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Abstract

Cell therapies have emerged as a promising therapeutic modality with the potential

to treat and even cure a diverse array of diseases. Cell therapies offer unique clinical

and therapeutic advantages over conventional small molecules and the growing num-

ber of biologics. Particularly, living cells can simultaneously and dynamically perform

complex biological functions in ways that conventional drugs cannot; cell therapies

have expanded the spectrum of available therapeutic options to include key cellular

functions and processes. As such, cell therapies are currently one of the most investi-

gated therapeutic modalities in both preclinical and clinical settings, with many prod-

ucts having been approved and many more under active clinical investigation. Here,

we highlight the diversity and key advantages of cell therapies and discuss their cur-

rent clinical advances. In particular, we review 28 globally approved cell therapy

products and their clinical use. We also analyze >1700 current active clinical trials of

cell therapies, with an emphasis on discussing their therapeutic applications. Finally,

we critically discuss the major biological, manufacturing, and regulatory challenges

associated with the clinical translation of cell therapies.
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1 | INTRODUCTION

Cell therapies represent a major frontier and paradigm shift in bio-

technology. In contrast to conventional therapeutic modalities, cell

therapies are living and can dynamically respond to biological cues to

attack malignancies, regenerate tissues, restore impaired or lost bio-

logical functions, or otherwise augment the body's own capability to

fight disease (e.g., vaccination, immunomodulation).1 Cell therapies

hold exceptional promise particularly because cells can function in

ways that conventional small molecules and biologics cannot.

Uniquely, living cells can simultaneously respond to both systemic and

local chemical, physical, and biological cues, readily breach biological

barriers,1 molecularly target and interact with specific cell types and

tissues,2 and serve as a platform for additional therapeutic functions

(e.g., cellular hitchhiking, genetic engineering).3-5 In this review, we

have identified 28 cell therapy products approved for clinical use andNinad Kumbhojkar and Neha Kapate contributed equally to this study.
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1705 active clinical trials employing cells for therapeutic purposes.

We provide a snapshot of the clinical landscape of cell therapies by:

(i) highlighting these approved products; (ii) summarizing and

reviewing these current clinical trials based on their cell type, indica-

tion, source, and phase; and (iii) discussing the challenges associated

with clinical translation. For mammalian cell-based therapies, we

restricted our analysis to applications where cells are administered as

a single cell-suspension (i.e., exclusion of tissue scaffolds and whole

blood transplants). Our discussion is mainly focused on blood cells

(T cells, natural killer [NK] cells, red blood cells [RBCs], dendritic cells

[DCs], mononuclear cells, and platelets) and stem cells. We also pro-

vide an update on the clinical status of microbe therapeutics, which

have recently emerged as a promising class of cell therapies for the

treatment of infections and cancer.

2 | CLINICAL LANDSCAPE

The global market for cell therapy is predominantly shared by stem cells

and tissue-specific cells (e.g., skin cells, chondrocytes), followed by blood

cells.6-8 Current approved stem-cell therapies include hematopoietic

stem cells (HSCs), mesenchymal stem cells (MSCs), and to a lesser extent

limbal stem cells (LSCs). HSC products are predominantly approved for

the treatment of blood disorders. MSC therapies are indicated for a

broad variety of diseases, including cardiovascular diseases, graft versus

host diseases (GvHD), degenerative disorders, and inflammatory bowel

diseases. The single LSC product is approved for LSC deficiency. Distinct

from stem cell products, terminally differentiated tissue-specific cells are

mainly used for regenerative medicine and tissue engineering applica-

tions, such as autologous skin cells (i.e., keratinocytes, fibroblasts, and

melanocytes) for the treatment of thermal burns,9 bi-layers of living cel-

lular skin substitute for venous leg ulcers and diabetic foot ulcers,10 and

autologous chondrocyte scaffolds for repair of cartilage defects.11 These

tissue-specific cell therapies are beyond the scope of this review

because they are mostly applied as tissue scaffolds instead of as single-

cell suspension and have been extensively reviewed elsewhere.12-14 The

third group of cell therapies consist of blood cells, including leukocytes,

RBCs, and platelets; however, only T cells and DCs have been approved

as therapeutic products in the market to date. Most approved T cell

products are chimeric antigen receptor (CAR)-T therapies for hemato-

logic malignancies, whereas DC products are used as vaccines for solid

cancers. We should also note that RBCs and platelets, while not associ-

ated with a specific product, are widely used in clinical settings for blood

transfusions.15 In addition, the cell source of these approved products

can be originated either from the patients themselves (autologous) or

from the other donors (allogeneic).

Although stem cells and tissue-specific cells account for the vast

majority of approved cell therapies in the current market, blood cells

have emerged as the dominant cell type that is being developed and

evaluated in clinical trials. Just 5 years ago, the number of trials for

MSCs alone was greater than the number of trials for all lymphocytes

and DCs combined.14 Currently, T-cell trials individually outnumber all

stem cell trials, and far exceed those for tissue-specific cells. This

ongoing shift is driven primarily by the recent clinical success of

CAR-T therapy, which is in turn a product of major breakthroughs in

our understanding of how immune modulatory approaches can be

used to treat disease.16-19 In light of this trend, we collected and ana-

lyzed clinical trials that use blood cells, with additional focus on stem

cells delivered as single-cell suspensions, and microbes (including

non-single-cell suspension dosage forms), which have recently

emerged as promising agents for the treatment of infections and can-

cer. Specifically, we identified the trials on clinicaltrials.gov by

searching for each cell type (Figure 1) with the following key words

(listed in parentheses) in the “Intervention/treatment” category: T

cells (“T cell”; system also automatically searched for “T lymphocyte”),
stem cells (“stem cell”; system also automatically searched for “pro-
genitor cell”), natural killer cells (“natural killer,” “NK”), dendritic cells

(“dendritic cell,” “DC”; system also automatically searched for “anti-
gen presenting cell” and “cellular”), monocytes (“monocyte”; system
also automatically searched for “monocytic”), macrophages (“macro-

phage”), bone marrow-derived mononuclear cells (“bone marrow-

derived mononuclear cell”), peripheral blood mononuclear cells

(“peripheral blood mononuclear cell”; system also automatically

searched for “peripheral blood,” “blood,” “whole blood”), red blood

cells (“red blood cell”; system also automatically searched for

“erythrocytes,” “red cells,” “whole blood,” “RBC count,” and “blood
corpuscles”), platelets (“platelet”; system also automatically searched

for “thrombocyte”), and microbes (“live biotherapeutic,” “bacteria,”
“consortia”). In the “Status” category under “Recruitment,” we

selected trials with statuses of not yet recruiting, recruiting, enrolling

by invitation, and active/not recruiting. The collected data capture the

clinical landscape as of August 2020. We then manually filtered the

trials to exclude entries that mentioned the cell types of interest but

did not use them as therapeutic interventions. Finally, we excluded

long-term follow-up studies that did not involve re-administration of

the therapy. A list of abbreviations used through this manuscript is

shown in Table S1.

F IGURE 1 Various types of cell therapies in clinical trials. T cells
dominate the current clinical studies of cell therapies, followed by
stem cells, dendritic cells, natural killer cells, microbes, red blood cells,
mononuclear cells, and platelets
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A total of 1705 unique, active cell therapy clinical trials have been

identified and categorized according to cell type, general indication,

trial phase, and cell source (Figure 2). Among only leukocytes, T cells

account for the largest portion of all current trials (767/1705, 45%),

followed by DCs (136/1705, 8%), NK cells (116/1705, 7%), and the

remaining mononuclear cells (27/1705, 2%). It is unsurprising that the

main indication of T cells, DCs, and NK cells is cancer (85% in T cells;

93% in DCs; 95% in NK cells), as they play major roles in anti-cancer

immunity. T cells are adaptive immune cells capable of directly elimi-

nating mutated or infected host cells, activating other immune cells,

and producing cytokines to regulate immune responses.20 NK cells are

innate immune cells that destroy tumor cells and virally infected cells

via release of lytic molecules from granules and rapid production of

pro-inflammatory cytokines.21 DCs are professional antigen-presenting

cells (APCs) that regulate adaptive immune cells by delivering antigens

to draining lymph nodes and presenting them to cytotoxic and helper

T cells.22 In the case of cancer treatment, T and NK cells are employed

as cytotoxic agents, while DCs primarily serve as cancer vaccines. From

the perspective of cell source, autologous cells are mainly used in T cell

(74%) and DC (87%) therapy, as allogeneic cells increase the risk of

allograft rejection (recipient cells against donor cells) or, more consider-

ably, GvHD (donor cells against recipient cells).23

F IGURE 2 Current landscape of cell therapies in clinical trials. In this review, all clinical trials that include blood cells and stem cells delivered
as a suspension were cataloged. Trials using microbes (delivered via various routes and dosage forms) were also included, as they represent an
emerging class of therapies for similar applications. The relevant cell types include T cells, NK cells, mononuclear cells, DCs, RBCs, platelets, stem

cells, and microbes. Tissue-specific cells were excluded from the analysis. The total number of trials identified for each cell type is displayed in the
figure, however the sum of these trials for all cell types (1760) exceeds the total number of analyzed trials (1705) because some trials use two or
more cell therapies in combination. For phase classification, dual-phase trials (e.g., Phase 1/2) were counted as both Phase 1 and 2. Eleven broad
indications were identified for the purpose of trial classification (i.e., cancer, infectious diseases, autoimmune diseases, nonautoimmune
inflammatory diseases, cardiovascular diseases, transplant-related diseases, trauma, blood disorders, degenerative diseases, metabolic disorders,
etc.), with relevant abbreviations listed in the box at the bottom of the figure. Because some trials are used to treat more than one of these
conditions, the total number of indications used to generate each pie chart exceeds the total number of trials for each cell type
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While the aforementioned leukocytes are mainly indicated for the

treatment of cancer, the remaining mononuclear cells are used mostly

for cardiovascular diseases (39%) and cancer (29%). For the purpose

of this review, we refer to mononuclear cells as belonging to one of

the following cell populations: monocytes, macrophages, bone

marrow-derived mononuclear cells (BMMCs), or peripheral blood

mononuclear cells (PBMCs). Monocytes are circulatory cells of the

innate immune system that extravasate into tissue in response to

inflammation, infection, or injury.24 Once in the tissue they terminally

differentiate into macrophages, which are tissue-resident innate

immune cells that (i) phagocytose dead cells, debris, and foreign mate-

rials/pathogens, (ii) modulate innate immune responses, and

(iii) maintain homeostatic growth, repair, and metabolism.25 BMMCs

are a heterogeneous group of cells composed of lymphoid cells, mye-

loid cells, HSCs, and MSCs. They have major clinical applications in

cardiovascular tissue regeneration due to their ability to differentiate

into various lineages.26 Similar to BMMCs, PBMCs also contain a vari-

ety of cells including lymphocytes, monocytes, and a small percentage

of DCs and are mainly indicated for cancers. Currently, there are no

Phase 4 trials employing mononuclear cells, with similar representa-

tions across Phases 1–3. In addition, autologous mononuclear cells

are employed almost exclusively (89%), likely to reduce the risk of

graft rejection and GvHD.

The remaining blood cells, RBCs and platelets, are used as cell

therapies for treatment of blood disorders and in trauma care via

blood transfusions, and account for 2% (39/1705) and <0.4% (7/

1705) of all current cell therapy trials, respectively (Figure 2). Typi-

cally, they are used to replenish lost or dysfunctional cells to maintain

homeostasis in the body. The RBC is a critical transporter of oxygen

and nutrients to tissues as well as an inter-organ communicator, with

additional roles in the regulation of pH, redox homeostasis, and

molecular metabolism.27 Hence, loss of RBC integrity and/or number

can lead to severe pathologies and heighten the incidence of vascular

disease. Similarly, the platelet serves as a key element in blood vessels

by regulating hemostasis under normal conditions and thrombosis

upon vascular damage.28 Thrombocytopenia (i.e., platelet deficiency)

that results from either trauma or blood disorders can lead to hemor-

rhage in tissues or uncontrolled bleeding of wounds. Both RBC and

platelet therapy largely apply allogeneic cells (77% and 86%, respec-

tively) in clinical settings. Still, the use of allogeneic RBCs requires

blood type matching between donor and recipient. The major efforts

in current RBC and platelet clinical trials are focused on optimizing

transfusion protocols and verifying the durability of transfused cells.

Other than blood cells, stem cells account for 36% of current cell

therapy trials (620/1705) as the second largest cell category of focus

for this review. The trials of stem cell therapy, primarily those of HSCs

and MSCs, encompass a wide range of indications covering 10 broad

disease classifications (Figure 2). HSCs are multipotent stem cells

capable of self-renewing and differentiating into mature blood cells

that form the myeloid and lymphoid cell lineages. As a result, hemato-

poietic stem cell transplantation (HSCT) can be used to reconstitute

the hematopoietic and immunologic systems for the treatment of

inherited and acquired blood disorders. HSCT is also used frequently

to treat blood cancers after cancerous cells are eliminated by a

myeloablative treatment.29 While autologous HSCs or matched sibling

donor HSCs are the most ideal candidates for HSCT due to the

reduced risk of GvHD, graft rejection, and engraftment syndrome,30

allogeneic HSCs have an advantage in cancer treatment because they

can elicit graft-versus-tumor effects.31 MSCs, also a type of

multipotent stem cell, are capable of effectively differentiating into a

wide variety of cell types in mesodermal (e.g., chondrocytes), ectoder-

mal (e.g., neurocytes), and endodermal lineages (e.g., hepatocytes).32

As a result, they have broad applications in clinical settings for the

treatment of degenerative diseases, autoimmune diseases, inflamma-

tory diseases, and trauma, among others. Notably, most stem cell

therapy trials are in early stages with nearly equal representation in

Phase 1 (44%) and Phase 2 (47%), showing their considerable poten-

tial to affect the future scope of cell therapies. Finally, microbes com-

prise 3% of the total trials (48/1705) with major indications including

cancer (44%), infectious diseases (19%), and inflammatory diseases

(13%). Although metabolic disorders account for only 8% of the indi-

cations for microbes, it is worth mentioning this unique niche, as very

few cell therapies are investigated for this indication. Microbes exert

therapeutic mechanisms of action by (i) displacing pathogenic

microbiomes to restore symbiosis and (ii) producing therapeutic bio-

molecules, a function enabled by genetic modification.33

3 | CLINICALLY APPROVED PRODUCTS

In the following sub-sections, we provide additional details on

approved cell therapy products that presently include T cells, stem

cells, and DCs (Table 1). We also discuss closely related modalities,

namely the applications of donor blood products and microbe-based

therapies in the clinic. Of note, many of these approved cell therapies

are being developed and evaluated in current trials for additional indi-

cations, as summarized in Table S2.

3.1 | T cells

A total of four T-cell products have been approved globally as of

2020, three by the FDA (USA) and one by the Korea Food & Drug

Administration (KFDA) (Table 1). All FDA-approved T-cell products

are for CAR-T therapy, which is a form of immunotherapy that uses

T cells genetically modified with a CAR to recognize and destroy

cancer cells.34 The two essential components of a CAR include

(i) an extracellular target binding domain used to identify surface

antigens on cancer cells and (ii) an intracellular signaling portion

comprised of costimulatory and activation domains that initiate

processes including activation, clonal expansion, and cell killing.35

New functional domains are now being explored in both preclinical

and clinical settings with the aim of providing safer and more

effective CAR-T therapies. Of note, all approved CAR-T products

are autologous and contain CARs targeting CD19, a biomarker that

is selectively expressed on the surface of B cells. Accordingly,
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TABLE 1 Clinically approved cell therapies, grouped by cell type

Name [Trade Name]

(Manufacturer) Cell source Approved indications Approval year Notes

T cell

Tisagenlecleucel

[Kymriah®]

(Novartis)

Autologous Relapsed or refractory (r/r) B-cell precursor

acute lymphoblasticleukemia (ALL); r/r

large B-cell lymphoma after two or more

lines of systemic therapy including 1)

diffuse large B-cell lymphoma (DLBCL)

not otherwise specified, 2) high-grade B-

cell lymphoma, and 3) DLBCL arising from

follicular lymphoma

2017 (USFDA), 2018 (EMA),

2018 (Health Canada),

2019 (JMHW), Australia,

Israel, Switzerland

GM; CAR/CD19

(receptor/target)

Axicabtagene ciloleucel

[Yescarta®]

(Kite)

Autologous Relapsed or refractory (r/r) large B-cell

lymphoma after two or more lines of

systemic therapy including 1) diffuse

large B-cell lymphoma (DLBCL) not

otherwise specified, 2) primary

mediastinal large B-cell lymphoma, 3)

high-grade B-cell lymphoma, and 4)

DLBCL arising from follicular lymphoma

2017 (USFDA), 2018 (EMA),

2019 (Health Canada)

GM; CAR/CD19

(receptor/target)

Brexucabtagene autoleucel

[Tecartus™]

(Kite)

Autologous Relapsed or refractory mantle cell

lymphoma

2020 (USFDA) GM; CAR/CD19

(receptor/target)

N/A

[ImmunCell-LC®]

(Green Cross Cell)

Autologous Hepatocellular carcinoma, brain tumors, and

pancreatic cancer

2007 (KFDA), 2018 (as

Orphan Drug Designation

by USFDA)

NGM; TAA (target)

Stem cell—Hematopoietic stem cells

HPC, Cord Blood

[Allocord]

(SSM Cardinal Glennon

Children's Medical Center)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2011 (USFDA) NGM

HPC, Cord Blood

[Clevecord™]

(Cleveland Cord Blood Center)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2016 (USFDA) NGM

HPC, Cord Blood

[Ducord™]

(Duke University School of

Medicine)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2012 (USFDA) NGM

HPC, Cord Blood

[Hemacord™]

(New York Blood Center)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2011 (USFDA) NGM

HPC, Cord Blood

[N/A]

(Clinimmune Labs, University

of Colorado Cord Blood

Bank)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2012 (USFDA) NGM

HPC, Cord Blood

[N/A]

(MD Anderson Cord Blood

Bank)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2018 (USFDA) NGM

HPC, Cord Blood

[N/A]

(LifeSouth Community Blood

Centers)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2013 (USFDA) NGM

HPC, Cord Blood

[N/A]

(Bloodworks)

Allogeneic Disorders affecting the hematopoietic

system that are inherited, acquired, or

result from myeloablative treatment

2016 (USFDA) NGM

Betibeglogene autotemcel

[Zynteglo™]

(bluebird bio)

Autologous Transfusion-dependent thalassemia 2019 (EMA) GM

(Continues)
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TABLE 1 (Continued)

Name [Trade Name]

(Manufacturer) Cell source Approved indications Approval year Notes

N/A

[Strimvelis®]

(GlaxoSmithKline)

Autologous Adenosine deaminase-severe combined

immunodeficiency (ADA-SCID)

2016 (EMA) GM

Stem cell—Mesenchymal stem cells

N/A

[Cellgram™]

(Pharmicell)

Autologous Acute myocardial infarction 2011 (KFDA) NGM; BM-MSC

(cell subtype)

N/A

[Cartistem®]

(Medipost)

Allogeneic Repetitive and/or traumatic cartilage

degeneration, including degenerative

osteoarthritis without age limit

2012 (KFDA) NGM

N/A

[Queencell®]

(Anterogen)

Autologous Subcutaneous tissue defects 2010 (KFDA) NGM; adipose-

derived MSC (cell

subtype)

Darvadstrocel

[Alofisel®]

(TiGenix NV/Takeda)

Allogeneic Complex perianal fistulas in Crohn's disease 2018 (EMA) NGM; adipose-

derived MSC (cell

subtype)

N/A

[Cupistem®]

(Anterogen)

Autologous Crohn's fistula 2012 (KFDA) NGM; adipose-

derived MSC (cell

subtype)

Remestemcel-L

[Prochymal®]

(Osiris Therapeutics/

Mesoblast Limited)

Allogeneic Steroid-refractory acute GvHD (pediatric) 2012 (Health Canada) NGM; BM-MSC

(cell subtype)

N/A

[TEMCELL® HS Inj.]

(JCR Pharmaceutics)

Allogeneic Acute GvHD following hematopoietic stem

cell transplant

2015 (Japan) NGM; BM-MSC

(cell subtype)

Lenzumestrocel

[NeuroNata-R®]

(Corestem)

Autologous Amyotrophic lateral sclerosis 2014 (KFDA) NGM

N/A

[Stemirac]

(Unique Access Medical)

Autologous Spinal cord injury 2018 (JMHW, conditional

approval)

NGM

N/A

[Stempeucel®]

(Stempeutics)

Allogeneic Critical limb ischemia due to Buerger's

disease

2017 (DCGI, limited

marketing approval)

NGM

Stem cell—Limbal stem cell

N/A

[Holoclar®]

(Chiesi)

Autologous Limbal stem cell deficiency 2015 (European

Commission)

NGM

Dendritic cell

Sipuleucel-T

[Provenge®]

(Dendreon Corporation)

Autologous Asymptomatic or minimally symptomatic

metastatic castrate-resistant (hormone-

refractory) prostate cancer

2010 (USFDA), 2013 (EMA) NGM

N/A

[CreaVax-RCC®]

(JW CreaGene)

Autologous Metastatic renal cell carcinoma (post-

nephrectomy)

2007 (KFDA) NGM

N/A

[APCeden®]

(APAC Biotech)

Autologous Prostate cancer, ovarian cancer, colorectal

cancer, non-small cell lung carcinoma

2017 (CDSCO) NGM

Abbreviations: Indications: GvHD, Graft versus host disease. Agencies: CDSCO, Central Drugs Standard Control Organization (CDSCO), aka Indian FDA;

EMA, European Medicines Agency; DCGI, Drug Controller General of India; KFDA, Korea Food and Drug Administration; JMHW, Japanese Ministry of

Health and Welfare; USFDA, The United States Food and Drug Administration. Notes: BM, bone marrow; CAR, chimeric antigen receptor; GM, genetically

modified; NGM, nongenetically modified; TAA, tumor-associated antigen.
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CAR-T cells are indicated for relapsed or refractory (r/r) B-cell

malignancies.

Kymriah®, approved by the FDA in 2017, was the first T-cell ther-

apy available in the United States.36 Kymriah® is indicated for the

treatment of children and young adults with r/r B-cell precursor acute

lymphoblastic leukemia (r/r B cell ALL) and adult patients with certain

types of r/r large B-cell lymphoma after the failure of at least two lines

of systemic therapy. Yescarta® also received FDA approval in 2017

for the treatment of certain types of r/r large B-cell lymphoma in adult

patients who resist two or more lines of systemic therapy. Both

Kymriah® and Yescarta® are being investigated in current clinical trials

for additional liquid cancers (Table S2). Notable differences between

Kymriah® and Yescarta® include their costimulatory domains (4-1BB

vs. CD28) and the associated persistence of the infused CAR-T cells

(1–7 years vs. <6 weeks).37,38 In 2020, a third CAR-T product,

Tecartus™, received approval from the FDA to treat adults with r/r

mantle cell lymphoma (MCL), which is an aggressive, rare form of non-

Hodgkin lymphoma. Unlike the two previously approved CAR-T thera-

pies, the Tecartus™ manufacturing process incorporates an additional

step to enrich the T-cell population and remove circulating tumor cells

(CTCs) from patients' leukapheresis material. This process prevents

CAR-T cell activation and subsequent exhaustion during ex vivo

manufacturing.39

Although CAR-T products are indicated solely for hematological

malignancies, other T cells have been used to treat solid tumors.

ImmunCell-LC®, an autologous cytokine-induced killer (CIK) cell-based

immunotherapy, was approved by the KFDA in 2007 and earned

orphan drug designation from the FDA in 2018. It is employed as an

adjuvant therapy after tumor resection, and has been used for the

treatment of hepatocellular carcinoma, brain tumors, and pancreatic

cancer by eliminating residual tumor cells. ImmunCell-LC® is man-

ufactured by isolating PBMCs and incubating them with interleukin-2

(IL-2) and anti-CD3 antibody,40 to collect activated T lymphocytes.

ImmunCell-LC® showed an increased rate of recurrence-free and

overall survival in patients who underwent tumor resection.41 Addi-

tional clinical trials of ImmunCell-LC® are underway for hepatocellular

carcinoma.

3.2 | Stem cells

Our search revealed a total of 21 stem cell products that have been

approved globally, with 12 approved by the FDA (USA) or European

Medicines Agency (EMA, Europe). The remaining nine products are

approved in other countries, particularly in Asia (Table 1). Notably, all

but one product are composed of HSCs or MSCs.

3.2.1 | Hematopoietic stem cells

There are 10 approved HSC products globally, with eight approved by

the FDA and the remaining two by the EMA (Table 1). The FDA

approved the first batch of products, Allocord and Hemacord™, in

2011. Subsequently, six more similar products were FDA approved,

with the most recent in 2018. All of these products are cord blood-

based therapies that have applications for malignant and non-

malignant blood disorders and immunodeficiency disorders. Notably,

cord blood-based HSCs offer considerable advantages over other

forms of allogeneic HSCT, such as easier accessibility, higher tolerance

for human leukocyte antigen (HLA) mismatch, and a lower risk of

GvHD.42 While pediatric HSCT is still exclusively performed with

HLA-matched cord blood from a sibling,43 the tolerance for 1–2

HLA-A, -B and -DR mismatches has loosened to enable the consider-

able expansion of the HSCT-eligible adult patient population.

In addition, Strimvelis® and Zynteglo™ are autologous HSC-based

gene therapies that have been EMA approved. Strimvelis®, EMA

approved in 2016, is indicated for adenosine deaminase deficiency

(ADA-SCID), an immunodeficiency disorder caused by mutations in

the gene coding for adenosine deaminase (ADA). Zynteglo™, EMA

approved in 2019, is employed for transfusion-dependent thalasse-

mia, a genetic disorder caused by mutations in the β-globin gene that

result in considerably reduced or absent adult hemoglobin. Zynteglo™

uses the lentiviral vector LentiGlobin BB305 to transduce autologous

CD34+ cells with the β-globin gene. These cells are then infused back

to the patient and traffic to the bone marrow, where they differenti-

ate into mature RBCs with functional hemoglobin.44 Several current

clinical trials are exploring the use of LentiGlobin BB305 for applica-

tions including thalassemia and sickle cell disease.

3.2.2 | Mesenchymal stem cells

There are 10 MSC products that have been approved globally as of

2020 (Table 1), although none have been approved by the FDA. The

current MSC products fall into two major categories according to their

mechanisms of action and approved indications: (i) tissue repair and

(ii) immunomodulation.

MSCs have multipotent potential and can differentiate into a vari-

ety of cell types, such as osteoblasts, chondrocytes, myocytes, adipo-

cytes, and neuronal cells.45,46 Based on this biological function, three

MSC therapies have been approved for tissue repair applications

(Table 1). Cellgram™, an autologous MSC therapy, was approved by

the KFDA in 2011 for acute myocardial infarction. Mechanisms of

action of Cellgram™ are reported to involve (i) MSCs' capability to dif-

ferentiate into cardiac myocytes and (ii) MSCs' pleiotropic secretomes

that promote angiogenesis.47 Another MSC-based tissue repair prod-

uct, Cartistem®, was approved by the KFDA in 2012 for repetitive

and/or traumatic cartilage degeneration, including degenerative oste-

oarthritis.48 Queencell®, an autologous adipose-derived cell product,

was also approved by the KFDA, in 2010, for the treatment of subcu-

taneous tissue defects. However, unlike other approved MSCs,

Queencell® is not composed of pure MSCs and is instead comprised

of a mixture of MSCs, pericytes, mast cells, fibroblasts, and endothelial

progenitor cells.

MSCs also have immunomodulatory capabilities that can be used

to regulate immune responses in many pathologies. Based on this
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capability, seven MSC products have been approved for indications

including Crohn's fistula (Alofisel®, Cupistem®), acute GvHD (aGvHD)

(Prochymal®, TEMCELL®), amyotrophic lateral sclerosis (ALS)

(NeuroNata-R®), spinal cord injury (Stemirac), and critical limb ische-

mia due to Buerger's disease (Stempeucel®) (Table 1). Alofisel®, an

allogeneic MSC therapy for complex perianal fistula in Crohn's dis-

ease, is the only MSC product approved by the EMA. Its mechanism

of action seems to involve MSCs' ability to inhibit the proliferation of

activated lymphocytes and thereby reduce pro-inflammatory cytokine

production.49 A similar product, Cupistem®, is an autologous adipose-

derived MSC product that received approval from the KFDA in 2012

to treat patients with Crohn's fistula. In 2012, Prochymal® received

approval from the Canadian Food Inspection Agency (CFIA) for the

treatment of steroid-refractory acute GvHD (SR-aGvHD) in pediatric

patients. Of note, Prochymal® showed evidence of safety, tolerability,

and efficacy as a first-line therapy after initial steroid failure in pediat-

ric patients with SR-aGvHD in a Phase 3 trial.50 However, the FDA

denied its approval this year and recommended at least one more ran-

domized controlled trial in adults and/or children to provide additional

information about the therapeutic mechanism and efficacy.

A few of these MSC products (e.g., Cellgram™, Cartistem®,

Prochymal®) are being evaluated in current clinical trials for additional

indications including alcoholic liver cirrhosis, acute respiratory distress

syndrome (ARDS) due to coronavirus disease 2019 (COVID-19), and

osteochondral lesions (Table S2). In addition to the approved HSC and

MSC products, Holoclar®, an autologous LSC product, won EMA

approval in 2015 for the treatment of LSC deficiency secondary to

ocular burns. However, since Holoclar® is given to patients in the

form of a cornea sheet rather than a single-cell suspension, it is not

within the scope of this review.

3.3 | Dendritic cells

There are currently three DC products in the global market with

approvals by the FDA, KFDA, and Indian FDA (Table 1). Provenge®

won FDA approval in 2010 for the treatment of metastatic castrate-

resistant prostate cancer. Of note, it is the first cell therapy used as

a cancer vaccine in the United States.51 To produce Provenge®, the

patient's leukocytes are collected and then expanded ex vivo with a

prostate cancer tissue antigen (prostatic acid phosphatase [PAP])

and granulocyte-macrophage colony-stimulating factor (GM-CSF).

This autologous multicell suspension composed primarily of DCs,

but also other leukocytes, is administered intravenously in three

doses, each separated by 2 weeks. The main mechanism of action is

the DC-mediated presentation of PAP to the patient's T cells, which

elicits an adaptive immune response against the prostate cancer

cells. While Provenge® is the only DC therapy approved by the

FDA, CreaVax®, an autologous DC therapy, was approved by the

KFDA in 2007 for renal cell carcinoma. Similarly, APCeden® is an

autologous DC therapy approved by the Indian FDA in 2017 for the

treatment of prostate, ovarian, colorectal, and non-small cell lung

cancers.

3.4 | Other cell-based therapies (transfusions,
transplants, and supplements)

While donor blood products have a long history in the treatment of

some blood disorders and deficiencies,15 there are no specific

approved products for RBCs and platelets. RBCs are administered to

patients who are anemic due to a blood disorder (i.e., thalassemia,

sickle cell disease, iron or other vitamin deficiency, aplastic anemia), or

as a result of trauma or injury. Prior to intravenous administration,

blood must be ABO blood type and Rhesus D (RhD) matched. Packed

RBC infusions are given most commonly, although whole blood can

also be administered. In many cases, autologous blood is isolated prior

to a surgical procedure in anticipation of potential blood loss. Cur-

rently, drugs cannot be mixed with donor blood prior to infusion.

Platelet transfusions are indicated for the treatment of thrombocyto-

penia, which can occur as a result of disease or in response to cancer

treatment. Current clinical studies continue to investigate the range of

suitable storage conditions and dosing regimens for donor platelets.

To the best of our knowledge, there are no microbe-based therapies

that have been approved for clinical use by the FDA or EMA. However,

there are two closely related modalities currently used in the clinic. The

first are fecal microbiota transplants (FMTs), in which a solution of fecal

matter from a healthy donor is supplied to the intestinal tract of the

patient to alter the gut microbiome composition.52 While these trans-

plants are used to treat a variety of diseases in clinical settings, they are

beyond the scope of this review because they are not being developed

as individual drug products.53-55 The second type of therapy, probiotics,

includes living microorganisms that are widely available over the counter

and can also be prescribed by clinicians.56-58 However, they are also

beyond the scope of this review because they are typically categorized

as foods, functional foods, or supplements, and as such do not undergo

the same regulatory process as pharmaceuticals.59

4 | CURRENT CLINICAL TRIALS

In the following sub-sections, we categorize and discuss current clinical

trials employing blood cells and stem cells administered as single-cell

suspensions, and on microbes administered in various dosage forms.

We define current clinical trials as those that appear on clinicaltrials.gov

with a status of not yet recruiting, recruiting, enrolling by invitation, or

active/not recruiting. These sub-sections account for data that capture

the current clinical landscape as of August 2020. The overall summary

of our analysis and additional details are shown in Figure 2.

4.1 | T cells

The clinical landscape of T-cell therapies has rapidly diversified over

the past 10 years. Today, T cells are the most investigated cell type

among all cell therapy trials, encompassing 45% of the total trials

(Figure 2). A representative selection of T-cell trials is shown in

Table 2. In our analysis, we grouped 767 T-cell trials into four main
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categories. We first classified them according to genetic modification

status as genetically modified (GM) or nongenetically modified (NGM).

Cells in the GM category were then classified according to receptor

type, either CAR or T-cell receptor (TCR). Cells in the NGM category

were classified according to the type of target, as these cells are usu-

ally trained ex vivo to target either tumor-associated antigens (TAA)

or viral antigens (virus-specific, VST) via endogenous TCRs. Trials that

could not be sorted into one of these categories were labeled “not
applicable (N/A)” if there was no stated receptor or target, or “Other”
if there were unique features that prevented clear classification, such

as receptors that could not be readily identified as a CAR or TCR.

About 77% of the T-cell clinical trials involve GM cells; this is

expected given the dominance of CAR-T therapy in the field

(Figure 3). Indeed, 82% of the trials involving GM cells, or 63% of all

T-cell trials, include T cells with a CAR modification (Figure 3(a)). How-

ever, this subset is highly diverse. While all three approved CAR-T

therapies include a single anti-CD19 CAR for the treatment of B-cell

malignancies, CD19 comprises only 37% of all targets in the clinical

landscape (Table S3). The next most abundant targets include BCMA,

CD22, and CD20, all of which are also exclusively found on B cells

(Table S3). Together with CD19, they comprise 58% of the targets

that are currently investigated in CAR-T clinical trials, reflecting the

continued prevalence of B-cell cancer indications in the field. One

new approach for the treatment of liquid cancers is dual CAR-T ther-

apy, in which two different CARs are presented on the same cell or

two distinct CAR-T products are co-infused.60 This strategy has the

potential to reduce relapse rates by targeting and eliminating cancer

cells that are resistant to CD19-targeted therapy (NCT04049383).

Historically, CAR-T therapy been ineffective in the treatment of

solid tumors due to a lack of defined extracellular antigen targets,

insufficient T-cell infiltration, and challenges overcoming immunosup-

pressive tumor microenvironments.61,62 Still, about 24% of CAR-T tar-

gets in the clinical landscape are found on solid tumors (Figure 3(a)

(i) bar) with the most common targets being GD2 (neuroblastomas

and melanomas), mesothelin (mesothelioma and cancers of the ovary,

pancreas, colon, etc.), HER2 (metastatic breast cancers), and GPC3

F IGURE 3 Current landscape of T-cell clinical trials; 767 T cell clinical trials were analyzed and classified according to genetic modification status as:
(a) genetically modified (GM) or (b) nongenetically modified (NGM) T cells. Trials in the GM category were further classified according to the type of
genetically modified receptors: (i) CAR-T cells, (ii) TCR-T cells, or (iii) T cells with receptor that is not applicable (N/A). Similarly, trials in the NGM category
were further classified according to the type of target: (i) virus-specific T cells, (ii) TAA-specific T cells, or (iii) T cells with receptor that is not applicable (N/A)
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(liver cancers) (Table S3). Based on our analysis, intravenous adminis-

tration remains the most common route of administration for CAR-T

therapy against solid tumors (75%), though other administration

routes are also being investigated, such as intraperitoneal, intraven-

tricular/intracavitary, intratumoral, intra-hepatic artery, intra-

pancreatic (via splenic vein or artery), and intrapleural administration.

The emergence of strategies to prevent T-cell exhaustion, improve

target specificity, and promote tissue infiltration may expand the cur-

rent application of CAR-T therapies against solid tumors (Section 5).62

The next major class of GM T cell is the TCR-T cell, which com-

prises about 12% of trials involving GM T cells (Figure 3(a)). While

most current CARs are only capable of recognizing cell surface anti-

gens, TCRs recognize peptides derived from intracellular proteins by

binding to major histocompatibility complex (MHC) class I molecules

on target cells. As a result, 81% of TCR-T trials have targets that are

exclusive to solid tumors (Figure 3(a) (ii) bar and Table S4), as these

cancers often do not overexpress a readily identifiable extracellular

antigen that can be recognized by a CAR. Common indications include

hepatocellular carcinoma, melanoma, and head and neck squamous

cell carcinoma. TCR-T cells are mostly autologous (88%) (Figure 3(a)

(ii)) with a small yet burgeoning group of allogeneic therapies, most of

which are specific for Epstein–Barr virus (EBV). The TCR category also

includes some novel, TCR-like receptors with unique properties. For

example, TCRs containing an antigen-binding fragment (Fab) coupled

with portions of native TCR chains can expand TCR targeting ability

to extracellular antigens and has also shown reduced cytotoxicity

compared to other engineered TCRs (NCT03415399).61,63

There also exists a subset of GM T cells that are not transduced

with a receptor (Figure 3(a) (iii)), which, unlike CAR- and TCR-T cells,

predominantly use allogeneic cells. This subset most often contains

genetic modifications that enable the display of an inducible suicide

gene (discussed in Section 5), expression of receptors, or secretion of

therapeutic payloads like cytokines. The T-cell subtypes in this group

are diverse and include regulatory T cells (Tregs), tumor-infiltrating

lymphocytes (TILs), and helper T cells in addition to general peripheral

populations. For example, BPX-501 is an allogeneic, suicide gene-

transduced polyclonal T cell replacement product designed to prevent

GvHD and improve immune reconstitution after HSCT

(NCT02065869, NCT02231710). The small subset of GM cell trials

classified as “Other” either contain synthetic receptors that cannot be

classified as a CAR or TCR, or combinations of more than one recep-

tor type. Many of these include CAR-T cells that also have endoge-

nous TCRs for viral-specific targets, enabling the dual targeting of

cancers induced by oncogenic viruses.

NGM T cells account for a 24% of the total T-cell trials (Figure 3

(b)), yet they have broader indications compared to GM T cells. T cells

that have been primed to target specific antigen(s) via endogenously

expressed TCRs can be broadly classified into viral-specific T (VST)

and TAA-specific T (TAA-T) cells. VSTs are being clinically evaluated

for treatment of cancer, transplant-related diseases, and infection.

They can be used to eliminate virus-induced cancers by recognizing

viral epitopes presented on MHC class I molecules of infected cells

(NCT02578641). Another subset of VSTs are designed to treat viral

infections occurring after a HSCT (NCT04364178). In this case, VSTs

can be used prophylactically or following diagnosis to prevent

infection-associated complications and improve transplant engraft-

ment.64 The most common targets for this application are cytomega-

lovirus (CMV) and EBV (Table S5). Finally, VSTs may also be used to

treat viral infections that are not related to cancer and/or transplant,

such as HIV (NCT03212989) and severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) (NCT04406064). VSTs are usually

derived from an allogeneic source (70%) (Figure 3(b) (i)), as they are

often isolated from transplant donors to ensure compatibility with

HSCT recipients, or from convalescent donors for the treatment of

viral infections. Some VSTs have already progressed to clinical trials in

Phases 3 and 4.

Unlike VSTs, TAA-Ts are mostly autologous (74%) (Figure 3(b) (ii)).

NY-ESO-1, PRAME, and survivin are the most commonly named tar-

gets; however, we should note that the majority of the targets were

not specified in the trial listings. That is, many trials indicated that the

cells could be personalized for each patient, with the therapy con-

sisting of a mixture of cells designed to target multiple TAAs. This

explains the benefit of autologous sourcing, as these mixed

populations of activated T cells can be isolated directly from the

patient. About two thirds of these therapies are designed to treat

solid tumors (Figure 3(b) (ii) bar), arising from the ability of endoge-

nous TCRs to recognize intracellular antigens via display on MHC mol-

ecules. There are multiple trials currently in Phase 2 (NCT03093350),

although TAA-Ts have yet to progress to Phase 3.

The remaining NGM cell trials with N/A receptors (40% of all

NGM) comprise a broad spectrum of T-cell subtypes and use T cells

that do not have a specific antigen target (Figure 3(b) (iii)). These

untargeted NGM cells are often derived from a general, unsorted pop-

ulation of peripheral T cells. Of these trials, a total of six have prog-

ressed to Phase 2/3 or Phase 3 (NCT03944980, NCT02999854).

Other therapies in earlier clinical stages (Phases 1 and 2) consist of

more specific populations. For example, TILs are being explored as a

NGM solid tumor-targeting therapy (NCT03374839). Tregs, on the

other hand, are primarily being used for the treatment of GvHD and

autoimmune disorders. Based on our analysis, they comprise a large

portion of the NGM cells without specific targets (28/72, 39%) and

contribute mainly to the transplant-related disorders—graft versus

host diseases (TrDG) indication (NCT01903473, NCT02749084).

Tregs promote immune tolerance in both antigen-dependent and

independent manners, including the secretion of anti-inflammatory

cytokines to dampen immune-mediated tissue damage.65

4.2 | Stem cells

Stem cells have persisted at the forefront of the clinical landscape for

cell therapies due to their high multipotency, which enables their dif-

ferentiation into various types of mature cells with a broad range of

functions. Currently, stem cells account for 36% of total trials with

applications covering 10 major indications (Figure 2). A representative

selection of these trials is provided in Table 3. In our analysis, we first
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categorized stem cell trials by cell subtype, including HSCs (44%),

MSCs (46%), neural stem cells (NSCs, 2%), bone marrow-derived stem

cells (BMDSCs, 3%), and others (Figure 4). Cells in the HSC and MSC

categories were further classified according to indications and fea-

tures like genetic modification.

4.2.1 | HSCs

HSCs comprise 44% of the current stem cell trials (Figure 4(a)). These

trials apply HSCT, which has been widely utilized in the clinic since it

was first reported in 1957.66 The basic process for HSCT includes col-

lection of mobilized stem cells from peripheral blood or cord blood,

ex vivo purification and engineering of the cells, and finally infusion.67

Prior to transplantation, patients undergo a regimen of chemothera-

peutics, broadly classified into myeloablative and reduced intensity

conditioning (RIC), to deplete native lymphocytes in the bone marrow.

This conditioning step is required for the successful engraftment of

the infused cells.68 The choice of regimen depends on parameters

such as disease severity, risk, age group, and other factors. RIC leads

to reduced neutropenic periods, speedier engraftment, and improved

recovery of the immune system compared to myeloablative condition-

ing. As a result, RIC has widened the potential applications of HSCT

to a greater patient population, especially older patients.69 However,

post-transplant relapse and GvHD remain challenges, and these chal-

lenges are further discussed in Section 5.

HSCs are of great importance in the generation of a variety of

blood cells and therefore have substantial implications in the genesis

and treatment of hematological conditions.70 Accordingly, the major-

ity of active HSC clinical trials (69%) are applied for various hemato-

logical malignancies and nonmalignant blood disorders associated

with RBCs (BD w/RBCs) (Figure 4(a)), with remaining indications

including solid cancers, nonmalignant blood disorders associated with

white blood cells (BD w/WBCs), and immunodeficiency, autoimmune,

and transplant-related disorders. HSC source also plays a key role in

the therapeutic outcome, and 61% of HSC trials use allogeneic cells

(Figure 4(a)). This can be attributed to the fact that the most common

goal of HSCT is to replace the patients' malignant immune cells with

healthy donor HSCs, which are usually derived from a complete or

partial HLA-matched donor or “off-the-shelf” cord blood. On the con-

trary, GM HSC therapies apply autologous cells more frequently

because disease-causing mutations of patients' own cells are

corrected by genetic engineering; autologous cells are associated with

a lower risk of transplant rejection and thus are better tolerated by

patients. In the following analysis, we present HSC trials according to

disease indication and discuss the unique features of HSCs in each

category.

The predominant indication of HSC trials is liquid cancers (51% of

HSC trials). The majority of these trials (71%) use allogeneic cells that

can differentiate into healthy blood cells and directly reconstitute the

bone marrow (Figure 4(a) (i)). Notably, 12% of these trials are in Phase

3 or 4 (Figure 4(a) (ii)). This landscape of the Phase of HSC trials may

reflect the application of well-established HSCT methodology inT
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nearly all trials, where only variations in pre- or post-transplant thera-

peutic regimens are examined. On the other hand, GM HSCs are not

yet FDA approved and are being investigated in the clinic for safety

and efficacy. One example is a pair of trials using GM HSCs for the

treatment of acquired immunodeficiency syndrome (AIDS)-related liq-

uid cancers (NCT02337985 and NCT01961063). Specifically, these

HSCs were transduced with lentiviral vector rHIV7-shI-TAR-CCR5RZ,

with the mechanism of action including (i) blocking the transcription

of HIV genes, (ii) binding to the protein that is essential for HIV repli-

cation, and (iii) catalyzing the CCR5 receptor that is required for viral

entry into the host cells.71 This autologous therapy has the potential

to reconstitute the bone marrow with autologous, non-neoplastic

cells.

The next focus of HSC trials is nonmalignant blood disorders

associated with RBCs (BD w/RBCs) (18% of HSC trials) for diverse

clinical indications including sickle cell disease, anemia, and thalasse-

mia, among others. While NGM HSC trials mainly employ allogeneic

cells (64%), GM HSC therapies exclusively employ autologous cells

(36%) (Figure 4(a)(i) and (iii)). These autologous GM HSCs can be

modified ex vivo to express correct sequences of target genes and

thus generate cells with functional proteins. For example, the GM

HSC product Zynteglo™ consists of autologous cells endowed with

functional β-globin by lentiviral transduction. It was approved for

the treatment of transfusion-dependent thalassemia by the EMA in

2019 and is currently being investigated for related indications

including sickle cell disease (NCT04293185) and β-thalassemia

(NCT02906202). Another active area of HSC therapy is solid tumors

(9% of HSC trials). Interestingly, 58% of these clinical trials utilize

autologous cells (Figure 4(a)(i)), unlike the trials for blood cancers.

This is not surprising because, in the case of solid tumors, the goal

of HSC therapy is to bolster the existing immune system. Notably,

all of the Phase 3 clinical trials for solid tumors (26%) are for the

treatment of either brain metastases or neuroectodermal cancers

(Figure 4(a)(ii)). The potential of HSCs to home to brain tumors has

been shown in preclinical studies, although the mechanism remains

unexplained.72

F IGURE 4 Current landscape of stem cell clinical trials; 620 stem cell clinical trials were analyzed and classified as one of the following types:
(a) hematopoietic stem cells, (b) mesenchymal stem cells, (c) neural stem cells, (d) bone marrow-derived stem cells and (e) others (cardiac stem
cells, limbal stem cells, and endothelial progenitor cells)
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HSC-based therapies are also clinically investigated for non-

malignant blood disorders associated with WBCs (BD w/WBCs) and

immunodeficiency disorders, such as Wiskott-Aldrich syndrome

(WAS), severe combined immunodeficiency (SCID), and leukocyte

adhesion disorder (LAD). 69% of these trials utilize GM HSCs, as the

intention is to correct mutations responsible for disease (Figure 4(a)

(iii)). While most of the trials (95%) are still in Phase 1 or 2 (Figure 4(a)

(ii)), there is one trial in Phase 3, where elivaldogene autotemcel, a

therapy that uses GM HSCs endowed with functional human adreno-

leukodystrophy protein, is used to treat cerebral adrenoleukodystro-

phy (NCT03852498). HSCs are also being explored for the treatment

of autoimmune disorders in a small subset of trials (4%) (Figure 4(a)).

The specific indications are diverse and include multiple sclerosis

(MS), systemic scleroderma, and Crohn's disease. While the number of

trials in this area is low, the relative proportion of late stage trials is

high; based on our analysis, over one-third of the trials are in at least

Phase 3 and one trial is in Phase 4. The majority of these late-stage

trials study the efficacy of autologous HSCT compared to the current

clinical regimens, such as alemtuzumab for MS.

4.2.2 | MSCs

MSC therapies make up 46% of total current stem cell clinical trials

(Figure 4(b)). MSCs are derived from multiple tissues, including bone

marrow, adipose tissue, the umbilical cord, Wharton's jelly, and the

placenta. Interestingly, the majority (65%) of the investigated MSC

therapies are allogeneic, reflecting the trend of next-generation “off-
the-shelf” manufacturing (Figure 4(b)).73 While most of the investi-

gated trials are in Phase 1 or 2, 6% of MSC trials have reached Phase

3 or 4. While GM cells are widely utilized in certain cell therapies

(T cells in particular), the majority (> 98%) of the analyzed MSC trials

use NGM MSCs. The widespread use of NGM cells may arise from

their inherently multipotent nature, which enables a number of possi-

ble biological functions without genetic modification. Notably, four of

the analyzed trials use GM MSCs, reflecting recent efforts to improve

MSCs' innate functions or provide them with new functions such as

secretion of therapeutic proteins. Current MSC trials cover a wide

variety of indications, including degenerative diseases, autoimmune

diseases, and cancer (Figure 4(b)). However, the majority of MSC trials

can be broadly classified into two major categories based on their key

mechanism: tissue repair/regeneration for degenerative diseases and

trauma, and immunomodulation for autoimmune diseases, non-

autoimmune inflammatory diseases, infectious diseases, and

transplant-related diseases. Trials that do not fall into these categories

cover other indications such as cancer, cardiovascular diseases, and

blood disorders.

The potential of MSCs to differentiate into cells across endoder-

mal, mesodermal, and ectodermal lineages has been widely investi-

gated in preclinical and clinical settings.45,47,74 Thus, a large portion of

the current trials are focused on tissue repair or regeneration applica-

tions (32%), with the most prominent being degenerative diseases

(24%) (Figure 4(b)). Based on our analysis, 30 trials use MSCs to repair

cartilage for the treatment of osteoarthritis, which was one of the ear-

liest indications for MSC therapies. As a representative example,

JOINTSTEM, an autologous adipose-derived MSC therapy, demon-

strated suitable safety and preliminary efficacy profiles and is cur-

rently in two Phase 3 trials for osteoarthritis (NCT03990805,

NCT04427930). Neurodegenerative disease is another particularly

active area, with seven MSC trials underway for Alzheimer's disease,

two for Parkinson's disease, and three for Huntington's disease. Based

on our analysis, all but one of these neurodegenerative disease trials

are still in early stages (Phase 1 or 2), with one exception reaching

Phase 2/3. This Phase 2/3 trial involves the autologous MSC therapy,

Cellavita-HD, which has previously demonstrated promising safety

and preliminary efficacy profiles for Huntington's disease

(NCT04219241). Other degenerative disease indications of MSC ther-

apy include disk degeneration, aging frailty, and several others.

Trauma is another important indication for MSC tissue repair applica-

tions, with 23 active trials (8%) (Figure 4(b)) underway for traumatic

brain injury, spinal cord injury, acute kidney injury, ischemia reperfu-

sion injury, and others. While the therapeutic mechanism of MSCs in

these degenerative diseases seems to be related to their multipotent

differentiation capabilities, their immunomodulatory potential may

also play an important role.75

Immunomodulatory capabilities of MSCs can also be leveraged as

the primary mechanism for disease management.45,76-78 About 49%

of the analyzed MSC trials are focused on this application for the

treatment of immune-related diseases. Autoimmune diseases, as the

second largest disease category of all MSC therapies (18%) (Figure 4

(b)), encompass rheumatoid arthritis, type 1 diabetes, MS, systemic

lupus erythematosus, and others. Although all of these trials are in the

early stages (Phase 1 or 2), the large number of trials is indicative of

the overall promise of MSCs for autoimmune disease applications.

Non-autoimmune inflammatory disease is another important area for

MSC immunomodulation clinical studies, with 14% of all MSC trials

(Figure 4(b)) underway for the treatment of bronchopulmonary dys-

plasia, liver cirrhosis, acute and chronic pancreatitis, chronic obstruc-

tive pulmonary disease (COPD), and glomerulonephritis. About 13%

of active MSC trials are for infectious diseases (Figure 4(b)). With the

ongoing COVID-19 pandemic, MSC-based therapies have already

entered the clinic for the treatment of SARS-CoV-2 infections, with

two trials having already entered Phase 2/3. As a representative

example, Remestemcel-L is an allogeneic MSC product that was ini-

tially investigated for pediatric aGvHD and is now being repurposed

for the treatment of COVID-19 ARDS in a Phase 3 study

(NCT04371393). MSC therapy for transplant-related diseases also

leverages the immunomodulatory capacity of MSCs, with 4% of all

MSC trials underway to treat aGvHD and organ transplant rejection,

particularly of the liver, kidney, and lungs (Figure 4(b)).

Most of the clinical efforts so far have been mainly focused on

employing the multipotent capability of NGM MSCs for diverse indi-

cations. However, in recent years, extensive preclinical studies have

looked into GM MSCs, especially for the indication of cancer.47

Indeed, MSCs have been engineered to produce anticancer therapeu-

tic proteins, such as TNF-related apoptosis-inducing ligand (TRAIL)
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and thrombospondin-1, in preclinical studies.47,79-82 These new

advances are reflected in the clinical trial landscape, where allogeneic

MSCs engineered to express TRAIL (MSCTRAIL) are currently being

investigated as a therapeutic for inoperable lung adenocarcinomas

(NCT03298763).

4.2.3 | Other stem cells

Other types of stem cells account for only 10% of all current clinical

stem cell trials, far fewer trials than either HSCs or MSCs (Figure 4(c–

e)). These stem cells include NSCs (Figure 4(c)), bone marrow-derived

stem cells (Figure 4(d)), cardiac stem cells, endothelial progenitor cells,

LSCs, and multipotent adult progenitor cells, among others (Figure 4

(e)). The relative rarity of these stem cell types in the clinic compared

to HSCs and MSCs may be due to a variety of factors such as (i) the

biological functions of these stem cells are not as diverse as those of

HSCs and MSCs83 and (ii) availability/manufacturing of these stem

cells are more challenging.84 Of note, the investigated applications for

these subtypes are relatively narrow. For example, specific indications

of NSCs include astrocytoma, glioma, Parkinson's disease, retinitis

pigmentosa, and spinal cord injury. Notable applications of other sub-

types include lung stem cells for idiopathic lung fibrosis and interstitial

lung diseases, retinal progenitor cells for retinitis pigmentosa, and

multipotent adult progenitor cells for immunomodulatory applications.

4.3 | Dendritic cells

DC vaccines are an active area of clinical study, with 93% of trials

investigating their use for cancer immunotherapy (Figure 2). A repre-

sentative selection of DC trials is shown in Table 4. DC clinical trials

have applications for a range of both solid and liquid tumors (93%)

and the remainder for autoimmune disorders, infectious diseases, and

transplant-related disorders. Based on our analysis, all Phase 3 trials

and most Phase 1 and 2 trials are for cancer indications, although 6%

of the current Phase 1 and 2 trials investigate DC vaccines for the

treatment of multiple sclerosis, type I diabetes, rheumatoid arthritis,

HIV, COVID-19, and transplant-related diseases. Like the approved

products (three globally, with one in the United States), the majority

of DC trials (89%) use autologous cells (Figure 2). However, allogeneic

cells have demonstrated potential for indications such as leukemia

(NCT03679650) and living donor liver transplant (NCT04208919).

The trial space for DCs is generally diverse, owing to the investigation

of many different ex vivo cell pretreatments. Ex vivo pretreatment of

DCs primarily involves antigen priming, which is necessary to expose

the cells to tumor antigens so that they can present antigen-specific

peptides on MHC class II to the patient's T cells in the lymph nodes.

The most common method for exposing the cells to tumor antigens is

ex vivo incubation and loading (also frequently termed “pulsing”) with

specific antigens, tumor lysate, or RNA. Another novel method

involves direct fusion of the DCs with patient-specific tumor cells

obtained via a biopsy. In six clinical trials involving RNA delivery,

electroporation is used to promote ex vivo loading in DCs. These cell

modifications are summarized in Figure 5(a) (i).

Other distinguishing aspects of the DC vaccine trial space include

the routes of administration, addition of immune stimulatory mole-

cules, and other combination drug regimens. The most common route

of administration for DC vaccines is intradermal injection (45%), while

intravenous (22%), subcutaneous (11%), and intranodal (11%) injec-

tions are also used (Figure 5(a) (ii)). Co-administered stimulatory mole-

cules including growth factors, cytokines, and monoclonal antibodies

can promote the expansion and trafficking of DCs to the lymph node

(e.g., GM-CSF) (NCT03334305), activate T and NK cells (e.g., IL-2)

(NCT04166006), or sensitize cancer cells to cytotoxic T cells

(e.g., anti-PD-1, anti-PD-L1) (NCT01067287, NCT02677155)

(Figure 5(a) (iii)). Other common accompanying therapies include che-

motherapeutics (NCT02366728, NCT02503150), other cell types

(e.g., stem cells (NCT03334305), T cells (NCT01759810), immuno-

modulators (NCT04208919), and radiation (NCT03970746).

4.4 | NK cells

NK cells have drawn increased attention over the past few years due

to their natural cytotoxic functions,85 non-MHC restricted activity,

and “off-the-shelf” use capability.86,87 These features allow them to

offer a potent alternative to T-cell therapy. Currently, NK cell trials

occupy 7% of total cell therapy trials (Figure 2), with a representative

selection of these trials listed in Table 5.

NK cell trials utilize NK cells of various origins, including alloge-

neic sources (53%), autologous sources (27%), NK cell lines (15%), and

stem cell-derived (allogeneic) sources (5%) (Figure 2). The frequent

use of allogeneic NK cells may be due to the therapeutic effects asso-

ciated with the killer-immunoglobulin receptor (KIR)-HLA mismatch.88

Specifically, the identification of self-MHCs by KIRs provides inhibi-

tory signals to NK cells to halt cytotoxic functions; in the case of

adoptive transfer of allogeneic cells, these signals are absent. In addi-

tion, when allogeneic NK cells simultaneously encounter foreign

MHCs and disease-associated antigens on target cells, activation sig-

nals are triggered. This combination of missing inhibitory signals and

multiple activating signals elicits the cytotoxic function of allogeneic

NK cells against diseased cells. Although peripheral blood NK cells are

still the major source in NK-cell therapy (80%, combined autologous

and allogeneic) (Figure 2), there are translational challenges due to lim-

ited availability (i.e., NK cells only account for 5%–10% of peripheral

white blood cells) and difficulty of expansion ex vivo. Induced pluripo-

tent stem cell (iPSC)/HSC-derived cell products and cell lines have

been introduced in the clinic to tackle these challenges by providing a

sufficient cell source and eliminating the barrier of ex vivo expansion.

Several NK-cell subtypes are applied in NK-cell trials,

encompassing primary NK cells, CAR-NK cells, CIKs, NK cell lines

(NK-92), and iPSC/HSC-derived NKs (Figure 5(b) (i)). Most NK cell tri-

als (66%) use unmodified primary NK cells and leverage their intrinsic

cytotoxic function (Figure 5(b) (i)). CAR-NK therapies (12%) have

gained attention over the past few years due to encouraging results
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following the recent approval of CAR-T products (Figure 5(b) (i)).

CAR-NK cells are generally regarded as safer than CAR-T cells due to

their more limited persistence in circulation.89 CAR-NK cells are also

less likely to induce severe side effects because CAR-NK cells usually

produce IFN-γ and GM-CSF upon activation, while CAR-T cells pro-

duce a set of cytokines (IL-1a, IL-2, IL-6, TNF-α, MCP-1, IL-8, IL-10,

IL-15, and others) that have been shown to cause cytokine release

syndrome and severe neurotoxicity.89 CAR-NK cell therapies are used

for (i) hematological malignancies expressing CD19 (NCT03056339),

BCMA, and CD 22; (ii) solid tumors with targets including ROBO-1,

PSMA, and mesothelin; and (iii) COVID-19 with ACE-2 as a target

(NCT04324996). Another major cell class is CIKs (11%) (Figure 5(b)

(i)), which have an NK-T hybrid cell phenotype and operate in a non-

MHC restricted fashion.90 CIKs are also referred to as type II NKT

cells.91 An attractive feature of CIKs is that they can be induced and

expanded ex vivo from PBMCs and cord blood mononuclear cells

(CBMCs) via a combination of cytokines.90 Currently, one of the most

advanced NK cell trials for malignant glioma (Phase 4) uses CIKs as

the intervention (NCT02496988). The NK-92 cell line (7%) is another

promising candidate due to its ease of expansion and transfection in

comparison to primary NK cells (Figure 5(b) (i)).92 It has been validated

as safe in many Phase 1 trials92 and is being currently used in

advanced trials (NCT02727803, NCT02465957). Finally, iPSC/HSC-

derived cells (4%) are being explored to overcome the limit of NK cell

availability from PBMCs (Figure 5(b) (i)). For example, CYNK-001, an

HSC-derived NK product, is currently being investigated in a Phase

1/2 clinical trial for the treatment of COVID-19 (NCT04365101).

The main indication of NK-cell therapy is cancer (95%), followed

by infectious diseases (e.g., COVID-19 and HIV) (4%) (Figure 2). A

large proportion of NK-cell trials are for hematologic malignancies,

with 21% for acute/chronic myeloid leukemia (AML/CML) and 11%

for lymphoma (Figure 5(b) (ii)). Notably, despite limited information

regarding tumor infiltration by NK cells,93 there are more clinical trials

investigating NK-cell therapy for solid cancers than liquid cancers.

These trials against solid tumors often use CAR and combination ther-

apy approaches to improve targeting and overcome the immunosup-

pressive tumor microenvironment in cancers such as glioblastoma

(NCT03383978).94,95 Interestingly, based on our analysis, augmenting

NK-cell therapy with co-administered or postadministered therapeu-

tics is a strategy adopted by a considerable portion of the NK trials

(35%). Antibodies (NCT04074746) and cytokines (NCT03050216) are

the most used supporting therapeutics (29% for both), followed by

chemotherapeutics (NCT02496988), and a combination of those

(NCT03778619) (Figure 5(b) (iii)).

4.5 | Mononuclear cells

Compared to the other cell types, there are fewer clinical trials for

mononuclear cells (2% of the total trials) (Figure 2). As stated previ-

ously, we refer to mononuclear cells as belonging to one of the fol-

lowing cell populations: monocytes (11% of mononuclear cell trials),

macrophages (0% of mononuclear cell trials), BMMCs (52% ofT
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mononuclear cell trials), or PBMCs (37% of mononuclear cell trials)

(Table 6). The most common indications are cardiovascular disease

(39%) and cancer (29%), with some applications for trauma (14%)

(Figure 2). These trials are almost evenly distributed across Phase

1 (38%), Phase 2 (33%), and Phase 3 (30%) (Figure 2). Most (89%) of

these trials use autologous cells, likely due to the highly regulated

immune functions of these cell types (Figure 2).

There are many preclinical studies that use monocytes and mac-

rophages as therapies, therapeutic targets, or both, most often for the

treatment of cancer, autoimmune diseases, and other inflammatory

diseases.96-99 However, translation to the clinic has been limited. For

monocytes, two trials are indicated for central nervous system (CNS)

disorders, while one trial is indicated for cancer. Notably, there are a

number of studies where monocytes are separated via leukapheresis

and subsequently differentiated into DCs for re-injection. Due to their

highly plastic nature, monocytes are well-suited for ex vivo condition-

ing, which is used to induce phenotypic changes before re-injection

(NCT02948426). While many trials use macrophage populations as a

target for imaging agents or as an indicator of clinical outcomes, these

cells are not currently being infused as an intervention.

BMMCs and PBMCs were also included in the clinical trial analy-

sis. These groups are clinically useful because they invoke pleiotropic

mechanisms, owing to the variety of distinct cell populations that are

included. This allows, for example, the secretion of various remodeling

factors to facilitate wound healing and regeneration.100 Similar to

monocytes/macrophages, ex vivo conditioning allows for the induc-

tion of phenotypic changes (NCT02948426). It is also possible to

enrich or deplete these mononuclear cells of certain cell populations,

such as naïve T cells (NCT02942173) or B cells (NCT03939585).

Other modifications include transfection with small interfering RNA

(siRNA) (NCT03087591) and induction of specific receptors before

re-infusion (NCT01697527). Combination therapies with stem cells

are also being investigated (NCT03943940). Though the trial space

for mononuclear cells is in its early stages, the multifunctional proper-

ties of these cells make them an attractive avenue for a diverse array

of future therapies.

4.6 | Red blood cells and platelets

Clinical trials are also being conducted on the intravenous infusion of

donor blood products, such as packed RBCs, whole blood, and plate-

lets. Here, we focus our scope on the trials that use a single cell type,

either RBCs (2% of the total trials) or platelets (0.4% of the total trials)

F IGURE 5 Current landscape of dendritic cell and natural killer cell clinical trials. (a) About 136 clinical trials using DCs were further classified
according to DC modifications, route of administration, and accompanying therapies; (b) 116 trials using NK-cell therapies were further classified according
to indication, NK cell subtype, and combination therapy regimen. mRNA: messenger RNA; GM-CSF: granulocyte-macrophage colony-stimulating factor;
AML/CML: acute/chronic myeloid leukemia; CAR: chimeric-antigen receptor; CIK: cytokine-induced killer cells; NKT: natural killer T cells
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(Figure 2). A representative selection of these trials is given in Table 7.

Of all the clinical trials involving RBCs, the most common indications

are blood disorders such as anemia (26%) and sickle cell disease

(18%). In the majority of these trials, as well as those focused on

treating hemorrhage, organ injury, and trauma, the unmodified RBCs

themselves are the therapeutic of interest. While packed RBCs are

already indicated for these conditions, current clinical trials investigate

new infusion protocols (e.g., dosing frequency and amount), cell stor-

age conditions, additional ex vivo cell processing steps for pathogen

removal, and D-antibody matching.

RBCs are also indicated in other Phase 1 or Phase 2 trials with

indications of cancer, lung cancer, breast cancer, and malaria infection,

the latter of which involves RBCs infected ex vivo with the parasite

Plasmodium vivax (P. vivax). These infected RBCs are administered to

malaria-naïve volunteers to evaluate the safety of controlled blood-

stage human P. vivax malaria infection and are expected to serve as a

malaria vaccine in the future (NCT03797989). Notably, in seven trials,

RBCs (two autologous and five allogeneic) are being used as drug car-

riers to carry and deliver membrane-bound (NCT04137692) or encap-

sulated cargoes (NCT03563053) to a site of interest. In all RBC trials,

the RBCs and associated cargoes are administered intravenously.

Platelet transfusions are investigated clinically for thrombocytopenia

and for the induction of blood clotting following trauma. In all these

trials, the platelets are administered intravenously. As with RBCs, new

dosing regimens for platelet transfusions are also investigated. One

distinct application of platelets in clinical trials is their co-

administration alongside a thrombolytic drug in platelet-deficient

patients (NCT02074436).

4.7 | Microbes

Forty-eight microbe-based clinical trials were identified (3% of the

total trials) (Figure 2) and separated into four main categories based

upon consortia-based/single strain-based therapy status and indica-

tion (Table 8).4,33,101 Undefined, consortia-based therapies consist of

microbes collected from healthy patient stool banks.101 The resulting

microbe therapeutic ranges from unpurified material stripped only of

harmful components (e.g., viruses, pathogens) to material stripped of

several species in order to isolate specific microbial phyla with some,

or all, individual species remaining unidentified. These undefined mix-

tures are most similar to those used in FMT, however, the therapeutic

is typically administered via oral capsules.102,103 Since FMTs fall under

the category of a clinical procedure101 and are not being developed as

drug products by independent pharmaceutical companies, FMT clini-

cal trials were not included, as we determined them to be out of the

scope of this review (a search on clinicaltrials.gov revealed over

900 hits for the term “fecal microbiota transplant”). Defined,

consortia-based therapies are similar in that multiple strains of bacte-

ria are orally delivered; however, the exact composition of the individ-

ual microbial species is known and is rationally selected. Many of the

current consortia-based clinical trials are for Clostridium difficile infec-

tion and various gastrointestinal disorders. Consortia-based therapiesT
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make up 44% of the current microbe clinical trials with 25% being

defined consortia and 19% being undefined consortia (Figure 2).

Distinct from consortia-based therapies, single strain therapies

are currently in clinical trials for indications including bacterial infec-

tions, inflammatory diseases, metabolic disorders, cancer, and others.

Unlike consortia-based therapies, single strains offer more controlled

and defined pathways for the discovery of specific pharmacological

mechanisms of action, genetic engineering, formulation development,

and consistent manufacturing, thereby reducing complexities for key

regulatory considerations.104 Single, donor-derived strains constitute

56% of the microbe clinical trials. Of these, 21% were rationally

selected for specific therapeutic action(s) as nongenetically

engineered strains (Figure 2). These therapies are delivered in a vari-

ety of formulations and via a range of administration routes and

include oral capsules, topical creams and sprays, and intravaginal sup-

positories. To enhance the natural functions of particular microbes,

genetic engineering strategies can also be used to facilitate novel

functions in the gut such as the metabolism of indigestible compounds

or the delivery of therapeutic proteins and peptides directly to the

gastrointestinal mucosa. Genetically engineered single strains of bac-

teria make up 35% of the current microbe clinical trials (Figure 2) with

72% of these trials indicated for cancer treatment. The strains used in

these trials are often attenuated strains of pathogenic bacteria

engineered to secrete tumor-specific antigens and are delivered via

intratumoral injection.

A subset of microbe therapies in the clinic are administered in

combination with immunotherapies. Based on our analysis, 57%

(12/21) of all microbe-based trials for cancer applications involve

combination treatments with immunomodulatory antibodies. Aside

from cancer treatment, genetically engineered single strains are also

in clinical trials for other indications including diabetes

(NCT03751007), oral mucositis (NCT03234465), and rare metabolic

disorders (NCT04534842). While microbe-based therapies are still in

their infancy, preclinical efforts to uncover a deeper understanding of

the links between the gut microbiome, cancer, and the immune sys-

tem may lead to their expansion and utility in the clinic.105-107

5 | MAIN CHALLENGES

The success of cell therapies will rely on the development of solutions

to address critical translational challenges. Here, we focus our discus-

sion on common translational barriers faced by the majority of cell

therapies including (i) biological challenges, (ii) manufacturing chal-

lenges, and (iii) regulatory challenges. We also briefly highlight some

specific, unique considerations for certain classes of cell therapy such

as CAR-T.

5.1 | Biological challenges

There are many common challenges related to the biological activity

of cell therapies. These include safety, functional heterogeneity, theT
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maintenance of desired biological functions in vivo, and targeted

delivery.

5.1.1 | Safety and immunogenicity

Safety limitations associated with the cell source, namely immunoge-

nicity, are an important consideration for allogeneic therapies. This

challenge is most prominent for stem cells, especially HSCs, as GvHD

remains a substantial challenge in HSCT and is a major contributor to

graft failure. Many HSCT post-treatments, usually small molecules and

biologics, are being investigated to prevent GvHD. Some novel agents

that have progressed to Phase 3 trials include alpha-1 antitrypsin

(NCT04167514), vedolizumab (NCT03657160), and CD24Fc

(NCT04095858). In addition, a combination cell therapy that uses

mesenchymal stromal cells to control GvHD has also progressed to

Phase 3 (NCT04629833). While immunosuppression can effectively

reduce host alloreactivity, this leaves the patient susceptible to viral

infections, which can induce graft-associated morbidity and mortality.

Notably, adoptive transfer of VSTs is currently being investigated to

control viral infections in immunosuppressed patients.108 For exam-

ple, transplant donor-derived cytotoxic T lymphocytes (CTLs) are

being investigated for the treatment of transplant-related CMV in a

Phase 4 trials (NCT03004261), where the cells are primed ex vivo

with CMV antigen peptides before administration. The risk of GvHD

is also a significant challenge for the translation of many allogeneic

immunotherapies, such as T cells and DCs. On the other hand, NK cell

therapy is commonly conducted using donor cells. Allogeneic NK cells

do not directly induce GvHD because their cytotoxic activities are

dampened by inhibitory receptors on healthy cells; therefore, they are

usually associated with only minimal immunogenicity.109 Despite the

aforementioned challenges, allogeneic therapies provide a major

advantage in terms of streamlining manufacturing processes and, for

some applications, producing a sufficient dose. As a result, allogeneic

cells are being investigated in clinical trials covering all the cell types

mentioned here. For example, in the T-cell field, allogeneic CAR-T

therapy has the potential to decrease patient-to-patient heterogene-

ity, shorten waiting times, and reduce costs, thereby improving both

efficacy and accessibility. We identified 26 trials using allogeneic anti-

CD19 CAR-T cells, all of which are presently in Phase 1 or 1/2.

In addition to cell source-related challenges, GM cell therapies

encounter additional safety limitations. For therapies in which genetic

modifications are used to induce receptor expression, risks to the

patient include receptor cross-reactivity, immunogenicity, and elabo-

rated receptor-mediated cytokine signaling processes.110 Other cells

that use editing systems (e.g., CRISPR-Cas9 and zinc finger nucleases)

may encounter functional challenges associated with off-target

effects. Specifically, cells with GM receptors like CAR- and TCR-T

cells may cross-react with host antigens to produce widespread off-

target, off-tumor effects, while low-level expression of the target on

other tissues can lead to on-target, off-tumor effects. Cytokine

release syndrome (CRS) is one major untoward effect of CAR-T ther-

apy. This condition is characterized by an excessive inflammatory

signaling cascade, which is initiated by the adoptively transferred cells

and potentiated by other immune cells like macrophages. If not rapidly

treated, CRS leads to shock, neurotoxicity, and potentially organ fail-

ure and death. The incidence of CRS among patients receiving FDA-

approved CAR-T therapy remains high, with rates greater than 50%

and as high as 90% reported for Kymriah® and Yescarta®, respec-

tively.111-113 CAR-NK cells may face similar challenges, although their

in vivo persistence is shorter than that of CAR-T cells.89 To address

CRS, additional nonreceptor genetic modifications are currently being

explored to selectively eliminate adoptively transferred cells. For

example, CAR-T cells engineered with a “suicide gene” can display a

molecule on their surface that specifically binds an intravenously

administered cytotoxic prodrug, thereby enabling selective and tunable

depletion of the CAR-T cells in case of intolerable side effects.110,114

Specifically, cells have been modified with truncated CD19, truncated

epidermal growth factor receptor (EGFR), inducible caspase 9 (iCasp9),

and herpes simplex virus thymidine kinase (HSV-TK) suicide genes,

among others. This strategy is investigated in clinical trials to prevent

both CRS in the treatment of liquid and solid cancers (NCT03016377,

NCT04377932) and GvHD in patients who have received HSCT

(NCT00914628). For this strategy to be successful, more information is

needed about the clinical parameters that warrant a prodrug infusion

and the anti-tumor efficacy postadministration.

Additional strategies for the fine-tuning of CAR-T functionality

are currently being explored in the preclinical sphere. Many of these

involve the use of inducible vectors, such as small molecules, light,

and hypoxia, to control the presentation of functional CARs. For

example, an inducer may switch on CAR-T function by regulating CAR

expression115,116 or promoting receptor dimerization.117 Alternatively,

they may disable the cells by triggering CAR degradation.117,118 These

strategies enable the dampening of overactive cells without the need

to induce apoptosis, which represents a key improvement over the

suicide gene systems currently used in the clinic. Logic gating is a dis-

tinct strategy that uses a combinatorial antigen-targeting design to

prevent the CAR-T cells from becoming activated in healthy tissues,

which may express low levels of the main target antigen.119 Instead,

cytotoxic functions are only induced in cancerous tissues that over-

express a second ligand. This strategy has shown preclinical success in

cases where antigen-expressing tumor and healthy cells are spatially

separated. In the future, these controllable systems may have the

potential to abrogate serious toxicities while maintaining anti-tumor

efficacy in patients.

5.1.2 | Functional heterogeneity

Maintaining and tuning cell functionality in vivo is also a major biologi-

cal challenge, especially for cells in the immunotherapy space. One

general limitation is functional heterogeneity, which introduces batch-

to-batch variation in the product and therefore patient-to-patient var-

iation in the functional response. These factors add to the complexity

of treating heterogeneous disease microenvironments that exist

within each patient. As a result, outcomes observed in clinical trials
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can be highly variable. These inconsistencies make it difficult to assess

translational potential and properly identify which patients might ben-

efit the most from therapy. MSCs in particular are impacted by these

discrepancies, with differences in donor sources, tissue sources, sub-

population isolation procedures, cell storage conditions, and other

manufacturing processes leading to substantial variation both within

and among trials.120,121 Future approaches to address the functional

heterogeneity challenge should consider both the manufacturing and

clinical trial design perspectives. Better characterization and quality

control of cell products during the manufacturing process will be

required to maintain functional homogeneity. In addition, new

manufacturing strategies, such as iPSC-derived cell manufacturing,

should be further explored.122 Finally, clinical trial design will need to

include more comprehensive, standardized documentation of the

properties of injected cells. Using these data, cross-analyses of the

relationships between cell identities/properties and safety/efficacy

may be better performed to identify key attributes and inform future

directions.

5.1.3 | Maintenance of biological activities

The efficacy of cell therapies is highly dependent on the ability of cells

to retain functionality in an in vivo context. Changes in the function

of living cells post-administration, such as exhaustion and inadequate

persistence, are barriers for many therapies including T cells, DCs, and

NK cells. Solutions to these challenges are often complex, as simply

altering the cell dose may not be feasible due to manufacturing and

safety limitations. Approaches such as ex vivo cell preconditioning

and combination therapy are relevant for many types of cells and are

being actively explored in clinical trials. For example, MSCs can be

pretreated with cytokines, small molecules, hypoxia, and/or biomate-

rials to tune their functionality according to the desired applica-

tion.47,123 For example, MSC preconditioning in a hypoxic

environment has been shown to upregulate genes associated with

survival, leading to improved persistence.123 Similarly, NK cell efficacy

is reliant upon sufficient ex vivo expansion in the presence of

cytokines such as IL-2 and IL-15. However, this approach is a double-

edged sword, as these cells may develop a dependency on this envi-

ronment and later become exhausted or die via apoptosis in vivo.124

One novel expansion method is the incubation of cytotoxic NK cells

with “feeder” NK cells containing membrane-bound stimulatory cyto-

kines. This approach enables the expansion of a sufficient dose from a

single small-volume blood draw, eliminating the need for a donor

product (NCT02809092). Many NK cell clinical trials also employ

combination therapies to either sustain NK cell function directly or

synergize with the therapy. For example, anti-tumor antibodies may

improve NK cell retention in solid tumors, while co-administered cyto-

kines help maintain cytotoxic activities. Synergistic effects have been

observed with the co-administration of NK cells and checkpoint

blockade antibodies (NCT03958097). Likewise, the biological activity

of DC therapies is dependent on multiple factors including the matu-

ration process, source, loading method, and antigen target(s). DC

therapies may also benefit from combination approaches to overcome

immunosuppressive microenvironments and enhance in vivo activity.

For instance, the administration of proinflammatory cytokines and

Toll-like receptor (TLR) agonists at the injection site has proven effec-

tive for the enhancement of DC migration into the lymph nodes.125

Similar to NK cells and DCs, T cells have also benefited from com-

bination strategies, especially checkpoint blockade and low-dose IL-2.

CAR-T cells in particular have demonstrated improved activation and

persistence with the incorporation of immunomodulatory features via

genetic modification. The addition of costimulatory domains to the intra-

cellular portion of the CAR was one of the earliest approaches used to

prevent cell exhaustion induced by chronic stimulation with the target

antigen. More recently, the secretion or display of therapeutic payloads

directly from the delivered cells has emerged as a promising approach in

the clinical landscape.126 There are many current trials employing CAR-T

cells that have been modified to display or secrete (i) checkpoint inhibi-

tors to prevent T-cell exhaustion or (ii) cytokines (e.g., IL-15, IL-12, IL-7)

to promote T cell persistence and proliferation in an autoregulatory man-

ner. In the treatment of solid tumors, these cytokines can also promote a

Th1 environment to overcome immunosuppression.110,127 Two of these

trials have progressed to Phase 2, one with cells that secrete a mutant

PD-1 fusion protein (NCT04162119), and another with cells that secrete

IL-7 and CCL19 (NCT03929107). Comparable genetic modifications

have also been used in the stem cell field, albeit less frequently. For

example, MSCs have been engineered to express therapeutic payloads

like the cytokine TRAIL (NCT03298763). While GM cells are modified to

secrete or express a payload, non-GM cells have also been used as drug

delivery vehicles and seen some successes in preclinical settings. In such

cases, therapeutic cells can carry nano- or micro-scale biomaterials that

contain stimulatory molecules such as cytokines. This particular strategy,

also called cytokine backpacking, has potential to offer a versatile alterna-

tive to genetic modification in the clinical setting.128-130 Currently, there

is a Phase 1 trial underway for the use of IL-15 superagonist-loaded

T cells in the treatment of solid and liquid cancers (NCT03815682).

5.1.4 | Delivery challenges

Targeted delivery is another biological challenge for many cell thera-

pies, particularly those designed to treat diseases in solid tissues. Both

cell migration to and localization at the target site are important con-

siderations, and these factors may depend heavily on the initial deliv-

ery route. For example, intravenously administered T cells must sense

biological cues, such as chemokine gradients and endothelial markers,

to extravasate into a solid tumor. One major approach that is being

explored to improve delivery is altering the administration route.

CAR-T cells indicated for solid cancers are currently administered via

a variety of routes (see Section 4) to accomplish direct delivery into

target tissue, a nearby artery, or cerebrospinal fluid (for neurologic

tumors). New NK cell administration routes, including intracranial and

intratumoral, are also being explored for the treatment of glioblastoma

(NCT03383978, NCT04489420). While T and NK cells must reach

the site of a tumor or infection, DCs must reach the lymph nodes to
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execute their antigen-presenting functions. Injection routes including

intradermal, intranodal, and subcutaneous are currently being

explored to improve lymph node trafficking.131 For HSCs, intra-bone

infusions are currently being explored as an alternative to IV adminis-

tration to speed HSC delivery and graft reconstitution in the bone

marrow.132 While the outcomes of this approach are not yet conclu-

sive, this administration route may reduce acute GvHD, providing a

solution to this longstanding biological challenge.

5.2 | Manufacturing challenges

The development of closed, automated manufacturing processes is a

necessary yet challenging endeavor for the production of safe, high-

quality cell therapies. Current barriers and advancements related to

the manufacturing of cell therapies have been reviewed in detail else-

where.14,133,134 Briefly, the major steps in the manufacture of a rela-

tively complex cell therapy (e.g., an autologous GM cell therapy) are as

follows. First, the cells are extracted from the patient and shipped to

the site of manufacture, where relevant populations are isolated. Cells

are activated, genetically modified, and expanded before undergoing

post-processing, such as washing and purification. As more patient

data becomes available, heightened attention should be paid to the

consequences of impurities in cell therapy products. Although adverse

events are rare, in one documented circumstance, the errant transduc-

tion of a single B cell with a CAR rendered CAR-T therapy (Kymriah)

ineffective.135 After samples are taken for quality assurance

(QA) measures, the cells are concentrated and packaged by dose

before being shipped to the site where the therapy will be adminis-

tered.133 The process for allogeneic manufacturing is streamlined by

the exclusion of the first extraction and shipping steps. Multiple chal-

lenges exist at each step in this workflow, though future technologies

have shown promise for potential integration into a closed, automated

process. Current areas of focus include cryopreservation, cell selection

and activation workflows, automated batch monitoring for QA pur-

poses, and the adoption of electronic records systems.126,134,136

These interventions have the potential to decrease the heterogeneity

of cell therapies and reduce production time. In the future, decentrali-

zation of the manufacturing process will expand the global scale of

cell therapies to reach patients who are currently inaccessible.

Another closely related factor is the cost associated with develop-

ing, manufacturing, and distributing cell therapies. The steep price tags

of some therapies, such as CAR-T therapy Kymriah's list price of

$475,000,137 have drawn criticism due to concerns about patient

accessibility. Advances in manufacturing procedures, particularly auto-

mation, along with widespread adoption of allogeneic therapies may

help drive down direct costs in the future.

5.3 | Regulatory challenges

In addition to the aforementioned considerations, future advance-

ments in the clinical translation of cell therapies will rely on the

development of industry-wide and regulatory approval standards. As

of 2020, there is no universal system for the classification of cell ther-

apies. Not only does this insufficiency impede the regulatory approval

process, but it also allows for a substantial degree of ambiguity in the

reporting of quality attributes and clinical outcomes.138 In light of

these concerns, the FDA released a warning regarding the dangers of

unapproved stem-cell therapies in 2020.139 Notably, regulatory stan-

dards related to product purity are rapidly changing in the more

recently developed field of microbe-based therapy. In early 2020,

alerts were issued regarding the risks of transmission of pathogenic

microorganisms and SARS-CoV-2 via FMT.140 Given the rapid emer-

gence of many new cell therapies with novel features, it is imperative

that products be categorized in a central location for the benefit of

the research, medical, and patient communities. In addition, this

endeavor will enable more comprehensive future studies to identify

associations between cell properties and clinical efficacy. These stud-

ies may then inform decision-making at the regulatory, clinical, and

preclinical levels to accelerate the development of novel therapies.

Eventually, these efforts may enable the standardization of critical

quality attributes, which has the potential to streamline the develop-

ment and approval processes.

6 | CONCLUSION

Cells as living entities have unique properties and are being leveraged

as potent therapies to treat diseases in a way that conventional thera-

pies cannot. Many cell therapies have been approved by the FDA,

EMA, and other regulatory agencies around the world for the treat-

ment of many diseases. Particularly, many of these approved products

have demonstrated promising efficacy in treating diseases that were

thought to be incurable by conventional therapies, such as CAR-T

therapy for B-cell malignancies. Great efforts are also being devoted

to further expanding the clinical application of these approved prod-

ucts in other indications. In addition, with improved understanding of

the biology of different living cells, the clinical landscape is seeing a

number of clinical trials investigating newer types of cell therapies like

microbes. These efforts are not only focusing on exploring more types

of cells that have unique biological functions, but further expanding

the spectrum of indications cell therapies can treat. Still, cell therapies

are in their early stages of development and face biological,

manufacturing, and regulatory challenges that affect their clinical

translation. Solving these challenges will need to involve united

efforts including further fundamental biological studies, standardized

clinical listing and data sharing protocols, and automated,

decentralized manufacturing capabilities. However, with its proven

clinical success and ongoing clinical advances, cell therapy remains a

highly active area of research and more disruptive cell therapy prod-

ucts are expected to emerge in the near future.
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