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Cell-​based therapy, which involves the administration of 
cells as living agents to fight disease, has in recent years 
experienced explosive growth in both clinical deploy-
ment and expansion within the pharmaceutical market-
place. In particular, a handful of therapies have overcome 
regulatory hurdles and entered commercial use, result-
ing in growing public recognition and excitement. These 
include the successful treatment of lymphoid cancers 
using adoptive cell transfer of genetically reprogrammed 
T cells, resulting in FDA approval of tisagenlecleucel 
and axicabtagene ciloleucel in 2017 for the treatment of 
acute lymphoblastic leukaemia (ALL) and large B cell 
lymphoma (LBCL), respectively. Other recent successes 
have included approval of the use of patient-​derived lim-
bal stem cells to repair damaged corneal epithelia1, as 
well as adult stem cells to treat fistulas associated with 
Crohn’s disease2. These breakthroughs were built upon 
decades of basic research, and their successes as well as 
that of other vanguard therapies have had the effect of 
stimulating enormous cross-​disciplinary interest from 
many previously disconnected basic biomedical research 
and engineering fields. This growth has been accompa-
nied by an ever-​expanding number of clinical trials,  
and a growing collection of commercially approved  
therapies (Table 1).

Much of the ongoing enthusiasm for cell-​based ther-
apies derives from the prospect of redirecting innate cel-
lular function to enable safety and efficacy profiles that 
exceed other, more-​established, modalities. Although 
biologics — which include recombinant proteins and 
other cell-​derived biomolecules — can harness the 
recognition capabilities of macromolecules to achieve 
a high degree of target specificity, they are prone to 

unfavourable pharmacokinetic (PK) and pharmaco-
dynamic (PD) properties that can limit their safety and 
efficacy3,4. Gene therapies offer the prospect of correct-
ing cellular genotype through therapeutic transgene 
delivery, usually via a viral vector. However, gene thera-
pies face several translational challenges5,6, which include 
a lack of control over the localization, distribution and 
magnitude of transgene expression, as well as limitations 
surrounding transgenic payload size of many vectors, 
and a well-​documented inability to support repeated 
dosing cycles owing to the adaptive immune response7,8. 
Additionally, there have been significant safety concerns 
in recent gene therapy clinical trials9.

Although cell-​based therapies have many of the same 
translational barriers as gene therapies — including 
safety concerns over the potential tumorigenicity and 
high manufacturing costs that challenge product reim-
bursement — they have unique intrinsic features that 
offer the potential for enhanced efficacy against dis-
ease. For example, cells can naturally migrate, localize 
and even undergo proliferation in specific tissues or 
compartments10. Cell-​based modalities that harness 
these properties therefore hold potential for biodistri-
bution and targeted delivery advantages not only over 
biologics, which are subject to limitations imposed 
by their PK/PD profiles, but also over gene therapies, 
for which tropism specificity remains challenging 
to engineer. Furthermore, cells can actively sense a 
wide variety of extrinsic inputs from small molecules, 
cell surface marker proteins and even physical forces. 
Thus, cell-​based therapies have the capacity for highly 
sophisticated sense-​and-​respond functions that could 
dynamically track disease states by detecting associated 

Adoptive cell transfer
The transfer of cells into  
a recipient patient.

Gene therapy
A therapy whereby vectors  
are administered to modify  
a person’s genes to treat or 
cure a disease.
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molecular cues and delivering a multifactorial out-
put response that includes activation of an intrinsic 
response or the expression of therapeutic transgenes. 
Finally, because of the ability of cells to persist in vivo, 
consume nutrients and affect their extrinsic environ-
ment through production of secreted factors, cell-​based 

therapies can be used to sustain long-​term endoge-
nous drug delivery. Although nearly every cell type in 
the human body (~200 in total)11 harbours properties 
that can potentially be turned to therapeutic use, some 
of the highest profile contemporary clinical successes 
have been enabled by engineered alterations in cellular 

Table 1 | Cell-​based therapies used in the USA and EU

Product (brand name;  
company/institution)

Therapeutic area Cell type Approval date Status

HPCs, cord blood (Bloodworks) Oncology Allogeneic HSCs 2012 USA Investigational

HPCs, cord blood (Ducord;  
Duke University)

Oncology Allogeneic HSCs 2012 USA Investigational

HPCs, cord blood (Clinimmune 
Labs)

Oncology Allogeneic HSCs 2012 USA Investigational

HPCs, cord blood (Allocord; 
Glennon Children’s Medical 
Center)

Oncology Allogeneic HSCs 2013 USA Investigational

HPCs, cord blood (Hemacord;  
New York Blood Center)

Oncology Allogeneic HSCs 2013 USA Investigational

HPCs, cord blood (Life South) Oncology Allogeneic HSCs 2013 USA Investigational

HPCs, cord blood (Clevecord; 
Cleveland Cord Blood Center)

Oncology Allogeneic HSCs 2015 USA Investigational

HPCs, cord blood (MD Anderson) Oncology Allogeneic HSCs 2018 USA Investigational

Sipuleucel-​T (Provenge; Dendreon 
Pharmaceuticals)

Oncology Autologous dendritic 
cells

2010 USA

2013 EU

Marketed USA

Withdrawn EU

Tisagenlecleucel (Kymriah; 
Novartis)

Oncology Autologous  
CAR-T cells

2017 USA

2018 EU

Marketed

Axicabtagene ciloleucel (Yescarta; 
Kite/Gilead)

Oncology Autologous  
CAR-​T cells

2017 USA

2018 EU

Marketed

Brexucabtagene autoleucel 
(Tecartus: Kite/Gilead)

Oncology Autologous  
CAR-​T cells

2020 USA Marketed USA

Idecabtagene vicleucel (Abecma; 
Bristol-​Myers Squibb)

Oncology Autologous  
CAR-​T cells

2021 USA Marketed USA

Lisocabtagene maraleucel 
(Breyanzi; Bristol-​Myers Squibb)

Oncology Autologous  
CAR-​T cells

2021 USA Marketed USA

Allogeneically derived fibroblasts 
(Apligraf; Organogenesis)

Skin Allogeneic fibroblasts 1998 USA Marketed

Articular cartilage-​derived cells 
(ChondroCelect; TiGenix)

Cartilage Autologous 
chondrocytes

2009 EU Marketed

Withdrawn EU

Azficel-​T (Laviv; Fibrocell 
Technologies, Inc.)

Dermatology Autologous fibroblasts 2011 USA Marketed

Allogeneic cultured keratinocytes 
and fibroblasts in bovine collagen 
(Gintuit; Organogenesis)

Dental Allogeneic fibroblasts 2012 USA Marketed

Autologous cultured chondrocytes 
on porcine collagen membrane 
(MACI; Vericel Corp.)

Cartilage Autologous 
chondrocytes

2016 US

2013 EU

Marketed USA; 
withdrawn EU

Ex vivo expanded autologous 
human corneal epithelial cells 
containing stem cells (Holoclar; 
Chiesi Farmaceutici)

Eye Autologous limbal 
stem cells

2015 EU Marketed EU

Patient-​derived chondrocytes 
(Spherox; Co-​Don Ag)

Cartilage Autologous 
chondrocytes

2017 EU Marketed

Adipose-​derived mesenchymal 
stem cells (Alofisel; Takeda)

Crohn’s disease Allogeneic adipose- 
derived stem cells

2018 EU

2021 Japan

Marketed

CAR-​T, chimeric antigen receptor T cell; HPC, haematopoietic progenitor cell; HSC, haematopoietic stem cell.
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function. For example, the clinical results for haemato
logical malignancies described above were achieved 
using chimeric antigen receptors (CARs), engineered 
DNA constructs introduced into patient T cells to redi-
rect their cytotoxicity to tumour cells that bear CD19,  
a B lymphocyte-​associated antigen12.

Despite ongoing progress towards cell-​based treat-
ments for various indications, creating new products 
remains a formidable undertaking, as treatment strat-
egies tailored to specific diseases must overcome a 
series of grand challenges, listed here, to successfully 
generate products that are clinically and commercially 
viable (Fig. 1).
•	A cell source (Box 1) needs to be identified that yields 

a product with robust and stable properties, and, 
for engineering purposes, is amenable to genetic 
manipulation.

•	A cell-​based product needs to harbour sufficient 
viability to ensure adequate duration of therapeutic 
action.

•	 Predictable and defined levels of therapeutic potency 
must be achieved by either redirecting existing 
cellular properties or engineering new ones.

•	 PK/PD properties of the cell must match the specific 
physiological needs of the disease.

•	The safety and tumorigenicity profile of the 
cell therapy product must be ensured to limit adverse 
reactions with the host immune system and prevent 
tumour formation.

•	 Scalable manufacturing processes must be developed 
that can efficiently and affordably generate quantities 
of cells adequate for dosing patients.

In this Review, we discuss how progress towards new 
and more effective cell therapies that overcome these 
challenges will require development of abilities to com-
plement, augment and even reprogramme native cellular 
function using an emerging set of biological engineering 
approaches that include genome and epigenome editing, 

synthetic biology and the use of biomaterials. These 
strategies are currently being leveraged not only to 
enhance the mode of action for existing therapies, 
but also to create entirely new modalities by finding 
solutions to the grand challenges enumerated above.

We begin with a brief overview of the current land-
scape of cell-​based therapies, highlighting illustrative 
examples of recent clinical and commercial successes 
in the field, including the use of CAR T cell (CAR-​T) 
therapy to treat cancer13, as well as the use of stem cell 
therapies to treat other indications such as myocardial 
infarction and diabetes14, describing breakthroughs as 
well as current limitations. We then provide a brief intro-
duction to the various sources of cells that are currently 
being developed for cell therapy applications, highlight-
ing their advantages and limitations. The core of the arti-
cle focuses on some of the most innovative and exciting 
preclinical applications of the above-​listed biological 
engineering approaches, assessing how these prom-
ising proof-​of-​concept studies point the way towards 
addressing the grand challenges. Finally, we highlight 
future opportunities and discuss how they could further 
expand the clinical and commercial reach of cell therapy.

Progress and challenges in cell-​based therapy
Cell-​based therapies for humans were first introduced 
in the 1950s in the form of bone marrow transplants 
for patients with blood-​borne cancers15. The success of 
these treatments as a safe and effective standard of care 
has served as longstanding evidence of the potential of 
cells to treat disease and has paved the way for regula-
tory approval in recent decades of treatments that use 
umbilical cord blood-​derived HSCs and haematopoie-
tic progenitor cells (HPCs) as sources16. These products 
are in widespread clinical use and comprise a plurality 
of cell-​based therapies approved by the FDA to date 
(Table 1). Although there has been simultaneous pro-
gress in the development of therapies derived from other 
cell sources for treating other indications, translation of 

Chimeric antigen receptors
Receptors that have been 
engineered to direct immune 
cell response to cells 
expressing specific antigens.

Cell therapy
A form of treatment in which 
viable cells are administered  
to a patient to elicit a medicinal 
effect.

Epigenome editing
Genetic engineering approach 
in which the epigenome is 
modified at specific genomic 
sites using engineered 
molecules.

Challenges

Options

Distribution/delivery Clinical applicationTestingManufacturingModificationCell source

Cell therapy production process

• Autologous
• Allogeneic
• Xenogeneic

• Testing for safety
• Source/donor 
    variability
• Complex IP
    consideration

• Transgenes and 
 synthetic circuits
• Cas9 genome and 
 epigenome editing
• Surface 
​ modification
• Biomaterials

• Bioreactor design
• Media composition
• Feeder cells, aAPCs

• Cell assays 
 (qPCR, 
 cell phenotype)
• Analytical assays
   (non-cell 
 components)

• Temperature
 requirements
• Shipment size and 
 location logistics

• Location and time 
 of administration
• Timing of stay and
 recovery

• Design of function
•​Efficiency​of​
​​​modification
• Avoid immune
   response

• Scalability from 
 preclinical to clinical
• Batch-to-batch
   reproducibility
• Sourcing GMP
   components

• Potency
• Sterility
• Viability
• Purity/identity

• Logistics
• Delivery time and 
 cost
• Storage

• Long-term 
 monitoring
• Safety
• Durability of 
 response

Fig. 1 | A cellular therapy process flow. Options and considerations that go into developing each step of a new cell 
therapy process can lead to challenges at each stage. The cell source is the starting point, whether allogeneic or autolo-
gous in nature, but these are often modified into bespoke cell therapies. These must then be manufactured at scale, 
which is currently a tremendous bottleneck in the industry. Finally, testing, distribution and delivery for clinical applica-
tion are less challenging than some of the earlier production processes. aAPC, artificial antigen presenting cell; GMP, 
good manufacturing practice; IP, intellectual property.
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these therapies has encountered formidable barriers  
to commercialization, including the identification of  
cell sources that can be readily procured and manufac-
tured. Although most approved therapies use autologous 
cells — derived directly from the patient — many candi-
date therapies being explored in clinical and preclinical 
settings are allogeneic, that is, derived from other indi-
viduals. Although cells derived from different sources 

have their advantages and disadvantages (Box 1; Table 2), 
developing strategies to address how they interact with 
the host immune system remains a major hurdle for 
new product development. These and other challenges 
have presented persistent barriers to safety and efficacy, 
resulting in only a handful of new cell-​based therapies 
gaining regulatory approval and entering the market 
before the past decade.

One of the first breakthrough non-​HPC products 
was a prostate cancer therapy in which dendritic cells 
isolated from a patient are exposed to a recombinant 
tumour antigen ex vivo, and then reintroduced to pro-
mote a T cell-​mediated antitumour response17. This 
therapy, sipuleucel-​T, marketed by Dendreon, was 
touted as the world’s first ‘personalized’ cancer therapy 
when it received FDA approval in 2010, but has seen lim-
ited use owing to inconsistent efficacy and reimburse-
ment uncertainty, both consequences of the high cost 
and technical complexity of the manufacturing process18. 
Other early entries into the market have included thera-
pies using both patient- and donor-​derived fibroblasts to 
topically treat tissue damage, as well as patient-​derived 
chondrocytes used to repair articular cartilage. The 
earliest of these therapies was a bilayered tissue com-
posed of a bovine type I collagen matrix populated with 
human foreskin-​derived neonatal fibroblasts and an 
epidermal sheet derived from foreskin-​derived neona-
tal epidermal keratinocytes, marketed in the late 1990s 
by Organogenesis in the USA19, with additional entrants 
appearing over the past decade (Table 1).

Progress in the commercialization of cell-​based ther-
apies has dramatically accelerated within the past dec-
ade following regulatory approval of CAR-​T therapy by 
the FDA20–22. Since then, CAR-​T products for refractory 
multiple myeloma, as well as additional products for 
ALL and LBCL, have reached the market23, and there is 
potential for approval of therapies using donor-​derived 
natural killer (NK) cells24 based on promising clinical 
outcomes25. Currently, numerous clinical trials have been 
completed for solid and liquid tumour indications, using 
various effector cell types (notable examples are listed 
in Table 3 and well reviewed elsewhere26–28), with some 
reporting breakthrough success22. However, despite 
this ongoing diversification, most adoptive cancer 
cell-​based therapy trials continue to use patient-​derived 
T cells that, although successful with haematological 
malignancies, present a persistent set of challenges for 
treating other cancers29. These challenges include safety 
issues posed by cytokine release syndrome (CRS), which 
results from excessive activation or uncontrolled expan-
sion of administered cells30. Additionally, a need exists 
for refined tumour antigen targeting to prevent antigen 
escape or off-​target cytotoxicity, both key hindrances to 
the application of CAR-​T therapies to solid tumours29. 
Finally, not only does the solid tumour microenviron
ment (TME) present a physical barrier that limits T cell 
trafficking and infiltration, but TME-​associated immu-
nosuppressive signals can diminish both effector func-
tion and cell expansion and persistence31. As we discuss 
later in this Review, overcoming these challenges will 
likely involve a combination of different engineer-
ing approaches, including genetic and/or epigenetic 

Box 1 | Cell source and the immune response

Various sources of cells currently being developed for therapeutic use can be broadly 
categorized into three groups based on their origin (Table 2): autologous cells, in which 
the cells comprising the product are derived from the patient; allogeneic cells, which 
are of human origin but from an individual distinct from the patient; and xenogeneic 
cells, which are of non-​human origin. Cell source is a fundamental factor that affects 
not only procurement, manufacturing and efficacy of a therapeutic product but  
also safety, as it serves as the key determinant of a patient’s immune response to the 
transplanted cells. A strong response can lead to both toxicity and failure of the cells  
to persist and provide therapeutic benefit to the patients. Although the potential  
for xeno-​derived cells is high231,238, the use of these sources remains rare owing to 
challenges with overcoming host immune rejection. We therefore limit our discussion 
below to advantages and disadvantages of autologous and allogeneic cells.

Autologous cells
The goal of autologous cell therapies is to treat disease by redirecting the native func-
tion of a patient’s own cells. As described above, there are primarily three cell types 
either approved or under active clinical development as autologous therapies: bone- 
marrow-​derived haematopoietic stem cells (HSCs), immune effector cells isolated  
from peripheral blood, and induced pluripotent stem cells (iPSCs). A general limitation 
for these therapies is the dependence of product quality upon the patient’s health.  
For example, many adoptive therapy pipelines use immune cells that can become 
depleted in a donor with chronic illness. This variability in cell source, when coupled 
with complex expansion protocols and long lead times, typically results in high manu-
facturing costs and reimbursement challenges. However, despite these challenges, 
autologous therapies offer the considerable advantage of avoiding immune responses, 
enhancing efficacy owing to long-​term engraftment times and holding the potential  
for re-​administration239. It should be noted that autologous therapies may still pose the 
risk of immune response via transgenes that encode antigens that are xenogeneic or 
congenitally absent. Immunogenicity from non-​tolerized transgenes has been demon-
strated preclinically and involves both cellular (CD8+ and CD4+ T cells) and humoral 
arms of the adaptive immune response240,241. However, such deleterious immune 
responses have yet to be observed in the clinic. For example, in one recent study, a com-
plete reversal of clinical manifestations of β-​thalassaemia was obtained upon transfer 
of lentivirus-​modified HSCs expressing a mutant β-​globin gene without an apparent 
immune response242.

Allogeneic cells
In contrast to autologous sources, allogeneic products offer potentially scalable pro-
duction from abundant cell sources that can dramatically improve cost and simplify 
manufacturing, although often at the expense of therapeutic potency. Although there 
are some notable examples of allogeneic sources for cell therapy that elicit minimal 
immunogenic reactions — natural killer (NK) cells do not induce graft versus host dis-
ease (GvHD)243 and mesenchymal stem cells (MSCs) enjoy immune evasive status under 
most circumstances244 — most allogeneic cell therapies are vulnerable to negative 
interactions with the host owing to immune mismatch. This poses crucial challenges  
to response durability, requiring immunosuppression regimens or novel engineering 
approaches. For example, there are numerous allogeneic therapies under development 
in which cells are engineered for the continuous delivery of therapeutic proteins that 
are absent or decreased in patients owing to congenital mutations. For most of these 
applications, cells are encapsulated in biopolymer matrices to prevent immune recog-
nition and mitigate the use of immunosuppression245. However, the foreign body 
response to the encapsulation material remains an ongoing challenge186,246,247 (see 
Biomaterials section below for further discussion). Advantages of this approach include 
the ability to re-​dose and stable pharmacokinetics due to elimination of the peaks and 
troughs associated with periodic infusion248. Several encapsulated allogeneic cell thera-
pies are under development, including for type 1 diabetes (NCT04678557), haemophilia 
(NCT04541628) and glaucoma (NCT04577300).

Allogeneic cell therapies
Cell therapy interventions that 
rely on a single donor source  
to treat many patients.
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modification to enhance T cell-​intrinsic properties, as 
well as development of synthetic regulatory circuitry that 
allows T cells to interact with their extracellular environ-
ment, thereby enabling conditional regulation of effector 
function or TME remodelling.

The excitement surrounding CAR-​T products in 
recent years has driven investment in developing cell- 
based therapies for a broad variety of indications and, 
although cancer therapies continue to garner the most 
attention, there are several emerging areas in which clin-
ical success has generated excitement (Table 4). These 
include treatment of autoimmune disease32, central ner
vous system (CNS) and neurodegenerative disorders33, 
cardiovascular disease34 and various orphan diseases35. 
Several of these therapies have been developed using 
mesenchymal stem cells (MSCs; also known as stromal 
cells), which have received longstanding attention as a 
potential source of therapeutic products owing to their 
immunomodulatory and anti-​inflammatory properties, 
potential to differentiate into several mature cell types, 
ease of isolation from a variety of donor tissue sources 
and favourable safety profile36. Despite their preclini-
cal promise, most early efforts to translate MSC-​based 
therapies lacked appropriate product quality controls 
owing to variability in cell isolation procedures, culture 
conditions and final expansion processes, with result-
ing product inconsistencies leading to numerous clin-
ical failures36. The previously mentioned treatment for 
Crohn’s disease-​associated fistulas, darvadstrocel, cur-
rently offered in the EU and Japan2, is one of a handful 
of commercialized MSC products. Another well-​known 
product is remestemcel-​L, which uses donor-​derived, 
culture-​expanded MSCs to treat GvHD37. This therapy, 
originally marketed by Osiris Pharmaceuticals and later 
purchased by Mesoblast, received regulatory approval in 
Canada, and then in New Zealand and Japan38. Although 
its FDA approval for treating GvHD is still pending, this 

therapy has recently undergone trials for treatment  
of COVID-19-associated CRS (NCT04371393). Cardio
vascular disease is another area in which several MSC- 
based clinical studies have been completed over the past 
20 years39. Some promising therapies that used system-
ically injected cells to treat myocardial infarction were 
initially thought to act by engraftment and differentiation 
to replace damaged host cardiac tissue. However, further 
investigation revealed that the cells did not in fact engraft 
but were rapidly cleared by the host immune system40,41, 
and that tissue regeneration was instead accomplished 
by immunogenic and tissue-​genic factors secreted by the 
MSCs42. Unfortunately, inconsistent results in subsequent 
clinical trials resulted in failure to commercialize these 
therapies, underscoring how challenges of uncharac-
terized mode of action, inconsistent potency and poor 
in vivo viability can hamper MSC translation43.

A growing collection of therapies currently making 
progress through clinical trials uses cellular products 
derived from pluripotent stem cells44. In one notable 
example, retinal pigmented epithelial cells derived from 
induced pluripotent stem cells (iPSCs) are used to treat 
acute macular degeneration and Stargardt’s disease45. 
CNS diseases are another area of active research for 
such therapies, with several groups investigating the 
use of iPSCs to generate dopaminergic neurons for 
application in Parkinson disease, and several stem 
cell-​based approaches are under preclinical develop-
ment for stroke, epilepsy, spinal cord injury, Alzheimer 
disease, multiple sclerosis and pain46–48. One longstand-
ing focus for iPSC-​based therapies has been on engi-
neering pancreatic β-​cell replacement as a treatment for 
type 1 diabetes49. Many early efforts using cadaveric or 
non-​human islets were affected by supply limitations 
and demonstrated poor long-​term viability in the host 
without immunosuppression, which limits their wide-
spread use49,50. Recently, a new generation of companies 

Pluripotent stem cells
Cells that have the capacity to 
self-​renew by dividing and  
to differentiate into various 
phenotypes.

Universal cells
Cells that have been genetically 
manipulated to remove 
required components for 
immune recognition to create  
a universal donor.

Table 2 | Advantages and disadvantages of various cell sources for cell-​based therapeutics

Cell source Examples Effect on immune 
cells

Cell 
engraftment

Durability 
of response

Dosing Refs

Autologous HSCs, T cells Recognized as 
self, no need for 
immunosuppression

Potentially 
permanent

Long-​term, 
highly viable

Re-​administration 
possible, variability 
in dosing

20,21, 

227,228

Allogeneic MSCs, NK cells, 
B cells

Cells recognized 
as foreign, 
immunosuppression 
required

Transient 
engraftment

Short-​term, 
variable

Re-​administration 
possible, good 
control over 
dosing

25,229,230

Xenogeneic Porcine 
pancreatic islet 
cells, choroid 
plexus cells

Cells and proteins 
recognized 
as foreign, 
immunosuppression 
required

Transient 
engraftment

Short-​term, 
variable

Low feasibility for 
re-​administration, 
limited control 
over dosing

169,175,231

Sequestered 
cells 
(encapsulation 
or device)

β-​Cells167,232, 
RPE cells154,233,234, 
hepatocytes235

Shielded from 
immune system, 
no need for 
immuosuppression

User-​defined 
engraftment

User-​defined, 
potentially 
long-​term

Re-​administration 
possible, good 
control over 
dosing

153,164,175, 

227,228, 

236,237

Genetically 
modified non- 
immunogenic 
cells

Universal cells Not recognized by 
the immune system

Potentially 
permanent

Long-​term, 
highly viable

Re-​administration 
possible, variability 
in dosing

161

HSC, haematopoietic stem cell; MSC, mesenchymal stem cell; NK, natural killer; RPE cell, retinal pigment epithelial cell.
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have undertaken the use of embryonic stem cell (ESC)- 
and iPSC-​derived islet cells51. In recent years, significant 
progress has been made towards differentiation protocol 
optimization52 to rigorously control progression through 
stage-​specific developmental intermediates, yielding 
cells with higher maturity, purity and potency. Mature 
islets can then be placed into some type of encapsulation 
technology or device, and implanted into a human to 
provide a functional cure for patients53. Although there 
is tremendous excitement surrounding these therapies, 
numerous technical hurdles remain, including the devel-
opment of differentiation protocols that are capable of 
achieving mature cell phenotypes in quantities sufficient 
for clinical use.

Innovations in cell engineering
Innovations in engineering disciplines — genome and 
epigenome editing, synthetic biology and biomaterials 
— are currently being explored to address the grand 
challenges in cell therapy. Although some of these 
approaches have been successfully used to generate 
commercialized products, many remain at a preclinical 
stage. Nonetheless, there has been tremendous progress 
in using these approaches to improve existing, and create 
new, cell-​based therapy pipelines.

Genome and epigenome editing. Recent advances in 
cell-​based therapeutics have been driven by the develop-
ment of CRISPR and CRISPR-​associated (Cas) proteins  
as programmable tools to engineer the human genome 

and epigenome in living cells. CRISPR–Cas systems can 
be targeted to specific genomic loci simply by altering 
the protospacer sequence of an associated guide RNA 
(gRNA)54–56, which provides an advantage over other 
genome editing tools, such as zinc finger nuclease 
(ZFN) and transcription activator-like effector nuclease 
(TALEN) proteins, that require protein engineering to 
target new sequences57. This improved ease of use can 
directly translate into optimized design, build and test 
cycles, and thus reduce the time to market and the manu
facturing costs of cell-based therapeutics. Nevertheless, 
the use of ZFN and TALEN proteins has resulted in 
several important clinical advances that paved the 
way for the rapid deployment and clinical utility of 
CRISPR–Cas-based technologies58–60. In this section, 
we focus on the application of CRISPR–Cas-​based tools 
for cell-based therapeutics in the context of the grand  
challenges outlined above.

The best characterized CRISPR–Cas system lev-
erages the Cas9 protein derived from Streptococcus 
pyogenes54–56 to make double strand breaks (DSBs) in 
the human genome. However, several other CRISPR–
Cas platforms will also be clinically important moving 
forward, including novel Cas proteins sourced from 
diverse prokaryotes and those that have been engi-
neered in the laboratory (Box 2). CRISPR–Cas-​based 
DSBs are resolved by native pathways in human cells 
through non-​homologous end joining (NHEJ), homology-​
directed repair (HDR) (Fig. 2a) or other, related, path-
ways. Cas9-​mediated NHEJ has been used to silence 

Non-​homologous end 
joining
(NHEJ). An error-​prone 
mechanism in which broken 
ends of DNA are joined 
together.

Homology-​directed repair
(HDR). A precise repair 
mechanism that uses 
homologous donor DNA  
to repair DNA damage.

Table 3 | Selected cell-​based products in clinical trials for oncology

Cell type Product (brand name; 
company or institution)

Indication Source Delivery Phase Clinical trial ID

T cell (TCR) E7 TCR (National Cancer 
Institute)

Oropharyngeal 
cancer

Autologous i.t. II NCT04044950

MAGE-​A10c796T 
(Adaptimmune Therapeutics)

Melanoma Autologous i.v. II NCT02989064

T cell (CAR) bb2121 (Celgene) Multiple myeloma Autologous i.v. III NCT03651128

Anti-​CEA CAR-​T  
(Sorrento Therapeutics)

Liver metastasis Autologous Hepatic 
artery

II, III NCT04037241

CTX110 (CRISPR 
Therapeutics)

Lymphoma Allogeneic i.v. II NCT04035434

MSCs NA (Mayo Clinic) Ovarian cancer Allogeneic i.p. II NCT02068794

MSC TRAIL (University 
College London)

Small cell lung 
cancer

Allogeneic i.v. II NCT03298763

HSCs NA (Novartis) Non-​Hodgkin 
lymphoma

Autologous i.v. III NCT03570892

NA (St Jude Children’s 
Hospital)

Brain and CNS 
tumours

Autologous i.v. III NCT00085202

NA (M. D. Anderson) Solid tumours Allogeneic i.v. II NCT00432094

Dendritic cells NA (University Hospital 
Erlangen)

Uveal melanoma Autologous i.v. III NCT01983748

Sipuleucel-​T (Provenge; 
Dendreon Pharmaceuticals)

Prostate 
adenocarcinoma

Autologous i.v. III NCT03686683

NA (Dana Farber Cancer 
Institute)

AML Allogeneic s.c. II NCT0367960

AML, acute myeloid leukaemia; CAR, chimeric antigen receptor; CNS, central nervous system; HSC, haematopoietic stem cell;  
i.p., intraperitoneal; i.t., intratumoural; i.v., intravenous; MSC, mesenchymal stem cell; NA, not applicable; s.c., subcutaneous;  
TCR, T cell receptor.
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pathogenic loci, remove deleterious insertions and con-
fer resistance to viruses. In the context of therapeutic 
genome editing and cell-​based therapeutics, early land-
mark studies demonstrated that Cas9-​mediated NHEJ 
of the BCL11A erythroid enhancer could be used to 
potentially treat sickle cell disease or β-​thalassaemia61. 
In addition, NHEJ strategies using Cas9 to target specific 
regions of the HIV62 or human papillomavirus (HPV)63 
genomes have been useful in limiting the spread of these 
viruses.

Although leveraging Cas9-​mediated NHEJ to target 
single loci and/or monogenic diseases has currently 
experienced the most clinical progress, multiplexed 
approaches aimed at simultaneously targeting several 
loci have also substantially advanced in recent years64–66 
(Fig. 2b). For example, multiplexed CRISPR–Cas9-​based 
genome editing using Cas9 mRNA and gRNAs that 
target T cell receptor (TCR), β2-​microglobulin (β2m) 
and PD1 genes simultaneously, has been used in com-
bination with a lentivirally delivered CAR, to generate 
allogeneic CAR-​T cells deficient in TCR, HLA class I 
molecule and PD1, and has opened the door to universal 
CAR-​T cells65. Importantly, these types of combinato-
rial strategy could prove central to solving some of the 
grand challenges that face cell therapies — particularly 
by decreasing the immunogenic profiles of autologous 
cell sources and enhancing the viability of engineered 
cells, which in turn could improve patient safety and 
therapeutic potency. Moving forward, multiplexed 
genome editing technologies could also be pivotal for 

modelling and treating more complex diseases, wherein 
pathologies manifest from multiple loci acting in con-
cert. Multiplexed genome editing technologies will 
likely also provide new ways to overcome many of the 
hurdles that face cell-​based therapeutics, for instance, 
by enabling the simultaneous knockout of multiple loci 
that otherwise are bottlenecks in the production of ther-
apeutic proteins, or that render cells more sensitive to 
apoptosis in adverse conditions.

One confounding factor surrounding the use of 
NHEJ for genome editing to build cell-​based therapeu-
tics is that the resolution of DSBs subsequent to NHEJ 
can be unpredictable. In contrast, HDR can result in 
precise and predictable changes in genomic sequence. 
For instance, CRISPR–Cas-​based HDR has been used 
to increase the robustness of CAR-​T cell therapeutics, 
by directing a CD19-​specific CAR to the T cell receptor 
α-​chain (TRAC) locus for more uniform CAR expres-
sion and enhanced potency67. More recently, ribonu-
clear protein (RNP)-​mediated delivery of CRISPR–Cas 
components and designer donor templates were used to 
insert exogenous payloads into primary human T cells 
via HDR. This approach permits robust individual or 
multiplexed modifications and was used to both correct 
pathogenic mutations and engineer the endogenous 
TCR locus to recognize a NY-​ESO-1 cancer antigen7. 
Expanding these approaches to knocking in pools of 
different variants into specific loci in T cells has also 
proved to be a powerful way to screen for improved 
efficacy against solid tumours68.

Table 4 | Selected cell-​based products in clinical trials for non-​oncology indications

Cell type Product name (company 
or institution)

Indication Source Delivery Phase Trial ID

T cell TR004 (Kings’ College 
London)

Crohn’s disease Autologous i.v. II NCT03185000

MSC COPD (Mayo Clinic) COPD Autologous i.v. I  NCT4047810

MSC NurOwn (Brainstorm Cell 
Therapeutics)

Multiple sclerosis Autologous i.v. II NCT03799718

HSC NA (Bluebird Bio) Sickle cell disease Autologous i.v. II NCT03745287

RPE cell ASP7317 (Astellas Pharma, 
Inc.)

Macular 
degeneration

Allogeneic i.v. I NCT03178149

T cell (TCR) Tabelecleucel (Atara 
Biotherapeutics)

Lymphoproliferative 
disease

Allogeneic i.v. III NCT03392142

HSC MDR-102 (Medeor 
Therapeutics, Inc.)

Kidney 
transplantation

Allogeneic i.v. II, III NCT03605654

MSC Prochymal (Osiris) Graft versus  
host disease

Allogeneic i.v. III NCT00284986

Dendritic 
cell

Dcreg (University  
of Pittsburgh)

Liver transplantation Allogeneic i.v. II NCT04208919

MSC Remestemcel-​L  
(Mesoblast, Inc.)

COVID-19 Allogeneic i.v. III NCT04371393

HSC Elivaldogene autotemcel 
(Bluebird Bio)

Cerebral adreno
leukodystrophy

Autologous i.v. III NCT03852498

T cell Descartes-08  
(Cartesian Therapeutics)

Myasthenia gravis Autologous i.v. II NCT04146051

B cell VC-01-103 (ViaCyte, Inc.) Type 1 diabetes Allogeneic i.v. II NCT04678557

COPD, chronic obstructive pulmonary disease; HSC, haematopoietic stem cell; i.v., intravenous; MSC, mesenchymal stem cell;  
NA, not applicable; RPE cell, retinal pigment epithelial cell; TCR, T cell receptor.
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DSBs created by CRISPR–Cas systems can lead to 
harmful genomic rearrangements and cytotoxicity, 
creating safety and viability concerns for engineered 
cells. For instance, CRISPR–Cas9-​mediated DSBs in 
murine ESCs and haematopoietic progenitors, as well 
as in human cell lines, have been reported to result in 
large unintended deletions that could drive hazardous 
pathologies if not properly evaluated and controlled69. 
In addition, CRISPR–Cas9-​based genome editing in 
immortalized human retinal pigment epithelial cells has 
been observed to induce a p53-​mediated DNA damage 
response70. Therefore, considerable attention has also 
been focused on engineering CRISPR–Cas-​based tools 
that can perform genome editing in the absence of 
creating DSBs. For example, CRISPR–Cas-​based base 

editors have been designed to target and subsequently 
edit genomic sequences at specific loci without creat-
ing a DSB71–75. Despite base editors being relatively new 
compared with conventional nuclease-​based genome 
editing, they will undoubtedly display significant utility 
for cell-​based therapeutics. For instance, recent efforts 
using multiplexed base editing in primary human T cells 
resulted in a novel platform to produce allogeneic CAR-​T 
cells76. Other technologies, such as CRISPR–Cas-​based 
prime editing77, and CRISPR–Cas-​based transposases78,79 
also permit site-​specific genome editing without DSBs 
and will likely be useful tools within the genome editing 
arsenal for future cell-​based therapeutics (Box 2).

Because CRISPR–Cas proteins are derived from 
bacterial or archaeal sources, another important con-
sideration is the potential immunogenicity or toxicity 
of genome and epigenome editing tools that are lever-
aged for cellular engineering and therapeutic protein 
production. For example, CRISPR–Cas components can 
be immunogenic in mammals, and certain patients may 
have acquired immunity through previous exposure to 
Cas proteins80,81. Furthermore, the mere expression of 
Cas9 has been associated with the activation of the p53 
pathway and the enrichment of mutations that inactivate 
p53 in a litany of human cancer cell lines70,82. Although 
ex vivo editing approaches combined with cell screening 
and selection can circumvent many of these issues, they 
can be costly and are not amenable to scaling. Although 
these immunogenicity and toxicity issues are a clear 
concern, targeted in vivo efforts are rapidly maturing83,84 
and will be pivotal in the future. Further frameworks 
that more comprehensively describe and address these 
concerns will enable future successes in drug discovery, 
disease modelling and engineering cells in animals and 
in patients.

In addition to progress in ongoing clinical trials85 and 
in creating new CAR platforms86, genome editing has 
been instrumental in the development of ‘off-​the-​shelf ’ 
engineered cells for use as therapeutics. For example, 
human T cells that have been edited to remove both 
CD7 and TRAC showed potency against T cell acute 
lymphoblastic leukaemia (T-​ALL) without evidence of 
xenogeneic GvHD87. As discussed above, multiplexed 
application of CRISPR–Cas9 has also been used to 
simultaneously disrupt endogenous TCR, HLA and 
PD1 to produce allogeneic CAR-​T cells with reduced 
immunogenicity65. Performing genome editing before 
cellular differentiation is another option that can 
result in homogeneous cellular populations that may 
make manufacturing more scalable and affordable. For 
instance, disrupting HLA genes in iPSCs has proved to 
be a useful way to enhance immune compatibility, and 
recently iPSCs were subjected to allele-​specific editing  
of HLA to generate pseudo-​homozygosity, yielding  
iPSCs that could escape recognition by both T cells  
and NK cells88. Similar strategies to knock out B2M and  
simultaneously overexpress CD47 have also produced 
iPSCs with substantially reduced immunogenicity89. 
Human iPSC-​based off-​the-​shelf therapeutics are making 
rapid progress, and clinical trials in both solid tumours 
and advanced haematological malignancies are ongoing 
(NCT03841110 and NCT04023071, respectively).  

Box 2 | CRISPR–Cas genome editing toolbox

Naturally occurring CRISPR–Cas-​based genome editing tools
The canonical Cas9 variant is sourced from Streptococcus pyogenes (SpCas9; here, 
Cas9). Cas9 recognizes and binds to an NGG protospacer adjacent motif (PAM) and 
after binding cuts ~3 nt upstream of the PAM, resulting in a blunt-​ended double strand 
break (DSB)54–56. Other naturally occurring Cas proteins (for example, SaCas9 (ref.249), 
NmCas9 (ref.250), CjCas9 (ref.142), AsCas12a and LbCas12a251,252) offer smaller sizes  
and altered PAM specificities, which can be useful for viral packaging and expanding 
targeting ranges, respectively. Further, some Cas proteins can site-​specifically target 
RNAs, notably Cas13 variants253,254, and recent efforts have also focused on harnessing 
type I CRISPR systems, such as the Cascade complex255,256, which contain multiple 
different protein subunits. Although each of these platforms holds tremendous clinical 
promise, ongoing work to characterize efficiency, pre-​existing immunity and mechanisms 
of nuclease activity and resolution will improve efficacy and utility. These efforts will 
benefit from newly issued FDA guidelines on incorporation of genome editing into 
human gene therapy products (https://www.fda.gov/media/156894/download).

Engineered CRISPR–Cas-​based genome editing tools
In addition to repurposing naturally occurring CRISPR–Cas platforms, the Cas9 protein 
has been engineered for improved specificity, expanded targeting ranges and to allow 
sequence modifications without DSBs. Key mutations in the Cas9 protein have resulted 
in engineered variants, such as SpCas9-​HF1 (ref.257), eSpCas9 (ref.258) and HypaCas9 
(ref.259) that display improved genome-​wide targeting specificity while maintaining 
high on-​target activity. Other engineering efforts have yielded Cas9 protein variants 
with altered PAM specificities260,261, and more recently near ‘PAMless’ versions262  
that are targetable to virtually any endogenous locus. Additionally, recent advances 
include Cas9 proteins that alter DNA without induction of DSBs, such as base editing 
technologies71,74,75, CRISPR-​based transposases78,79 and prime editing77 platforms.

Nuclease-​null CRISPR–Cas-​based tools to control gene expression and the 
epigenome
Nuclease-​null, deactivated CRISPR–Cas systems (dCas) have been created that target 
the human genome similar to conventional Cas proteins but do not make cuts after 
site-​specific recognition95,97,263,264. These dCas-​based platforms have been repurposed  
as scaffolds to deliver transcriptional modulatory domains and epigenetic effects to 
specific loci for therapeutic benefit. Widely used transcriptional activators recruited 
using dCas include the VP64 (ref.264), VPR98, p300 (ref.108) and synergistic activation 
mediator (SAM)265 effectors. The SunTag266 platform has also enabled robust recruit-
ment of multiple effectors to a target locus, which can be used to potently induce gene 
expression. More recently, compact and robust transcriptional activators sourced from 
human proteins have been described105. Parallel technologies have been developed to 
repress human gene expression, using the recruitment of repressors such as the KRAB 
domain264 or bipartite fusions thereof (that is, KRAB–MeCP2)267. DNA methylation- 
modifying domains, including DNMT3a–3l268,269 or the catalytic domain of the demethyl
ase TET1 (refs236,237) have also been recruited to human loci using dCas proteins, 
which results in site-​specific DNA methylation or demethylation, respectively. A full 
assessment of these technologies is beyond the scope of this Review; however, it is 
becoming clear that the synergy of these tools with conventional genome editing  
and state-​of-​the-​art cell-​based therapies will be an important component for the  
future of engineered cells.

Base editing
CRISPR–Cas9-​based genome 
editing technology that allows 
the introduction of point 
mutations in the DNA without 
generating double-​stranded 
breaks.
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These exciting advances in the use of genome edit-
ing in clinical contexts have extended to numerous 
serious indications, including bacterial infections90,91  
(for example, NCT04191148), β-thalassaemia and sickle 
cell disease92 (for example, NCT03655678; EDIT-301), 
haemophilia B59,93 (NCT02695160) and mucopoly
saccharidosis II94 (for example, NCT03041324), among 
others60.

Although conventional CRISPR–Cas-​based genome 
editing results in changes to genomic sequences, most 
CRISPR–Cas platforms used in human cells can be deac-
tivated and rendered nuclease-​null with simple amino 
acid substitutions. These so-​called deactivated or dCas 
systems have enabled the creation of easy-​to-​programme 
synthetic transcription factors and chromatin modifiers, 
which in turn has established the emerging field of epi
genome editing95–97 (Fig. 2c). Epigenome editing strategies 
have been useful in reprogramming and directing cell 
lineage specification and in modelling human diseases. 
For example, CRISPRa technologies have shown prom-
ise in synthetically inducing the expression of master 
transcription factors that control cell fate specification. 
For instance, dCas9–VPR has been used to robustly 
drive the expression of endogenous human neuro-
genin 2 and thereby force iPSCs into neuronal lineage 
commitment98. Interestingly, in contrast to conventional 
cDNA overexpression, CRISPRa-​based lineage conver-
sion strategies also produce changes to endogenous 
chromatin that have been observed to improve cellular 
reprogramming efficiency99. Similar approaches have 
been used to engineer myocytes100, reprogramme pan-
creatic cell fates101, target multiple loci simultaneously 
in vivo102 and engineer pluripotency103–105.

In addition, CRISPR–Cas-​based epigenome edit-
ing tools have been used to model several human dis-
eases and disease treatments wherein gene expression 
and/or the epigenome is dysregulated. A comprehensive 
discussion of epigenome editing for disease models is 
beyond the scope of this Review; however, notable recent 
examples include neuromuscular106 and enzymatic 
disorders107, as well as kidney disease and diabetes101. As 
these new technologies to precisely programme human 
gene expression and the human epigenome continue to 
emerge and mature, they will undoubtedly be integral 
to the next generation of cellular drugs when combined 
with current state-​of-​the-​art cell-​based therapeutics and 
conventional genome editing. These technologies will 
likely be particularly useful in tailoring precise levels of 
gene products and preventing the epigenetic silencing 
of therapeutic transgenes or cytokines over time within 
engineered cells.

As with Cas proteins, many of the most potent 
and widely adopted transcriptional effectors used for 
CRISPR–Cas-​based epigenome editing applications are 
developed using non-​human (typically viral) natural or 
even synthetic transcriptional and/or chromatin mod-
ifiers. Therefore, there is a risk and a high likelihood 
that these effector domains may also harbour intrinsic 
immunogenicity in vivo, especially if expressed for long 
periods of time. Future efforts aimed at identifying or 
engineering transcriptional and/or epigenetic effector 
proteins sourced from human cells105,108,109 will be key 

to obviating these immunological obstacles in patients.  
In addition, although the specificity of targeted CRISPR–
Cas-​based epigenome editing tools is likely much higher 
than that of small molecules that globally disrupt the 
human epigenome, careful analyses of the stability 
and specificity of epigenome editing will be crucial for 
tailoring therapeutic efficacy, durability and PK/PD 
properties of cell-​based therapeutics in the years ahead.

Altogether, exciting and profound new opportuni-
ties to engineer favourable properties and behaviours 
into human cells have been driven by the combination 
of genome and epigenome editing (Fig. 2). As described 
above, these emergent technological advances have 
already resulted in improved ways to leverage human 
cells as therapeutic modalities. Given this progress, 
cell-​based therapeutics will almost certainly continue to 
progress with the aid of genome and epigenome editing 
tools. In the context of the grand challenges that face 
cell-​based therapeutics, genome and epigenome edit-
ing technologies will likely expedite the production of 
large quantities of cells with limited immunogenicity 
that also harbour robust and stable clinical proper-
ties and tightly controllable viability. Further, by har-
nessing the natural epigenetic programmes of human 
cells, CRISPR–Cas-​based epigenome editing will likely 
facilitate tunable control and predictable outputs from 
therapeutic transgenes or endogenous biomolecules.

Despite this transformative progress, many challenges 
remain. For instance, stably maintaining the presence of, 
and high uniform expression from, large genetic pay-
loads within engineered cells is often difficult. A com-
bination of sophisticated genetic circuitry (see below) 
and epigenome editing technologies could be used to 
address inconsistencies in expression levels, which 
would be particularly important for balancing CAR-​T 
activity110 and could be leveraged to prevent epigenetic 
exhaustion in engineered cells. Moreover, since trans-
genic payloads can be epigenetically silenced over time, 
there is a unique opportunity to leverage epigenome 
editing tools to potentially reverse and/or prevent any 
epigenetic silencing of therapeutic transgenic payloads. 
Finally, although producing iPSCs from differentiated 
cells, and directing their subsequent re-​differentiation 
has dramatically advanced over the past decade, the pro-
cesses and protocols used are often inefficient and/or 
laborious and therefore not ideal for manufacturing 
at scale. A combined approach to genetically engineer 
the human genome, epigenetically engineer the human 
transcriptome, and to tailor culturing conditions and 
small-​molecule cocktails will likely resolve these ineffi-
ciencies and help to usher in the next wave of cell-​based 
therapeutics.

Synthetic biology. The use of genetic engineering to intro-
duce transgenic or artificial genes into therapeutic cells 
has been pursued for decades as a means to create safer 
and more effective cell-​based products. Many of these 
approaches, which include the introduction of CARs  
into T cells, are belied by the label ‘engineering’; most use 
decades-​old genetics tools to introduce transgenes into 
cells in a way that offers limited control over the magni-
tude or timing of their expression. The field of synthetic 
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biology has emerged over the past two decades with the 
goal of making genetic engineering outcomes more pre-
cise, predictable and reproducible through the applica-
tion of quantitative design rules111. Although it achieved 
its earliest breakthroughs in microorganismal systems111, 
the field has charted progress in engineering human cells 
in recent years112. This progress has been motivated in 
large part by the possibility that cell-​based therapies can 
be enhanced though precision control over therapeutic 
transgene expression or delivery of secreted therapeutic 
factors, or by programming cells to sense biomolecular 
species associated with a specific tissue compartment 
or disease state and respond via altered cell behaviour 
(Fig. 3a). Although most efforts are currently aimed at 
enhancing therapeutic potency, PK/PD profile and 
safety, synthetic biology has the potential to deliver engi-
neering solutions that address all the grand challenges 
discussed in the introduction of this Review, including 

expanding the spectrum of cell types that can be used for 
therapy, as well as making cell manufacturing processes 
more efficient and robust (Fig. 3b).

Applications of synthetic biology to cell-​based thera-
pies that have been reported in recent years range in com-
plexity from simple switch modules constructed from 
engineered proteins to multi-​component ‘circuits’ —  
artificial gene and protein regulatory networks pro-
grammed to convert specific molecular inputs into 
therapeutic outputs113. Circuit designs fall broadly 
into two functional categories (Fig. 4). First, those that 
enable exogenous control over the dose or temporal 
response profile of gene expression or protein activity, 
usually via inputs such as small-​molecule drugs. These 
‘user-​operated’ circuits can be used to activate or deac-
tivate transgene expression, enabling treatment regi-
mens that optimize the timing of therapeutic action. 
Second, those that link the autonomous recognition of 
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molecular inputs to downstream activity, thereby estab-
lishing closed-​loop sensing and response to exogenous 
signals associated with a specific tissue compartment or 
disease state. Circuits in this second category are often 
coupled to engineered cell surface receptors that detect 
extracellular protein or small-​molecule species. Circuits 
from both categories feature intermediate signal process-
ing ‘motifs’ that convert inputs into outputs according to 
quantitatively defined operations. For example, feedback 
control can be used to modulate the timing of circuit 
output, while Boolean logic operations can be imple-
mented to activate circuits only in the presence of spe-
cific sets of inputs. Both motifs have clear applications 
for enhancing therapeutic outcomes: the former case can 
be used to modulate the kinetics of therapeutic action, 
while the latter can leverage combinatorial molecular 
recognition to more precisely direct therapeutic outputs 
to specific target cells or tissues (Fig. 3a).

This spectrum of approaches is exemplified by recent 
work using synthetic biology to address challenges asso-
ciated with specificity and activity in adoptive T cell 
therapy114,115. One of the most successful applications 
in this space is a protein safety kill switch engineered 
to cause apoptosis in engrafted cells116. The switch’s 
chimeric design features a human caspase 9 fused to a 
modified human FK-​binding domain, enabling dimer-
ization and activation of apoptotic signalling upon 
administration of the small-​molecule drug AP1903. 
Although originally developed to eliminate alloreac-
tive T cells during stem cell transplantation procedures, 
the switch has been subsequently used in clinical trials 
for CAR-​T therapy to limit effector proliferation in the 

face of CRS (NCT03696784). In another application, 
chemical dimerization was used to induce CAR activity 
through membrane recruitment of intracellular activa-
tion domains117 (Fig. 4a). This so-​called ON-​switch CAR 
offers a tool for either fine tuning in vivo potency of 
a CAR-​T product via administration of the dimerizer 
AP21967 or abrogating activation during CRS onset 
through removal of the drug.

One important recent focus in CAR-​T synthetic 
biology has been on developing strategies to enhance 
tumour targeting specificity, with an eye towards ena-
bling solid tumour therapy. One well-​known example, 
originally developed by Lim and colleagues115,118, is a 
receptor-​mediated gene regulatory circuit design in 
which an engineered chimeric Notch receptor appended 
to single-​chain antibody is triggered upon binding to 
ligands on the surface of adjacent cells, resulting in the 
proteolytic liberation of a transcriptional activator and 
transgene expression (Fig. 4a). Termed synNotch, this 
system was initially engineered to express a CAR in the 
presence of a second ligand, thereby enabling two-​input 
AND-​gate recognition of antigen combinations119. 
Further development of synNotch has yielded circuits 
that employ feedback to achieve switch-​like activation, all 
or none activation at a threshold of target cell antigen 
density120, as well as to enable sophisticated multi-​input 
Boolean gate circuits with potential to distinguish spe-
cific tumours from bystander tissue121. Other solutions 
for improving CAR-​T specificity have focused on engi-
neering extracellular recognition capabilities including 
split, universal and programmable (SUPRA) CARs, 
which use multivalent extracellular protein scaffolds to 
mediate recognition of antigen combinations122. Another 
system was described in which an engineered protein 
undergoes a conformational change in the presence 
of sets of antigens to reveal a peptide that can recruit 
CAR-​T cells123. Solutions for making CAR-​T therapy 
safer include split receptors re-​engineered to either be 
induced117 or activated by small-​molecule administra-
tion, with both strategies enabling quick deactivation of 
CAR function in the face of CRS. An innovative strategy 
by which adeno-​associated virus (AAV) is used to intro-
duce a ‘classifier circuit’ into cells that is programmed 
to sense tumour-​specific transcription factor and 
microRNA signatures has been described119. Cells that 
express the circuit output, a unique cell surface ligand, 
could then be targeted by T cells that harbour a cognate 
CAR119. Finally, receptor domain swapping was recently 
used to develop a synthetic receptor that selectively 
recognizes markers of activated lymphocytes. This pro-
tein, termed the allo defence receptor, allows adoptive 
T cells to resist host immune rejection by targeting allo-
reactive lymphocytes, thereby generating longer-​term 
therapeutic benefit in animal models124.

Another major focus of synthetic biology has been 
on the development of generalizable closed-​loop regu-
latory circuits engineered to monitor physiological or 
disease-​state features and respond with a therapeutic out-
put. A strategy whereby transgene reporter cassettes are 
used to reroute native signal transduction pathways has 
been utilized. One such example is a two-​stage cytokine 
converter circuit that converts TNFα-​dependent NF-​κB 

Safety kill switch
Engineered gene into 
therapeutic cells that can be 
activated using small molecules 
to induce apoptosis to enhance 
the safety of cell therapy.

Switch-​like activation
When system activates 
abruptly at a specific threshold 
of input.

Fig. 2 | Leveraging CRISPR–Cas-mediated genome and epigenome editing for 
improved cell-based therapeutics. a | Genome editing can be applied to correct mono-
genic diseases. Double strand breaks (DSBs) resulting from programmed genome editing 
outcomes generally resolve via non-​homologous end joining (NHEJ) or homology- 
directed repair (HDR) repair mechanisms in human cells. NHEJ typically results in inser-
tions or deletions (indels) near the targeted genomic site, which can be leveraged for 
programmable endogenous genetic disruption. By contrast, in the presence of a donor 
DNA template, HDR can permit precision replacement of genomic DNA, including donor 
templated to correct DNA associated with pathology or to incorporate clinically impor-
tant transgenic payloads. b | CRISPR–Cas-​based genome editing technologies are highly 
amenable to multiplexing, which can be used to improve cell-​based therapeutics, includ-
ing chimeric antigen receptor T cell (CAR-​T) therapies. Multiplexed CRISPR–Cas9-​based 
genome editing (shown here simultaneously targeting the genes encoding human 
β2-​microglobulin (β2m), PD1 and endogenous T cell receptor (TCR)) in combination with  
a lentivirally delivered CAR can be used to generate CAR-​T cells with improved function 
and safety profiles. c | CRISPR–Cas systems with inactivated nuclease activity do not 
result in DSBs, but can still precisely target genomic DNA. These CRISPR–Cas-​based 
‘epigenome editing’ platforms enable robust activation or repression of transcription 
(CRISPR activation (CRISPRa) or CRISPR interference (CRISPRi), respectively) or tai-
lored control over epigenetic modifications within human cells, which can be used 
to shape gene regulation and cell functions. d | The convergence of these transformative 
technologies can be used to engineer favourable properties within cell-​based therapeutics,  
for example, by disrupting loci that elicit immunological recognition in therapeutic-​
grade induced pluripotent stem cells (iPSCs), overcoming limitations to therapeutic 
efficacy and natural potency by harmonizing integrated payloads with natural genetic 
regulatory programmes (that is, expressing a CAR-​T receptor from a locus (TRAC)  
that naturally drives TCR expression) or overexpressing beneficial endogenous  
molecules, and by remodelling chromatin signatures to more efficiently reprogramme 
cellular lineage commitment, for instance, improving the derivation of iPSCs  
from fibroblasts. gRNA, guide RNA; PAM, protospacer adjacent motif; Transcript., 
transcriptional.
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signalling into IL-22 production in its first stage, which 
then activates a cytokine receptor and signals through 
STAT3, driving transcriptional production and secre-
tion of anti-​inflammatory cytokines IL-10 and IL-4 
(ref.125) (Fig. 4b). Following encapsulation and engraft-
ment into mice, cells harbouring this circuit could 
attenuate inflammation in a mouse psoriasis model. 
Similarly, β-​cell-​mimetic designer cells have been con-
structed that introduce a circuit that senses glucose by 
linking glycolysis-​mediated Ca2+ entry to induction 
of a transcription circuit driving insulin expression 
and secretion. When implanted into a mouse model 
of diabetes, the engineered cells secreted insulin in a 
glucose-​responsive manner, thereby correcting insulin 
deficiency and mostly eliminating hyperglycaemia126.

Although each of these designs focuses primarily on 
improving disease-​specific mode of action, synthetic 
biology developments that clear paths to clinical and 
commercial viability may come from addressing man-
ufacturing and cell source challenges, which, despite 
representing a major bottleneck that limits product 
commercialization, have received limited attention from 
the field. One potential approach could involve circuits 
that control the overexpression of transcriptional regu-
lators that promote favourable cell-​intrinsic phenotypes, 
or even act as differentiation ‘guidance’ programmes. 

Such circuitry could be used to guide immune effector 
cells to differentiate into therapeutically potent sub-
sets, or to promote differentiation and expansion of 
cells into more viable or potent cell products. On the 
safety side, regulatory schema could be constructed 
that use cell-​state-​responsive circuits to sense aberrant 
or tumorigenic regulatory states and activate cell death, 
a strategy that has been successfully used to create con-
ditional safety switches in microorganisms127. In one 
notable early example of this approach, circuit-​driven 
differentiation of iPSCs into pancreatic β-​like cells 
using timed expression of critical transcription factors 
was performed128. Such an approach has been used to 
guide differentiation of iPSCs into liver organoids using 
inducible transcriptional activation circuits129,130.

As the field continues to incorporate the above- 
described strategies into clinically relevant therapeutic 
pipelines, it faces two overarching sets of engineering 
challenges: first, development and refinement of new 
synthetic parts and circuit designs are needed to rec-
ognize disease-​associated physical and biomolecular 
features, create robust and tunable circuit connections, 
and couple them to therapeutic outputs; second, cell 
engineering strategies are needed that grant precise, 
reproducible delivery of circuits across a population of 
cells comprising a therapeutic product to ensure stable, 
quantitatively defined, reproducible behaviour. For the 
first challenge, despite the progress described above, 
engineerable regulatory schemes in mammalian cells 
generally lack the degree of control and scalability that 
is found in microbial systems. Gene expression control 
systems available for mammalian gene circuit engi-
neering are limited in number and offer relatively poor 
scalability. Additionally, they are largely microbial in 
origin (for example, TetR, Gal4), which raises concerns 
about their immunogenicity. In the future, using mod-
ular systems constructed from humanized proteins and 
genes will become increasingly prioritized in cell-​based 
therapy applications. One recent example to address 
this shortcoming is the creation of sets of ZF-​derived 
transcriptional regulators131 shown to function in 
human cells132,133. While ZF-​based circuits can be scaled 
to support complex multi-​gene regulatory behaviour134, 
these systems can also be used for precise, switch-​like 
expression control135.

Another continuing focus for the field will be on 
engineering surface proteins to expand the ability of cells 
to interact with their environment. This includes devel-
oping custom configurable receptors capable of coupling 
disease-​specific inputs to endogenous signalling or tran-
scriptional circuitry. Recent developments in engineer-
ing extracellular ligand-​responsive receptors, in addition 
to examples described above, include creating modular 
frameworks for engineering connections between exog-
enous factor binding and activation of intracellular sig-
nalling pathways136, as well as engineering CARs that are 
sensitive to soluble cytokine ligands137. The use of engi-
neered surface protein expression to enable tissue- and 
disease-​specific targeting is another approach that has 
shown early promise. MSCs engineered to transiently 
express a single transgene encoding PSGL1/SLeXX, 
a surface protein that plays a crucial role in tethering 
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Fig. 3 | Using synthetic biology approaches to endow therapeutic cells with enhanced 
functional properties. a | Making new synthetic regulatory connections. Engineered reg-
ulatory circuits can be introduced into therapeutic cells to create artificial input–output 
relationships. This can connect external user control or disease-associated molecular cues 
to diverse therapeutic outputs. b | Outstanding challenges for synthetic biology in engi-
neering new cell-​based therapy applications. Future developments should include devel-
oping human-​derived components, developing larger capacity vectors to accommodate 
larger, more sophisticated circuitry and using synthetic circuits to guide cell differentiation 
(for example, from induced pluripotent stem cells to immune effector cells).

www.nature.com/nrd

R e v i e w s

666 | September 2022 | volume 21	



0123456789();: 

during inflammatory response, demonstrated enhanced 
localization to sites of inflammation in mouse models of 
skin inflammation138. In a separate mouse study, over
expression of the chemokine receptor CXCR4, increased 
homing of MSCs to ischaemic heart tissue139. These 
preclinical results suggest that reshaping the surface 
protein expression profile of a cell — its ‘surfacesome’ — 
through fine-​tuned multi-​gene expression is a strategy 
that could offer a powerful means to improve therapeu-
tic potency and PK/PD profile. Coupling inputs from 
surface-​expressed proteins to downstream signalling 
circuitry will be an important extension of surface pro-
tein engineering. The recent emphasis in the field on 
engineering protein-​based circuitry140 has furnished 

parts and design frameworks for engineering synthetic 
signalling networks that rely on both phosphorylation141 
and proteolysis142. These designs have been leveraged to 
create post-​translational signalling pathways capable 
of sensing the extracellular environment and transmit-
ting information at a rate much faster than with gene 
circuits143. The response speed attained by these circuits 
could be used to enhance PK profiles by incorporating 
fast timescale events such as phosphorylation-​based 
signalling networks144 or ion channel regulation145.

As discussed in the previous section, unlocking the 
full potential of synthetic biology will require overcom-
ing the current limitations on size and corresponding 
complexity of synthetic circuits that can be efficiently 
introduced into therapeutic cells. The poor transfection 
efficiency and low expansion potential of many primary 
cell types, coupled with repair template size constraints, 
limits CRISPR-​based integration to just a handful of 
genes, making it a challenge to encode complex func-
tion. By the same token, circuits introduced into cells 
via retroviral and transposon-​based vectors also have 
characteristic size limits and additionally suffer from 
copy number control issues that limit precision and 
reproducibility. The use of recombinase-​mediated land-
ing pad integration is one technology that has the poten-
tial to improve the precision and repeatability of circuit 
engineering by enabling single-​copy integration of large 
transgene cassettes at defined genomic loci146. However, 
this approach is hampered by low integration efficiency 
and necessitates expansion of cells from small subpopu-
lations, potentially diminishing product potency. Efforts 
to introduce human artificial chromosomes147 or to har-
ness large-​genome viruses to deliver multi-​gene systems 
present two other options currently being explored to 
overcome these barriers148, while the use of the previously 
mentioned transposon-​based CRISPR tools may offer a 
more general solution for stable integration of complex 
circuits in the future. Additionally, the ability to main-
tain transgene stability in the face of epigenetic silencing 
poses a major challenge for synthetic circuit engineering 
but could potentially be addressed by deploying a com-
bination of sequence optimization and circuit design, in 
combination with epigenomic effectors to dynamically 
maintain an ‘open’ chromatin regulatory state.

Solutions to overcome the interdependent chal-
lenges of engineering and precision delivery of com-
plex circuitry to therapeutic cells will free synthetic 
biology to focus on developing programmes with 
multi-​faceted functionality that can simultaneously 
encode disease-​specific mode of action, safety mech-
anisms and circuit stability, all while establishing 
and maintaining relevant cell-​intrinsic properties. 
Additionally, and importantly, these capabilities would 
give synthetic biologists the opportunity to employ 
design, build and test cycles to iteratively converge  
on synthetic circuitry that is quantitatively precise  
and capable of more effectively addressing disease- and 
patient-​specific needs.

Biomaterials. Semi-​permeable biomaterials and hydro-
gels have been used to improve the delivery, viability, 
retention and safety of therapeutic cells149–152. A wide 
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array of biomaterial formulations ranging from degra-
dable hydrogels to non-​degradable plastics and metals 
have been explored as scaffolds to improve delivery and 
viability152, facilitate retention of cells within a particu-
lar body cavity (that is, intraperitoneal149,153, epicardial151 
or intraocular154), promote controlled release150,152 and 
enable retrievability for improved safety155. These 
approaches have proved impactful in improving the 
therapeutic outcomes for cell-​based therapies in many 
preclinical studies156 and early-​stage clinical trials154,155. 
However, a major goal for the field remains the devel-
opment of long-​term functional immuno-​isolation 
solutions to enable use of allogeneic cells.

Several types of immune cell play a part in the 
rejection of allogeneic cells, limiting the development 
of true off-​the-​shelf cell therapy products (Fig.  5). 

CD4+ and CD8+ T cells have a central role in mediat-
ing rejection of allogeneic cells through recognition 
of the highly variant major histocompatibility com-
plex (MHC) class I and MHC class II gene products157. 
In addition, innate immune cells such as NK cells and 
macrophages can also mediate the rejection of alloge-
neic cells158. Universal iPSCs have been created through 
CRISPR-​mediated deletion of the B2M and CIITA genes 
required for the expression of HLA class I and HLA 
class II genes. Additionally, the engineered iPSCs were 
further customized to express high levels of negative 
regulators: PDL1, HLA-​G and CD47 to block functions 
of T cells, NK cells and provide the ‘do-​not-​eat-​me’ sig-
nal to macrophages, respectively. By leveraging these 
strategies, several groups have reported the generation 
of hypoimmunogenic or ‘universal’ iPSCs89,159, which 
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and risk of malignancy. Several drug regimens and combinations of approaches including treatments with rapamycin and/or 
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retain their pluripotency potential and could be differ-
entiated into multiple lineages such as endothelial cells, 
cardiomyocytes and even more complex organoids such 
as pancreatic islets89,160,161. Hypoimmunogenic cells have 
been found to not induce immune response in vitro and 
in vivo in preclinical humanized mice. Although these 
preclinical data are intriguing, the potential of these cells 
to evade immune rejection in human subjects remains to 
be established. However, in the field of islet transplanta-
tion, several clinical trials are now planned or currently 
underway to determine the utility of hypoimmunogenic 
cells for cell-​based therapeutics162.

Immune mechanisms that mediate rejection of 
allogeneic cells (Fig. 5) require cell–cell contact. A strat-
egy that has been actively explored both in preclinical 
studies163–165 and in clinical trials166–169 is the use of cell 
encapsulation of the donor allogeneic cells within semi-
porous membranes to enable immuno-​isolation170. The 
goal of these efforts is to isolate the transplanted cells 
from the patient’s own immune system while allow-
ing for bidirectional transport of soluble factors; for 
instance, the influx of nutrients such as glucose and 
oxygen to support the long-​term survival of the trans-
planted cells as well as export of therapeutic proteins 
produced by them171. Feasibility in animals was first 
demonstrated through the use of alginate hydrogels to 
facilitate immuno-​isolation of pancreatic islets in rats49. 
This study showed short-​term (several weeks) trans-
planted allogeneic cell function in an immunocompe-
tent animal. Over the years, many advanced prototypes 
of encapsulated cell products have been evaluated in the 
clinic172 for a wide range of cell-​based therapeutic appli-
cations including ophthalmology173, endocrinology51, 
oncology174 and neurology175. However, long-​term 
function of encapsulated cell products has been elusive 
because of host immune responses to implanted bio-
materials that lead to fibrosis and hypoxia within the 
device176.

Although encapsulation has been demonstrated to 
be highly effective in preventing MHC-​mediated recog
nition of the allogeneic cells by the adaptive immune 
response of the recipient and extending the survival of 
the transplanted cells for a few weeks, the long-​term 
survival of the transplanted cells was limited by the 
development of a characteristic foreign body response 
(FBR) to the encapsulating biomaterials177,178. The FBR 
comprises a sequela of processes that begin with the 
deposition of host-​derived circulating proteins such as 
complement and clotting factors, extracellular matrix 
(ECM) proteins and albumin176. These proteinaceous 
deposits promote recruitment and attachment of gran-
ulocytes and macrophages. The adherent macrophages 
can then fuse to form foreign body giant cells and 
produce factors that lead to recruitment of myofibro-
blasts, which ultimately produce excessive amounts 
of pro-​fibrogenic and ECM proteins such as collagen, 
generating granuloma formation179,180. Upon extensive 
fibrosis, the diffusion of soluble factors becomes highly 
limited, leading to the death of transplanted cells and 
therapy failure163.

The transplantation technologies that use donor 
cells require long-​term protection from FBR and host 

recognition. A semi-​permeable hydrogel network is 
needed to allow small molecules, such as NO, reactive 
oxygen species (ROS), O2 and cytokines, to effortlessly 
circulate while avoiding close contact between encap-
sulated cells and infiltrating immune cells around 
these implants. Numerous strategies have been used 
to modulate the physicochemical properties of bioma-
terials to reduce fibrosis and facilitate long-​term graft 
survival. Surface chemistry to tune surface properties 
has been shown to influence the biological responses 
of immune-​associated factors176,181–184. Various types of 
chemical approach have been taken to mitigate the FBR 
and prevent fibrosis; they are reviewed elsewhere178. 
However, several of the most advanced technologies 
that are closer to clinical translation are highlighted 
below.

Hydrogel surfaces have been modified by immuno
modulatory small molecules to prevent any FBR. A unique 
chemical modification strategy in alginate-based  
hydrogels using small molecules for the modulation of 
host immune recognition has been demonstrated184. 
Intraperitoneal implants using lead materials in mice 
established lowest FBR, cell, macrophage and collagen 
deposition for three lead analogues containing a triazole 
framework in their chemical structure, that may have an 
essential role in mitigating fibrosis. The positive results 
observed in mice translated to non-​human primates185. 
Significantly, lead formulations from this screen led 
to the development of SIG-001, a two-​compartment 
sphere with engineered human cells expressing human 
factor VIII, which recently entered a first-​in-​human 
clinical trial in haemophilia A186. This is an example 
of an in vivo discovery-​driven phenotypic screening 
approach towards identification of biomaterials with 
improved immune responses. It is anticipated that future 
screens using a similar strategy could yield additional 
lead formulations or materials for other desired immune 
response profiles.

Another promising approach for alleviating FBR to 
biomaterials is the use of ultra-​low-​fouling zwitterionic 
biomaterials. Protein absorption has been postulated 
to be a key orchestrator of host immune activation 
and fibrosis. Zwitterionic hydrogels create a super 
hydrophilic bio-​interface that serves to limit protein 
absorption187. For example, ultra-​low protein fouling, 
poly(carboxybetaine methacrylate) (PCBMA) hydrogels 
have been subcutaneously implanted in mice, followed 
by observation of FBR and inflammatory response188. 
Studies revealed the growth of angiogenic blood vessels 
around the PCBMA implants, along with the presence 
of a considerable number of macrophages, showing 
anti-​inflammatory expression compared with pHEMA. 
These polymers can also be applied as coatings to reduce 
immune responses to medical device implants that 
provoke immune responses such as continuous blood 
glucose monitors183,189. More recently, zwitterionic sul-
fobetaine modifications of alginate have been demon-
strated to mitigate FBR in rodents, dogs and pigs to 
enable long-​term pancreatic islet immuno-​isolation190.

The physical properties, including size, shape, surface 
morphology, roughness, topography and geometry, of 
biomaterials play a crucial part in orchestrating protein 
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adsorption, macrophage attachment and host immune 
responses to foreign materials191–193. Material topography 
is well known to manipulate macrophage attachment, 
and the phenotype of the material’s surface also has a 
role in the modification of an adsorbed protein by con-
formational changes193,194. The surface topography of a 
biomedical implant plays a crucial part in the behaviour 
and modulation of macrophages and other immune cells 
to influence FBR195. Alteration in surface roughness at 
the nanoscale can influence higher protein adsorption, 
affecting interactions with immune cells196,197, and dif-
ferent nanostructured topographies can affect cellular 
interactions181,198. Studies have revealed that imprinting 
the grating to the polymer surfaces causes behavioural 
changes of macrophages, independent of grating size 
or surface chemistry. Larger size gratings imprinted on 
polymer surfaces influence the adhesion of immune 
cells to planar polymeric control surfaces196. Evaluation 
of different-​sized spherical implants in rodents and pri-
mates showed that larger implants of 1.5 mm diameter 
and above elicit very low FBR for an extended period 
in vivo181. Other reports showed that the size of titanium 
nanotubes can be modulated to reduce macrophage 
attachment and FBR199.

The design of semi-​permeable membrane chemistry 
and pore size could potentially have an additional role in 
enhancing immunoprotection and graft cell survival200. 
RGD-​functionalized polyethylene glycol (PEG) hydro-
gels, further modified with peptides that show strong 
binding affinity to pro-​inflammatory cytokines, includ-
ing TNFα and MCP1, increased cell survival compared 
with unmodified PEG hydrogels201. Others have explored 
limiting transport based on pore size modulation to 
exclude effector immune molecules such as cytokines202. 
More recent studies suggest that pore size limits of 1 µm 
or less is sufficient to exclude T immune cells from entry, 
while allowing permeability to macrophages to enable 
improved viability and long-​term graft protection from 
the immune system164. Permeability to macrophages 
could also further facilitate removal of cell debris and 
promote vascularization to improve viability164. These 
multifactorial design considerations should be further 
explored in future device designs to develop improved 
cell encapsulation solutions.

Larger-​sized cell encapsulation systems (that is, macro
devices) offer potential safety benefits because they can  
be designed to be retrievable after implantation203. This 
benefit has been leveraged to advance cell sources with 
higher safety risk assessments (that is, stem cell-​derived 
or transformed cells) that have potential for tumorigen-
esis or teratoma formation into human clinical testing 
(NCT02239354). Macrodevices offer improved control 
over design features such as polymer chemistry, mem-
brane pore size and porosity, and overall device dimen-
sions. However, as the device size is increased, nutrient 
and oxygen diffusion to encapsulated cells is reduced, 
leading to cellular necrosis204. Furthermore, the larger 
reservoir for cells can impede diffusion of therapies out 
of the device. For applications such as islet cell trans-
plantation in which glucose sensing and insulin release 
kinetics must be tightly regulated to match physiological 
needs, the macro-​sized devices pose constraints205.

To improve cell viability and function of macro
device encapsulation systems, design features to promote 
vascularization must be incorporated. Initial approaches 
to addressing this problem involved loading implanted 
constructs with angiogenic factors, but it became clear 
that these molecules alone were insufficient to stimu-
late meaningful angiogenesis206. Implanting constructs 
containing channels seeded with endothelial cells has 
proved to be a much more effective strategy for eliciting 
angiogenesis207,208. The goal of these channels is often 
to merge with host vasculature. Once that happens, the 
cells within the construct would have better access to 
nutrients from the bloodstream. These artificial chan-
nels are frequently seeded with endothelial cells to 
accelerate vascular engraftment.

3D printing offers a relatively fast method of creat-
ing vascular channels in large, biocompatible materials. 
Recent advances in photopolymerization of hydro-
gels using new biocompatible chemical reactions are 
enabling outgrowth of 3D bioprinting methods209,210. 
Significantly, these reports have highlighted the abil-
ity to print organized tissue constructs to create blood 
vessels and organized organoids for applications in 
lung, heart and liver repair211–213. Vascular architectures 
designed for 3D printing can either be custom-​made 
for tunability or derived from computational models 
to improve viability and autonomy214,215. This fine level 
of architectural control is necessary because tissues and 
organs often contain vasculature of varying diameter216. 
The size of vascular channels is crucial from a physi-
ological perspective — endothelial cell phenotype is 
heavily influenced by shear stress, which for a constant 
volumetric flow rate and fluid viscosity is determined by 
channel diameter217.

Finally, biomaterials can be leveraged as scaf-
folds to help facilitate host tissue integration upon 
administration218,219. Natural biomaterials obtained 
from animal sources or synthetic polymers, including 
collagen, PLGA, PCL and citrate, have been used in sev-
eral approved cell-​based products on the market today. 
For example, an acellular dermal matrix obtained from 
cadaveric human skin is used in combination with fat 
grafts in breast reconstruction procedures to improve 
localization and survival of transplanted fat cells220. 
Collagen has been used to facilitate organization of 
composite cell types within tissue grafts such as skin 
grafts in the commercialized product Epigraft221. More 
recently, collagen sheet laden stem cell-​derived epicar-
dium cells combined with stem cell-​derived cardio-
myocytes were used for myocardial tissue repair after 
infarction222.

In the future, we anticipate that biomaterials could 
further be leveraged for advanced functionalities such 
as transducers of signals to activate cell function. Early 
feasibility trials in animals suggest that external actu-
ators that generate forces that are permeable to the 
body including ultrasound223,224, magnetic fields225 and 
electronic inputs226 can be leveraged to regulate cell 
activity remotely. These technologies are still in their 
infancy, and improvements in external signal gener-
ation and capture are necessary to drive their future 
advancement.
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Outlook
Given recent progress in cell therapy research, it is clear 
that the engineering disciplines outlined in this Review —  
genome and epigenome editing, synthetic biology and 
biomaterial-​mediated immune modulation — will 
play an increasing role in the creation of new product 
pipelines with improved safety, efficacy and accessi-
bility for patients. Recent scientific advances have not 
only demonstrated the potential impact of technologies 
developed by each of these fields, but have also identified 
potential paths for overcoming the grand challenges that 
currently limit broader commercialization of cell thera-
pies. We anticipate that these technologies will continue 
to refine autologous cell therapy pipelines (for example, 
CAR-​T therapy), offering improvements in mode of 
action and manufacturing. However, it is probable that 
the most impactful advancements towards products will 
come from innovations that enable greater potency and 
viability in allogeneic products that are more readily 
sourced and manufactured.

Beyond independent contributions made by the 
engineering approaches outlined in this Review, we 
foresee synergies between the disciplines that have a 
major role in advancing translation of cell-​based ther-
apies. Genome and epigenome editing strategies will 
continue to be used to improve cell-​intrinsic proper-
ties, and new Cas protein variants that are uncovered 
and engineered will create opportunities to generate 
increasingly larger and more sophisticated genetic per-
turbations. These capabilities will enable comprehen-
sive, systems-​level reshaping of native cellular pathways 
and alteration of cell phenotype, potentially yielding 
products that are resistant to apoptotic signals, demon-
strate enhanced viability and expansion potential across 
the spectrum of manufacturing steps, or are capable of 
secreting higher therapeutic protein titres. Advancing 
these capabilities will unlock the ability of synthetic 
biology to engineer functionality that enables dynamic 
control over these features through complex regulatory 
circuitry. Although these capabilities stand to enhance 
autologous cell therapies, their impact on therapies that 
rely on allogeneic cell sources could perhaps be even 
greater given the potential for complex, multi-​module 
synthetic programmes that could be used to engineer 
enhanced efficacy in readily sourced, yet otherwise 
low-​potency products.

Advances in biomaterials have already facilitated 
the development of several allogeneic encapsulated cell 
products, and there are currently several clinical stage 
companies advancing encapsulated cell products for 
type 1 diabetes, endocrinology indications and orphan 
diseases. We anticipate future development of encapsu-
lated cell therapies into new indications by leveraging 
innovations in genome and/or epigenome editing and 
synthetic biology, to develop products with greater lon-
gevity and enhanced sense-​and-​respond capabilities 
that offer more precise spatial and temporal regulation 
of therapeutic activity in disease states, in a stage- and 
patient-​specific fashion. Such custom programmed 
cell-​based devices could be deployed as sentinels 
to monitor, modulate and report on fluctuations in 
patient physiology, enhancing management of chronic 
indications such as endocrine or autoimmune disorders.

One of the most exciting long-​range opportunities 
for synergizing engineering approaches to address cell 
therapy grand challenges lies in the development of 
therapeutic pipelines that feature stem cell-​derived, 
off-​the-​shelf products that can be custom engineered 
to treat diverse indications. Doses of these ‘universal’ 
cell therapy products could be generated on demand 
via retrieval from storage, expansion and differentia-
tion to mature effector cell types, thereby furnishing a 
continuously replenishable, disease-​specific cell source. 
Although formidable basic research barriers must be 
overcome before realizing this vision, the potential ben-
efits of such an approach are numerous. As pluripotent 
cells are generally amenable to repeated and large-​scale 
genetic manipulations, genome and/or epigenome edit-
ing and synthetic biology approaches could be fully 
utilized to engineer sophisticated and specialized func-
tionality. In addition to being configured for immune 
evasion or exact HLA subtype matching, such cells could 
harbour synthetic regulatory programmes that precisely 
delineate differentiation to disease-​specific effector cells 
or that enable residence within a biomaterial chassis. 
Additionally, these cells could be programmed with 
customized sense-​and-​respond modules that enhance 
potency and safety, while enabling field-​programmable 
tuning capabilities to flexibly address diverse disease and 
patient settings.
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