi.org/10.1016/j.jaut.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26143958


Cancers 2022, 14, 580 18 of 18

123. Lin, A.E.; An, A.X.; Zang, M.F.; Yu, D.; Hwang, E.; Romero, I.; Quirino, L.; George, M.; Daftarian, P.; Yang, W.Q.; et al. Experimental
modeling of acute- and chronic-GvHD by xenotransplanting human donor PBMCs or cord blood CD34+cells (HSC) into NSG
mice. In Proceedings of the AACR Annual Meeting 2019, Atlanta, GA, USA, 29 March–3 April 2019; Volume 79. [CrossRef]

124. Coppin, E.; Sundarasetty, B.S.; Rahmig, S.; Blume, J.; Verheyden, N.A.; Bahlmann, F.; Ravens, S.; Schubert, U.; Schmid, J.;
Ludwig, S.; et al. Enhanced differentiation of functional human T cells in NSGW41 mice with tissue-specific expression of human
interleukin-7. Leukemia 2021, 35, 3561–3567. [CrossRef] [PubMed]

125. 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]

126. Choi, Y.; Lee, S.; Kim, K.; Kim, S.H.; Chung, Y.J.; Lee, C. Studying cancer immunotherapy using patient-derived xenografts (PDXs)
in humanized mice. Exp. Mol. Med. 2018, 50, 1–9. [CrossRef]

127. Fraietta, J.A.; Beckwith, K.A.; Patel, P.R.; Ruella, M.; Zheng, Z.; Barrett, D.M.; Lacey, S.F.; Melenhorst, J.J.; McGettigan, S.E.; Cook,
D.R.; et al. Ibrutinib enhances chimeric antigen receptor T-cell engraftment and efficacy in leukemia. Blood 2016, 127, 1117–1127.
[CrossRef]

128. Arcangeli, S.; Falcone, L.; Camisa, B.; De Girardi, F.; Biondi, M.; Giglio, F.; Ciceri, F.; Bonini, C.; Bondanza, A.; Casucci, M.
Next-Generation Manufacturing Protocols Enriching TSCM CAR T Cells Can Overcome Disease-Specific T Cell Defects in Cancer
Patients. Front. Immunol. 2020, 11, 1217. [CrossRef]

129. Brentjens, R.J.; Latouche, J.B.; Santos, E.; Marti, F.; Gong, M.C.; Lyddane, C.; King, P.D.; Larson, S.; Weiss, M.; Riviere, I.; et al.
Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes co-stimulated by CD80 and interleukin-15.
Nat. Med. 2003, 9, 279–286. [CrossRef]

http://doi.org/10.1158/1538-7445.Am2019-2342
http://doi.org/10.1038/s41375-021-01259-5
http://www.ncbi.nlm.nih.gov/pubmed/33976371
http://doi.org/10.1016/j.ebiom.2018.12.013
http://doi.org/10.1038/s12276-018-0115-0
http://doi.org/10.1182/blood-2015-11-679134
http://doi.org/10.3389/fimmu.2020.01217
http://doi.org/10.1038/nm827

	Introduction: Cell Therapy in a Nutshell 
	Hematopoietic Stem Cells 
	Mesenchymal Stromal Cells 
	Cellular Immunotherapy 

	Clinical Applications of MSC to Improve Outcomes in Hematopoietic Stem Cell Transplant 
	Clinical Applications of Cellular Immunotherapy to Target the Malignant Hematopoietic Stem Cell 
	CAR T Cells 
	NK and CAR NK Cells 
	CIK and CAR CIK Cells 

	Considerations in Preclinical Studies of Disease Modelling and Treatment Efficacy  Prediction 
	Healthy and Diseased HSC Reconstitution 
	GvHD 
	Immunotherapy 

	Conclusions 
	References

