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Abstract

This year marks the tenth anniversary of cell therapy with chimeric antigen receptor (CAR)-
modified T cells for refractory leukemia. The widespread commercial approval of genetically
engineered T cells for a variety of blood cancers offers hope for patients with other types of
cancer, and the convergence of human genome engineering and cell therapy technology holds
great potential for generation of a new class of cellular therapeutics. In this Review, we discuss the
goals of cellular immunotherapy in cancer, key challenges facing the field and exciting strategies
that are emerging to overcome these obstacles. Finally, we outline how developments in the cancer
field are paving the way for cellular immunotherapeutics in other diseases.

Cell therapies entered routine medical practice as blood transfusion in the 1930s, based

on the discovery of the blood-group system by Karl Landsteiner in 1900. T cells were

first used for cancer therapy in the setting of allogeneic (donor) stem cell transplantation
and autologous (patient’s own) cell therapy with tumor-infiltrating lymphocytes (TILS)

for metastatic melanoma. In addition to CAR-modified T cells, which target cell surface
antigens, the US Food and Drug Administration (FDA) currently lists chondrocytes, cord
blood, dendritic cells (DCs), fibroblasts, keratinocytes and thymus as approved cellular and
tissue-based therapeutics®. The approval of CAR T cells for children and young adults
with refractory leukemia was first reported a decade ago?, and the emergence of cellular
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therapeutics and gene therapies as a new pillar in medicine is leading the pharmaceutical
industry to diversify from its previous focus on small-molecule drug discovery and
recombinant-protein therapeuticsS.

The trajectories of cellular immunotherapies in cancer, regenerative medicine and beyond
are likely to involve ever-increasing levels of genetic engineering. For example, red blood
cell transfusion has been used recursively for decades, as a lifesaving procedure for millions
of patients with transfusion-dependent sickle-cell anemia and other hemoglobinopathies.
Recently, in a hallmark pilot trial for sickle-cell disease and thalassemia, two patients were
given a single infusion of autologous hematopoietic stem cells (HSCs) engineered with the
CRISPR-Cas9 system and both became transfusion-independent as a result*. The prospect
of a cure for hemoglobinopathies by means of genetically engineered HSCs is on the
horizon, offers hope to patients afflicted with the most common genetic diseases, and has
major implications for the pharmaceutical industry, FDA regulation policies, and the cellular
immunotherapy space at large. Most notably, the manufacturing of genetically modified
HSCs will require higher standards and more stringent regulation than that of red blood cells
derived from healthy donors.

In the field of oncology, there are hundreds of ongoing clinical trials with autologous
engineered T cells®. In addition, of increasing importance are the many ongoing trials using
engineered allogeneic cells comprising T cells, natural killer (NK) cells, stem cells and other
cell types. For considerations on the emerging field of xenogeneic (of a different species)
cell therapies, see ref.6. These distinctions of cell type and source (Fig. 1) are particularly
imperative as we seek to understand mechanisms underlying cell rejection, engraftment
success, efficacy, immunotoxicities and FDA regulation.

A premise of this Review is that oncology is paving the way for the use of engineered

cells to deliver powerful effects outside of oncology, leading to the potential cure

of autoimmunity, inflammation and genetic disorders, and to advances in the field of
regenerative medicine. The fields of transplant, tolerance and rejection have set the stage for
cellular therapy as we know it today. Here, we outline the path from early transplant biology
to more recent discoveries. As we highlight mechanisms of cellular tolerance, rejection and
immunotoxicities, we discuss the importance of leveraging this knowledge with advances

in genomic engineering and combination therapy regimens, to accelerate progress in the
emerging field of engineered cellular immunotherapeutics.

Impact of tolerance and rejection mechanisms on cellular therapies

The holy grail of cell therapy is achieving both long-term engraftment and durable
remission. However, the initial success of allogeneic cell therapies has been tempered by the
short persistence of engineered T cells’. Development of efficacious allogeneic engineered
cell therapies will require elucidation and manipulation of cellular rejection circuits to
permit long-term engraftment. Here, we consider lessons from the field of immunology that
are related to tolerance in the healthy state and mechanisms of engineered cell rejection.

See Box 1 for considerations related to HSC transplantation (HSCT), the first successful
allogeneic cell therapy to enter the clinic.
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Perspectives on immune tolerance.

The ultimate goal of cell, tissue and organ transplantation is the development of strategies
that enable the acceptance of cells in the recipient without the need for immunosuppression.
The possibility of this aim was supported by the discovery of freemartin cattle, dizygotic
twins who shared the same placental blood supply in utero. In the last century, Medawar has
shown that freemartin cattle have microchimerism as adults, and that these animals accept
skin grafts from their genetically disparate twin, yet reject skin grafts from unrelated cattle®.
However, intensive research in humans has not been able to replicate this experiment of
nature to induce tolerance at will, that is, permitting infusion of transplanted allogeneic cells.

In the healthy state, immune tolerance is maintained through (1) central and (2) peripheral
tolerance, and each arm works in tandem to prevent the onset of autoimmunity while
enabling rejection of foreign grafts (Fig. 2). Immunologists have recognized at least ten
mechanisms of tolerance at the level of development in the thymus and in the peripheral
compartments. Engineered therapeutic cells will need to obey or circumvent these basic
immunologic mechanisms to avoid rejection, and will need to do so at varying degrees,
depending on the desired site of engraftment. Organ transplant studies have revealed that
certain organs (such as the liver) are innately more tolerogenic than others®. Similar

to organ- and tissue-specific tolerance, tumors generate their own homeostatic niche by
adapting mechanisms of native immunological tolerance to evade attack?. In their evasion
of the antitumor attack, tumors seek to phenocopy nearly every mechanism of immune
tolerancell. Thus, the engraftment and persistence of engineered cells in the TME may
differ from that in healthy organs.

Mechanisms of engineered cell rejection.

From early studies of transplantation and rejection, it became clear that rejection was
mediated through an immunological event. As scientists pieced together mechanisms
underlying graft recognition, tolerance, rejection and graft-versus-host disease (GVHD; Box
1), they concurrently translated these findings to improve patient outcomes. The concept

of ‘hybrid resistance’ was first described by Cudkowicz and Stimpfling!2 in their study of
murine bone marrow transplant (BMT) rejection. This resistance referred to the rejection of
parental BMT by F1 progeny, even in irradiated mice. Despite the prominent role of T cells
in mediating skin-graft rejection, BMT rejection was later demonstrated to be mostly driven
by host NK cells owing to missing major histocompatibility complex-1 (MHC-1) molecules,
similar to the ‘missing self’ concept identified in allogeneic rejection314, Contrary to the
role of host NK cells in mediating rejection, donor NK cell alloreactivity plays a role in
both preventing GVHD and abrogating leukemia relapse and graft rejection in humans!®.
The conserved function of NK cells in mice and humans, despite divergences in expression
of proteins (for example, ly49 in mice and killer-cell immunoglobulin-like receptors (KIRS)
and CD56 in humans) and respective complement pathways, has enabled an enhanced
understanding of ‘self’ versus ‘missing self’16. Once more, concepts of hybrid resistance
were likely the first hints at the immune cell inhibitory axis, which now serves as the

basis for checkpoint immunotherapies. Therefore, early work investigating these concepts
of allorecognition paved the way for BMT, checkpoint immunotherapies and, ultimately,
cellular immunotherapies?’.
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Over half a century later, mechanisms underlying cell rejection are still being investigated
(Fig. 3). While early concepts of host NK ‘missing self” recognition explain rejection in
naive mice, alloantigen-presensitized mice depend more heavily on macrophage-mediated
mechanisms instead!®. Importantly, macrophage-mediated mechanisms in alloantigen-
presensitized models were inducible by either CD4* T-cell help (which provides CD40/40L
engagement) or CD40 stimulation alone, and have also been shown to ameliorate GVHD

in micel8. The adaptive inflammatory immune response is initiated following host T-

cell recognition of non-self/donor antigen in secondary lymphoid organs (Fig. 3d,e)1°.
Novel visualization techniques have recently enabled the investigation of allogeneic T-cell
trafficking through secondary lymphoid organs22. Allogeneic T cells were rapidly rejected,
even in mice devoid of host T cells, and were found to rapidly die by apoptosis. Donor T-cell
fragments were then endocytosed and presented on resident DCs, which induced host T-cell
activation. Others have since identified this allogeneic T-cell mechanism of DC activation
as restricted to resident DCs expressing the chemokine receptor XCR1, highlighting its
potential to be leveraged in novel contexts as a vaccine vector?l,

To date, mechanisms of allogeneic rejection in the context of transplantation are still
being investigated, and often reveal the dynamic balance of allogeneic cell rejection and
GVHD at the molecular level. These mechanisms and the dynamic balance of efficacy
and immunotoxicity can also serve as a baseline as we seek to understand mechanisms of
engineered T-cell engraftment and rejection, particularly in novel allogeneic strategies.

Understanding the dichotomy of solid tumor and blood cancer

CAR T-cell therapies have achieved durable responses in hematological malignancies, as
the overall response rate across many trials in patients with refractory leukemia, lymphoma
and myeloma is 50-90% (ref. 22). However, in the context of solid tumors, CAR T-cell
therapies are still in the early stages of development, and their efficacy is limited. This
dichotomy is mediated in part by characteristics of the bone marrow niche of hematological
malignancies and the additional barriers posed by the solid tumor microenvironment (TME),
such as diminished infiltration and function of CAR T cells, and more complex mechanisms
of tumor escape?3,

The success of CAR T-cells in patients with leukemia, lymphoma and multiple myeloma
would have been predicted in part by previous favorable results with allogeneic HSCT;

in contrast, outcomes with allogeneic HSCT in patients with solid tumors have generally
been disappointing?4. In blood cancers, the availability of lineage-restricted antigens (for
example, CD19 and B-cell maturation antigen (BCMA)) provides targets with acceptable
toxicity, given expected on-target but off-tumor toxicity on healthy cells. The exception to
this is acute myeloid leukemia (AML), in which acceptable surface targets that spare healthy
HSCs are lacking; yet by analogy to allogeneic HSCT, a potent antileukemic effect would
be predicted, given the strong graft-versus-leukemia effect (Box 1) mediated by T cells and
NK cells in this context. The use of T-cell receptor (TCR)-engineered T cells, which target
intracellular tumor antigens presented on MHC-1 molecules, appears highly promising in
AML?,
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Several scientific questions remain open and will need to be addressed so that there are
uniform responses to engineered cell therapies for all forms of hematopoietic cancer. The
bone marrow niche was initially thought to maintain HSCs and has since been demonstrated
to be the principal site of residence for human plasma cells and memory T cells26. Recent
studies indicate that the bone marrow environment is composed of multiple micro-niches
with distinct metabolic features and stromal cell populations?’. Leukemia and myeloma
cells survive in distinct niches, but engineered T cells may have differential trafficking and
persistence in these niches—perhaps contributing to the superior durability of responses to
CD19-directed versus BCMA-directed CAR T-cell therapy. Cancer-specific issues remain

a challenge, such as the observation that AML is more immunosuppressive than acute
lymphocytic leukemia (ALL)28. This is likely related to the close relationship between AML
stem cells and HSCs29, and the fact that several mechanisms may have evolved to protect
HSCs from immune attack.

One observation now apparent from CD19 CAR T cells is that they induce durable
responses in patients with many forms of B-cell malignancies?2. The persistence of CD19
CAR T cells is dependent on the CAR endodomains and can be reliably measured by
assessing the duration of B-cell aplasia after infusion3C. In our initial studies in patients
treated with the CD19-directed CAR T-cell therapy tisagenlecleucel, we demonstrated
ongoing B-cell aplasia and persistence of functional CAR T cells for a decade3!. Emerging
data suggest that long-term persistence of CD19 CAR T cells is unusual when compared
with other cell therapies with CAR T and TCR T cells that target other cell lineages. This is
likely owing to the ongoing production by HSCs of pre-B cells in the marrow that express
CD19, thus presenting a target for CAR T cells, even after sterile elimination of tumor target
cells has been achieved. A lesson from this observation is that various boosting strategies
may be able to enhance persistence of engineered cells in the treatment of non-B-cell blood
cancers and solid tumors32:33,

Solid tumors, including some forms of lymphoma, create a robustly immunosuppressive
microenvironment composed of numerous cell types and extracellular matrix (ECM)34:35.
Infusions of TILs, while commonly effective in metastatic melanoma36, are rarely effective
in other solid cancers such as adenocarcinoma. The increased interstitial pressure, creating
compressive forces and high tensile strength created by the ECM combine to thwart T-cell
infiltration. Thus, new approaches to control solid tumor biomechanical forces (such as
heparanse37) and improve T-cell trafficking are required.

One implication of the biomechanical properties of the solid TME is that therapeutic cell
doses used in many studies may be inadequate. Recent modeling of human and rodent
circulatory systems has revealed that the delivery rate of CAR T cells to solid tumors

is 10,000-fold greater in mice than in humans38, providing a potential explanation for

the disappointing results of cell therapy trials in patients with solid tumors. This work
challenges allometric-based approaches in preclinical studies that are traditionally used

in dosing considerations for solid tumors3®, While engineered T-cell therapy dosing has
always required additional individualized features in the transition from mice to humans (for
example, consideration of tumor mass and receptor expression), these findings suggest that
improved dosing for solid tumors follows a less linear path than current algorithms suggest.
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Solid tumors also harbor a strong tolerogenic environment, leading to T-cell exhaustion

and dysfunction40-42. In the presence of continuous stimulation by tumor antigens, T

cells develop a progressive state of hypofunctionality characterized by distinct epigenetic,
metabolic and phenotypic signatures*3. To assess this dysfunction in CAR T cells directed
at pancreatic cancer, our group has recently developed an in vitro model of continuous
antigen stimulation, enabling the investigation of dynamic temporal changes in the induction
of T cell dysfunction*. CD8* CAR T cells displayed altered chromatin dynamics and
upregulated many genes typically associated with NK cells. The NK-like T-cell transition
was associated with the upregulation of /D3and SOX4, and knockout of the transcription
factors encoded by these genes prevented or delayed the state of T-cell dysfunction. New
strategies to overcome the toxic effects of the solid TME are imperative as the field seeks to
improve the therapeutic efficacy engineered cells for solid tumors.

Toxicities from engineered immune cell therapies

The toxicities of engineered cellular immunotherapies are distinct from those of other
classes of therapies, such as cytotoxic chemotherapies, and, surprisingly, they are also
distinct from those of immune checkpoint inhibitors#®. This realization has required the
development of classification systems that are dedicated to the grading of adverse events
resulting from engineered cell therapies#6:47.

As with all therapeutics, toxicities with engineered cells can be classified as on-target or off-
target. The longest running clinical experience in the CAR T-cell field has been with CD19-
directed CAR T cells, for which on-target toxicities, including B-cell aplasia, cytokine-
release syndrome (CRS) and immune-effector-cell-associated neurotoxicity syndrome
(ICANS), have been described?®. ICANS was initially thought to result from a cascade

of off-target effects due to systemic inflammation and cytokine release*8; however, some
aspects of the syndrome may be related to the expression of CD19 in pericytes in the central
nervous system?, an unexpected observation because CD19 was initially described as a
B-lineage-restricted protein. An important and somewhat surprising recent finding suggests
that the host microbiome has substantial effects on the efficacy and toxicity of CAR T cells
(Box 2).

CRS and ICANS toxicities are now regarded as a class effect of CAR T cells, as these
syndromes have been observed in patients treated with CAR T cells targeting CD19,
BCMA, and many other cell surface structures®®. Increasing clinical work has led to

the emergence of specific toxicity profiles for the various targets. Although both CD19-
and BCMA-targeted CAR T cells trigger ICANS, the clinical aspects differ; for example,
patients with multiple myeloma treated with BCMA-specific CAR T cells may develop a
Parkinsonian syndrome®1, potentially related to expression of BCMA in the central nervous
system?®0,

Unlike some other therapies (such as chemotherapy), the toxicities of which are
predominantly off-target, the toxicity of engineered cells is predominantly on-target.
Therefore, CRS and ICANS induced by engineered cells may be more a feature of
increasingly potent therapies than a class effect. Further, these toxicities are generally
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not observed in preclinical studies owing to a lack of sufficiently representative animal
models. Emerging single-cell technologies can precisely map target expression levels and
thereby predict on-target, off-tumor toxicities with CAR T cells®®. However, this remains
a challenging technical issue with TCR T cells, which can cause severe and unexpected
toxicity®2. An emerging lesson for the field is that the expression of targets in healthy
patients may not be the same as in patients with cancer. The inflammation triggered by
initially on-target recognition by engineered cells can trigger the subsequent induction of
off-tumor target expression that was not present at the time of cell infusion®0. Real-world
data indicate that, with increasing clinical experience, the severity of CRS and ICANS has
decreased, likely reflecting earlier intervention and possibly the treatment of patients with
lower disease burden7:53,

Genotoxicity is an important challenge with engineered cell therapies. As engineered
receptors are primarily introduced by viral-vector integration, safety concerns arise from

the potential for insertional mutagenesis and cellular transformation. Clinical experience
indicates that these risks are cell-type-specific. For example, the risk of transformation is
higher with HSC than with T cells®*. Our group has found that CAR T cells can safely
persist for a decade in patients31:°5, and despite the many thousands of patients who have
been treated with engineered T cells globally, there are, to our knowledge, only two reported
instances of T-cell transformation®®. Both these cases of CAR T lymphomas occurred in

the setting of allogeneic HSCT, with a CAR T product manufactured using the piggyBac
non-viral gene transfer technology®’. In a pilot trial of multiplex engineering of T cells using
CRISPR-Cas9 technology, we found that chromosomal translocations, rather than off-target
edits, were the primary safety concern®8.

The emerging clinical efficacy of engineered HSCs and engineered induced pluripotent
stem cells (iPSCs; generated by reprogramming of adult cells) highlights an urgent need to
further characterize and enhance the safety of engineered stem cells. In preclinical models,
tumor formation from engineered iPSCs is increased when cells are derived from patients
with some baseline genetic abnormalities®®. The convergence of multiplex human genome
engineering with cell therapies illustrates the increasing need to refine genome-editing
technologies and to develop assays for monitoring the safety of infused cellular products.

In addition to cell-type specificity, another issue facing the field is the broad safety

of allogeneic cell therapies®®, which have substantially higher safety hurdles than do
autologous cell therapies. Autologous T cells have specialized cell-intrinsic and cell-
extrinsic safety features, such as control of TCR clonal abundance and resistance to
oncogene transformation, which may provide an additional measure of safety lacking in the
T cells, HSCs and iPSCs used for allogeneic therapies®1:62, It is reassuring that, at present,
the collective safety of engineered cell therapies compares favorably to cytotoxic agents that
have been the standard of care for the previous 50 years>3:63,

Combination cancer therapy

The feasibility of engineered cells of diverse types and diverse sources (autologous
versus allogeneic) creates the permutational possibility of many combination strategies.

Nat Med. Author manuscript; available in PMC 2022 October 19.
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As well as combining different cellular therapies, it is also possible to combine cellular
therapies with other drugs or recombinant proteins. There is often confusion between the
terms ‘combination therapy’ and ‘combination product’. Combination therapy refers to the
common practice in medicine of the administration of, for example, several chemotherapy
reagents to a patient in combination for treatment of a particular cancer. In contrast, a
combination product is defined by health authorities as a product that involves a drug
and/or a biologic and/or a medical device. Thus, combining an infusion composed of
dendritic cells with one composed of T cells would be a combination therapy but not a
combination product, because both components are considered biologics by the FDA. In
contrast, engineered T cells injected into the liver with a specific catheter for treatment of
cancer would be a combination product. For information on the FDA guidance and policy,
see ref. 5. Below, we discuss potential combination strategies, some of which would be
considered combination products from a regulatory perspective.

Combination therapies can alleviate the unique hurdles of engineered cellular therapies

to enhance antitumor effects (Fig. 4). Indeed, preclinical studies of combination

therapy incorporating oncolytic virotherapy®4-66, immune checkpoint blockade®’, bispecific
antibodies®8 or small molecules with cellular therapy have demonstrated enhanced antitumor
activity. Oncolytic adenoviruses (OAds) have engineered modifications that allow them to
selectively enter tumor cells and replicate, resulting in tumor cell death through oncolysis
(thereby reducing the modalities of tumor escape); they can also be modified to express
therapeutic transgenes in the TME®970 and have demonstrated safety in clinical trials’1:72.
Oncolytic virotherapy and CAR and TCR T-cell therapy are synergistic modalities for

solid tumor treatment. Combinatorial studies have exploited the transgene delivery potential
of OAds to drive tumor-antigen-specific expression (that is, CD19)73. Preclinical studies
published by our group have demonstrated that the new combination of OAds expressing
tumor necrosis factor (TNF)-a and interleukin (IL)-2 with mesothelin-targeting CAR T
cells was able to modulate the immunosuppressive TME and induce CAR-dependent and
CAR-independent host immunity in pancreatic cancer’4.

Immune checkpoint blockade is another approach to overcome tumor-associated immune
suppression’® and revitalize T cells’8. In clinical trials, the combination of pembrolizumab
with mesothelin-targeting CAR T cells further enhances the persistence and function of
the latter in patients with malignant pleural diseases®’. Effective checkpoint blockade and
expression of checkpoint molecules are key to the success of such combinatorial therapies;
for instance, one study demonstrated that two CARs, one targeting EGFRvIII and the
other targeting 1L-13Raz2, preferred different checkpoint blockades within the same tumor
model”’.

An alternative approach to checkpoint blockade is to redirect non-specific bystander T cells
against tumors by engineering CAR T cells to produce bispecific antibodies, as shown

in a preclinical study for the treatment of glioblastoma®8. Research by our team has

also explored the combination of folate receptor alpha-targeting CAR T cells with OAds
expressing a localized bispecific antibody targeting EGFR, which led to enhanced T cell
activation and antitumor effects’®.
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Overall, combination strategies involving engineered cell therapy for solid tumors show
promising results; the interaction between the OAd and tumor immune cells and the
selection of appropriate CAR signaling domains and of effective checkpoint blockade have
all been highlighted as key determinants of antitumor efficacy.

New directions in cancer and beyond

Convergence of genome engineering and synthetic hematopoietic systems.

The ability to rewrite the human genome at will was a long-held goal of gene therapy’°.
Over the past two decades, advances in recombinant nuclease technology have made gene
correction a possibility for genetic disorders of the bone marrow. In addition, this rapidly
advancing field now permits the installation of new therapeutic functions in cells, which

is a central goal of the field of synthetic biology. In principle, ‘living drugs’ created from
engineered hematopoietic stem cells can be created to cure essentially all the disorders of
the hematopoietic and immune systems, such as cancer and hemoglobinopathies (including
sickle-cell disease and severe thalassemia, which affect over 300,000 births annually®0).

To this end, advances in human genome engineering, when combined with advances in
synthetic biology, have vastly improved the potential of cellular therapies. Here, we address
some of the opportunities and challenges on the near-term horizon.

Synthetic hematopoiesis.—In our view, advances in the field of HSC transplantation
and genome engineering have reduced correction of hemoglobinopathies to an engineering
problem. The proof of principle is being established in early-stage trials and the scaling up
of the technologies will become a principal challenge. This will likely open up the field of
synthetic hematopoiesis, whereby new functions can be added to HSC and their progeny.
In the field of infectious diseases, on the basis of genetic evidence from the CCR5A32
polymorphism and other antiviral approaches, it is likely that HI\-proof immune systems
could be used to induce functional eradication of the virus in patients with HIV/AIDS8L,
Engineering HSCs has broad applications in cancer and regenerative medicine, and these
opportunities will depend on the identification of safe-harbor spots in the genome to install
genes and gene circuits®2.

Epitope deletion and replacement strategies.—One of the most promising cellular
therapy combination approaches in cancer treatment involves engineered HSCs with CAR
T cells, given their long lifespans and feasibility of administration as single agents. The
absence of cancer-restricted surface markers is a major impediment to antigen-specific
immunotherapy for solid tumors and several hematologic malignancies. For example, CD33-
targeting CAR T cells can effectively kill CD33* AML cells; but, as CD33 is also expressed
in HSCs, the treatment causes severe myelotoxicity. To address this issue, a study conducted
in mice and nonhuman primates showed that deletion of CD33 from normal HSCs did

not restrict their long-term engraftment and generated progeny that were resistant to CD33-
specific CAR T cells83. Therefore, infusion of CD33-deleted hematopoietic stem cells
could allow efficient elimination of CD33* leukemia cells by CAR T cell therapy, without
myelotoxicity. This principle of creating a cancer-specific neoantigen with a combination of
CAR T and gene-edited HSCs will be tested in a planned clinical trial.

Nat Med. Author manuscript; available in PMC 2022 October 19.
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It is likely that this strategy of using genome-edited HSCs can be extended to target other
‘Achilles heel” molecules on HSCs, whereby off-tumor expression leads to unacceptable
toxicity following CAR T cell therapy—for example, CD34, CD45 and CD123 (all
promising targets for blood cancer). Given the ability to map the extracellular binding

sites of CAR targets and recently developed gene-editing strategies (that is, base editing
and prime editing), it may be possible to remove extracellular epitopes on HSCs to avoid
targeting by CAR T cells—which would continue to target wild-type epitopes on malignant
cells. The feasibility of this epitope-replacement strategy depends on structural knowledge
of the extracellular domains of the targeted molecules and characterization of the binding
site of various antibody fragments used in CAR T cells.

Avoiding tumor escape and striving for synthetic lethality.—Tumor escape is an
inevitable occurrence with potent cancer therapies?. Synthetic lethality was first described
in the early 1920s, and later coined in the 1940s84. It describes individual genetic mutations
that were only lethal upon combination in Drosophila. Since then, this concept has been
successfully applied in the discovery of druggable cancer-specific targets8® (for example,
BRCA™!~ breast cancer cell sensitivities to PARP inhibitorsg®).

Now in the age of immunotherapies, we have sought out similar multifaceted models

to induce immune synthetic lethality and improve antitumor immunity. For instance,
tumor-cell-intrinsic JAKZ loss-of-function mutations have been shown to drive resistance
to immune checkpoint blockade®’. In the context of TCR-engineered T-cell therapies
exploiting driver oncogene neoantigens8, tumors often develop MHC-1 escape to evade
attack. Therefore, to achieve immune synthetic lethality in TCR therapies, mechanisms of
MHC loss must be addressed—for example, through small molecules. Similar two-pronged
approaches have been applied in CD19-targeting CAR T cells; in this context, we found
that pretreatment of patients with leukemia with the Bruton tyrosine kinase/IL-2-inducible
kinase (BTK/ITK) inhibitor (ibrutinib), which decreases the expression of PD-1 on B cells,
improved expansion of CD19 CAR T cells®. This is likely mediated through subsequent
effects on B-cell receptor signaling that enhanced their attack by adoptively transferred CAR
T cells®,

Another approach is to combine two effector strategies in the same cells, such as the
development of engineered cells that simultaneously express a CAR and a TCR??, or
CAR T cells secreting bispecific engagers targeting alternative structures in the tumor or
its microenvironment®, which would ensure that tumor cells require several alterations
to escape?2. Yet another form of synthetic lethality could be the combination of different
cell types, for example CAR T cells that kill by lytic mechanisms and CAR macrophages
that kill by phagocytosis®3, thereby overcoming some potential forms of tumor escape. A
bioinformatics challenge facing the field is the identification of various forms of immune
synthetic lethality so that strategies to target these vulnerabilities can be developed.

Applications across the disease spectrum.

Beyond their application in cancer, adoptive cell therapy advances have also revolutionized
the field of immunotherapy in other disease contexts?*95, In addition to the initial success
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of HSC engineering in hemoglobinopathies and HIV, progress has been made in the
treatment of autoimmune disorders®. Following the implementation of regulatory T cell
(Treg) therapies to expedite tolerance induction of donor organ transplants (NCT02371434),
ex-vivo-expanded Teq therapies have been explored in multiple preclinical models of
autoimmunity, including type | diabetes (T1D), multiple sclerosis (MS), systemic lupus
erythematosus (SLE) and pemphigus vulgaris (PV)%. Engineered T cells have been
leveraged to mitigate pathogenic antibodies such as those found in SLE®” and PV,
Chimeric autoantibody receptors (CAAR) directed against the PV autoantigen desmoglein
have demonstrated antigen-specific cytotoxicity in vivo and in vitro%, and are currently
being investigated in a multi-institutional clinical trial (NCT04422912). In refractory SLE,
conventional CD19 CAR T cells have been leveraged to deplete B cells, which led to a
complete response in a pilot clinical trial involving a single patient®®. Finally, engineered
iPSC-based therapies have also been explored with promising results in the treatment of
T1D100,

Engineered cell therapy strategies have also been applied in the treatment of cardiac
fibrosis, for which few anti-fibrotic therapies exist101. Recent studies have demonstrated
that re-engineering T cells with a CAR against fibroblast activation protein (FAP) mediates
reduction in cardiac fibrosis and restores function in vivo by inhibiting stromagenesis

and angiogenesis102, Anti-fibrotic CAR T cells have also been generated in vivo using
modified messenger RNA in T-cell-targeted lipid nanoparticlesl3. As in T1D treatment,
iPSCs have also been extended to treatment of cardiac fibrosis. Human iPSC-derived
macrophages have been shown to improve liver fibrosis and stimulate regeneration in
vivol04, There is increasing awareness of the immune system’s role in cardiac function
and injury responsel05.

CAR T cells for myeloablation.

There is a long-standing unmet medical need for strategies to safely ablate hematopoiesis
and/or lymphopoiesis to facilitate engraftment of therapeutic cells196.197, This issue has
vexed researchers in the transplant field for many years, where high-dose chemotherapy

has been the standard of care to facilitate engraftment of transplanted stem cells. Related

to this is the requirement for transient immunosuppression to facilitate engraftment of
adoptively transferred cellsl07. One strategy involves targeting of HSCs and hematopoietic
progenitor cells with depleting antibodies, instead of chemotherapy. A promising target

is the panhematopoietic CD45 tyrosine phosphatase, and studies with CD45 antibodies
conjugated to radioisotopes or other toxins have been reported or are ongoing8. A phase
3 trial with an 131|-labeled anti-CD45 antibody as an adjunct for conditioning has been
recently completed (NCT02665065). Targeting the tyrosine kinase c-Kit (also known as
CD117) on host HSCs is another strategy to facilitate allo-HSC engraftment'99. However, a
limitation of the use of antibodies labeled with radioconjugates is that they have the potential
to mediate genotoxicity in the hematopoietic niche, whereas antibody—drug conjugates
against HSCs have the potential to circumvent this limitation.

We suggest that CAR T cells may be able to eradicate host hematopoiesis even more
efficiently than antibody-facilitated host conditioning. For example, most antibody-directed
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therapies rely on auxiliary mechanisms to eradicate targets, such as antibody-dependent
cellular cytotoxicity, a process that may be impaired in heavily pretreated patients. A single
infusion of CAR T cells targeting CD19 has been shown to be able to eradicate all cells
(both normal and malignant) of the B-cell lineage3L. On the basis of this remarkable finding,
we posit that CAR T cells targeting lineage-restricted molecules on HSCs may provide a
‘deep cleaning’ (>6 log depletion) of host hematopoiesis and facilitate a variety of stem-cell-
directed therapies. Such myeloablative strategies with engineered CAR T cells could be
transient or permanent, depending on CAR T designs!19. Another myeloablative approach
using engineered HSC and T cells is described above in the section on epitope deletion and
replacement strategies.

Clinical considerations: bottlenecks and challenges

Autologous CAR T cells are personalized, living drugs that require a rethinking of the
traditional manufacturing paradigm used for other biologics, such as recombinant proteins
and vaccines!1!, The current approach to manufacturing autologous CAR T-cell therapies
relies on a centralized model, in which patient materials are cryopreserved, shipped to the
manufacturing facility, genetically modified and expanded, cryopreserved a second time, and
then shipped back to the clinical site112:113, In addition to complex logistics, manufacturing
of currently approved CAR T-cell products requires manual processing steps that must

be conducted by highly trained personnel in good manufacturing practice (GMP)-certified
facilities!14. This cumbersome, centralized model presents a bottleneck for translation of
preclinical candidates into phase 1 trials and will present challenges for commercialization
of CAR T-cell and HSC therapies directed for indications with larger patient populations.

It also presents challenges for translation in emerging markets that lack the required
infrastructure for receipt and storage of cryopreserved materials.

Several approaches are being pursued to address the manufacturing challenges for
autologous CAR T-cell therapy. Off-the-shelf CAR T-cell products—whether derived from
allogeneic T cells or iPSCs—have received considerable attention owing to the elimination
of the complications associated with a personalized therapy, and are currently being
evaluated in numerous clinical trials’-115, Although the use of non-patient starting material
considerably reduces the cost per dose and simplifies logistics!16, manufacturing is still
highly complex owing to the need for genetic editing!1’, and durability is not yet on par with
autologous therapies’:118,

Another method to mitigating the manufacturing bottleneck is the use of in vivo cell
engineering, in which a patient’s T cells are transduced or transfected directly within

the patient. In vivo cell transduction eliminates the ex vivo manufacturing step, and if
successful, would enormously simplify the delivery of CAR T cell therapy and allow for
translation to a broader patient population. To date, there have been multiple demonstrations
of in vivo CAR T-cell generation in mice using CD4- and CD8-targeted lentivirus'19.120 as
well as an engineered adeno-associated virus?1. Given the risks of off-target transduction,
a potentially safer approach might be to transiently transfect T cells using T-cell-targeted
lipid nanoparticles loaded with mMRNA encoding the CAR. This approach was used to
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successfully treat cardiac fibrosis in mice using CD5-targeted lipid nanoparticles containing
a mRNA encoding a FAP-directed CAR103,

As with food products, cell therapies may be broadly classified as natural or genetically
modified. The policy of the FDA is to regulate cell and tissue products that are

not homologous and are more than minimally manipulated!?2. Broadly speaking, the
homologous use of cells refers to regenerative medicine applications that repair or replace
damaged cells and tissues. Cell products that are more than minimally manipulated have
altered characteristics (such as being genetically engineered), another feature that triggers
full regulation by health authorities. These distinctions have major implications for clinical
medicine and the development of cellular therapeutics. The prospect of the cure for
hemoglobinopathies with genetically engineered HSCs is on the horizon, offers hope to
afflicted patients, and has major implications for the pharmaceutical industry and healthcare
policies. The manufacturing of genetically modified autologous HSCs will require higher
standards and more stringent regulation than for red blood cells derived from healthy donors.

Summary and perspectives

Transplant studies have laid the groundwork for our current understanding of immune
tolerance and highlight the underlying complexities of cellular therapeutics today. The
expansion of the cellular immunotherapeutic field to numerous diseases, cell sources, and
cell types indubitably reflects the careful integration of engineering innovations with a
deepened understanding of underlying mechanisms of action.

Lessons learned from cancer immunotherapies have set the stage for application of
engineered cellular therapy to autoimmune diseases, genetic disorders, infectious diseases
and regenerative medicine. However, we need to identify more selective targets, leveraging
our understanding of peripheral tolerance. TCRs targeting shared mutations in driver
oncogene pathways hold promise for treatment of solid tumors88, as do CARs that bind to
tumor-specific glycans, splice variants, peptide central targets presented by human leukocyte
antigens123.124 Advances in synthetic protein engineering and computational modeling also
offer novel opportunities to increase CAR T-cell specificity in the TME125:126,

Going forward, as the field implements allogeneic engineered cell therapies, we are

likely to face obstacles in engraftment and persistence. However, as we break down their
mechanisms, these hurdles are likely to be overcome by novel applications of synthetic
biology and increased precision in genome editing. Science, medicine and the public need to
embrace these developments to realize the full potential of engineered cell therapies.
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Box 11
Lessons learned from graft-versus-host disease

Long before the current age of engineered cell therapies, myeloablative therapies with
HSCT were implemented to combat hematological malignancies. Despite successful
transplantation, the initial autologous HSCT recipients quickly relapsed49, and
allogeneic HSCT was found to be more effective in this setting. An unexpected

finding was that the nature of the infused bone marrow conferred a major and durable
antileukemic effect: HLA-identical sibling (allogeneic) marrow was superior to HLA-
identical monozygotic twin marrow!°C, The antileukemic effects of allogeneic HSCT
were correlated with onset of GVHD and a graft-versus-leukemia (GVL) effect!®1, These
landmark studies were the first to demonstrate that the human immune system could
mediate potent antitumor effects.

Donor T cells present in the graft were necessary to elicit the GVL effect; these cells
engage the immune system to mediate killing of host leukemic cells and HSCs. While
we now understand that the origins of the GVL effect and GVHD are rooted in minor
and MHC mismatches!®2, the mechanisms are still being explored%3. The field was thus
left with a similar paradox to one faced in the field of cellular immunotherapy: how can
tumor immune tolerance be broken without disrupting peripheral tolerance? The field of
GVHD has and continues to shed light on basic and translational aspects of tolerance and
serves as an example for leveraging this understanding in the broader context of cancer.

With the initial investigation of GVHD came an improved understanding of immune
tolerance. For decades, the field exemplified the translation of bench to bedside and

back to bench research, presenting new opportunities to further our understanding

of tolerance in human immunology. Cellular mechanisms that maintain central and
peripheral tolerance are under attack during GVHD, providing a pathogenic link between
alloimmunity and the development of engrafted donor autoreactive T cells that play

a pivotal role in the pathophysiology of chronic GVHD1%4, Novel strategies designed

to promote both tissue tolerance and immune tolerance may be essential to decrease
GVHD severity without suppressing T-cell responses, thus preserving the beneficial GVL
effect153.155
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Box 2|
The emerging role of the microbiome in cell transfer

Emerging innovations in sequencing and computational modeling have enabled the
assessment of both diversity and abundance of particular taxa in the host microbiome.
Although it is still not fully understood how the localized microbial environment instructs
systemic immunity, emerging evidence has highlighted its role as a predictive biomarker
of response to chemotherapy and immune checkpoint blockade (ICB)156.157,

For instance, the chemotherapeutic agent cyclophosphamide exerts its effects through a
gut-induced TH17 response, which increases tumor susceptibility to the chemotherapeutic
itself158; this response is diminished by antibiotics that alter the microbial diversity5°.
The impact of specific bacterial species on ICB efficacy varies between treatment
regimens, but species associated with increased efficacy typically enhance pathways of
host immunogenicity (such as DC and T-cell activation and proinflammatory cytokine
responses) and reduce host tolerance mechanisms of regulatory immunosuppression
(Treg cells, TGF-B and 1L-10)160. While overabundance of Bacteroidetes species is
associated with a poor antitumor response in PD-1-targeting ICB therapy, overabundance
of Firmicutes species is associated with increased host immunogenicity and improved
efficacyl61. A diverse microbiota is also associated with improved outcome after
HSCT162, Antibiotic use may deplete Bacteroidetes species, and it may affect other
aspects of community structure and metabolite pools; therefore, more mechanistic work
is needed to determine the distinct drivers of community structure and metabolite
composition.

Uribe-Herranz and coworkers showed that the efficacy of TCR-engineered T cells was
improved in mice with fecal microbiota transplant or vancomycin, both increasing CD8a
DCs and IL-12 (ref. 163). This was surprising in that most of the activity of adoptively
transferred T cells was thought to arise from cell-intrinsic effects imparted during

cell culture. In the context of human CAR T-cell therapy, distinct intestinal species
abundances have correlated with increased therapeutic efficacy64, but these studies
were limited to a small cohort. More recently, however, Smith et al.16° conducted a
multi-institutional study exploring the associations between prior antibiotic exposure and
subsequent CD19 CAR T-cell efficacy and toxicity. These retrospective studies revealed
that specific antibiotic use (that is, piperacillin/tazobactam, meropenem, and imipenem/
cilastatin) increased the likelihood of ICANS in patients with ALL or non-Hodgkin’s
lymphoma. The conservation across domains suggests an association of microbiota and
ICANS through a gut-brain axis®°. This study also assessed the fecal microbiota and
found that the predicted probability of toxicity was correlated with high Bacteroides
species abundance. Conversely, the predicted probability of efficacy was correlated with
high Ruminococcus species abundance, corroborating their prior findings from their
2019 cohort in which complete responders had higher abundances of Ruminococcaceae
and Lachnospiraceae family members184. Intriguingly, similar relative abundances have
correlated with an increased ratio of Tye/TH17 cells, suggesting their role in balancing
anti-inflammatory and proinflammatory responses during GVHD in allogeneic HSCT166
and potentially in adoptive cell therapies as well. Other considerations include the role

4L

Nat Med. Author manuscript; available in PMC 2022 October 19.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Finck et al.

Page 24

of current myeloablation techniques in barrier destruction and enhanced engagement of
innate immunity. Further research is warranted as we stretch the bounds of engineered
therapies and move toward allogeneic cell sources, as intestinal microbial diversity loss is
acutely correlated with lower survival in allogeneic HSCT162.166,
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Fig. 1 1. Autologous and allogeneic engineered cell manufacturing.

a, Tumor mass is excised and TILs are isolated. Once collected, autologous TILs are
activated, engineered and expanded ex vivo under optimized culture conditions, prior

to being reinfused into the patient. b, Peripheral blood is collected and T cells are
isolated through leukapheresis. Upon isolation, T cells are activated ex vivo and virally
transduced to express a synthetic CAR receptor or an engineered TCR. Following expansion,
genetically modified autologous T cells are infused into the patient. c, Cells from various

sources are either directly collected from peripheral blood mononuclear cells or are
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differentiated in vivo. To prevent alloreactivity, human genome engineering, such as removal
of the endogenous TCRs in allogeneic T cells, is conducted, and synthetic receptors are
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inserted. Cells are cryopreserved and banked following manufacturing. Figure created using
BioRender.
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Fig. 2 1. Mechanisms of tolerance.
Central (a—c) and peripheral (d—j) tolerance mechanisms a, Clonal deletion. A developing T

cell (in the thymus) or B cell (in the bone marrow) recognizes a self-antigen and is deleted
by apoptosis. b, Clonal diversion. A developing T cell receives a medium-strength signal
through its receptor in the thymus, which induces FOXP3 expression and differentiation into
a natural Treq cell (nTyeg). C, Receptor editing. A developing B cell recognizes a self-antigen
in the bone marrow and undergoes further genetic recombination events to produce a new
antigen receptor on its surface that no longer responds to self-antigen. d, Regulation. nTyeg
cells (from the thymus), inducible Tyeq (iTreg) cells (generated in the periphery), regulatory
B cells (Breg) and CD8* T suppressor cells work through various contact-dependent and
contact-independent modes to suppress immune responses in the periphery. e, Anergy. A
state of unresponsiveness induced when a T cell receives a signal through its cognate antigen
receptor (TCR-Ag-MHC) in the absence of costimulation (CD28-B7 or CD40-CD40L). f,
Deletion. Strong signals through the cognate antigen receptors on lymphocytes can bring
about activation-induced cell death. g, Exhaustion. The persistence of antigen during an
ongoing immune response can lead to a state of hyporesponsiveness. h, Immunologic
ignorance. Some organs (such as the anterior chamber of the eyes) are immune-privileged,
and lymphocytes have diminished access to these tissues. i, Accommaodation. B cells
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produce antibodies that fix complement and damage a transplanted organ; but in the
presence of a persistent antigen, the B-cell and antibody repertoires change, and produce
antibodies that protect from complement fixation, thereby protecting the transplanted organ
from damage. j, Organ-specific tolerance. Some organs are more tolerogenic than others,
such as the liver (adapted from Ezekian at al. with permission27).
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Adaptive mechanisms

d Mechanisms of donor antigen presentation and T-cell priming
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Fig. 31. Innate and adaptive mechanisms of cell recognition and rejection.
The contribution of each pathway in allogeneic cell rejection can vary depending on donor

cell source, transplant location, and host levels of immunogenicity. Innate mechanisms of
rejection are shown in parts a—c. a, Complement-dependent cellular cytotoxicity is initiated
after pre-existing donor-specific anti-HLA antibodies (DSAS) recognize non-self MHC-I.
Complement component C1q then recognizes these DSA-pMHC | complexes and initiates
the complement cascade, leading to the formation of membrane attack complexes, which
induce donor cell apoptosis (as seen in HSCT128 and solid organ transplant!29). b, NK cell
‘missing self’ cytotoxicity: NK cells have activating and inhibiting receptors (that is, KIR

in humans and Ly49 in mice). In the presence of an activating signal, KIR detection of self
MHC-I will prevent killing by NK cells. However, if self MHC-1 is not detected on the target
cell, NK cytotoxicity will not be inhibited. c, Antibody-dependent cellular cytotoxicity can
be mediated by DSAs and effector cells bearing Fcy receptors (that is, monocytes, NK cells
and macrophages). d, Adaptive mechanisms of rejection. Donor antigen presentation and
priming can be mediated by direct and indirect mechanisms. CD4* T cells can be primed
indirectly by donor peptide loaded on host MHC-I1 (i) or semi-directly on recycled donor
MHC-II (ii). Another form of semi-direct antigen recognition is when MHC-I molecules

are recycled from donor cells, which results in CD8* T cell recognition of donor antigen

in the presence of indirectly activated CD4* T cells (iii). Finally, host CD4* T cells can

also become activated directly on donor antigen-presenting cells1® (iv). e, Host CD4* T cells
promote activation of CD8* T cells, NK cells, macrophages and B cells. Activated CD4*
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T cells (called type 1 helper T cells, Tyl cells) can provide proinflammatory cytokines

to improve direct cytotoxicity of T cells and other effector-mediated cellular cytotoxicity
mechanisms. Ty1-type cytokines can also activate macrophages, which enhances 1L-12
secretion and helps maintain the T1 subset. In presensitized models, CD4* T cells can also
bolster a macrophage-driven phenotype through CD40-CD40L interactions!30. T2-skewed
CD4* T cells also enhance antibody-dependent cellular cytotoxicity through antigen-specific
activation of B cells and secretion of cytokines that are important for class switching
(IL-4/IL-5) and proliferation (IL-2). pMHC, peptide-bound MHC; APC, antigen-presenting
cell; IFNy, interferon -y; GMCSF, granulocyte—macrophage colony-stimulating factor; CTL,
cytotoxic T lymphocytes. Figure created using BioRender.
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Fig. 4 I. Permutations of cell therapiesfor cancer treatment.
a, The availability of numerous types of cell therapies creates the possibility for a wide

range of combinatorial therapeutic approaches. Within each cell type, there is a wide

range of cellular modifications that can be made, ranging from addition of synthetic
receptors?3:131-138 and secreted payloads’>139-141 tg genetic deletions®8-142.143 This diverse
toolbox of cell therapies can be used in numerous combinations, which may be more
effective than each one as monotherapy. Note that only a subset of examples is listed

for each category of cellular modification. b, There are additional therapeutic modalities
that have the potential to synergize with cell therapies'44-148, thus further increasing the
number of potential therapeutic combinations. ¢, Two examples of potential therapeutic
combinations are shown that could improve the ability to directly target tumor cells and
increase the endogenous immune response. Figure created using BioRender.
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