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Chimeric antigen receptor (CAR) T cells are a cancer immuno-
therapy of extremes. Unprecedentedly effective, but complex
and costly to manufacture, they are not yet a therapeutic option
for all who would benefit. This disparity has motivated world-
wide efforts to simplify treatment. Among the proposed solu-
tions, the generation of CAR T cells directly in the patient,
i.e., in vivo, is arguably simultaneously the most technically
challenging and clinically useful approach to convert CAR ther-
apy from a cell-based autologous medicinal product into a uni-
versally applicable off-the-shelf treatment. Here, we review the
current state of the art of in vivo CAR therapy, focusing espe-
cially on the vector technologies used. These cover lentiviral
vectors and adenovirus-associated vectors as well as synthetic
polymer nanocarriers and lipid nanoparticles. Proof of
concept, i.e., the generation of CAR cells directly in mouse
models, has been demonstrated for all vector platforms. Recep-
tor targeting of vector particles is crucial, as it can prevent CAR
gene delivery into off-target cells, thus reducing toxicities. We
discuss the properties of the vector platforms, such as their
immunogenicity, potency, and modes of CAR delivery (perma-
nent versus transient). Finally, we outline the work required to
advance in vivo CAR therapy from proof of concept to a robust,
scalable technology for clinical testing.

INTRODUCTION

Gene therapy is looking back at over 30 years of history and an ever-
increasing number of therapeutic concepts and indications." Toward
the end of the 2000s, initial success stories were soon followed by re-
ports of severe side effects and deaths.”” The field overcame these set-
backs through technological innovation in vector design and has since
then entered a booming phase with the present worldwide mo-
mentum involving academic laboratories, agile biotech companies,
and big pharmaceutical players. The main driver for this development
was an extension in indications from monogenetic diseases to com-
plex acquired illnesses like cancer, which was facilitated by the use
of genes encoding artificial proteins. The most prominent example
is chimeric antigen receptors (CARs), which have revolutionized can-
cer immunotherapy with four medicinal products on the European
market.”” Still, major technological challenges for gene therapy
remain: Besides the implementation of minimally invasive gene edit-
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ing in treatment of monogenetic diseases and improving therapies’
safety profiles, cell-type-selective in vivo delivery of therapeutic genes
is currently regarded as one of the problems with the highest priority.”
The conversion of therapy-relevant cells into corrected or therapeutic
protein-producing cells directly in the patient would make complex
ex vivo manufacturing of genetically modified cells unnecessary and
enable previously unviable therapeutic approaches.

In vivo gene delivery has already reached the market. Based on adeno-
virus-associated vectors (AAVs) or oncolytic viruses, they rely on
local application or the non-toxicity of their genetic cargo to offset
the vectors” broad cellular tropism. For many indications, however,
the therapy-relevant cells form a small, precisely defined fraction,
with off-target delivery to the majority of other cells being potentially
deleterious. This is also true for CAR T cell therapy, which requires
genetic modification of the patient’s T lymphocytes.

IN VIVO CART CELL THERAPY

CART cell therapy is a form of adoptive T cell therapy, in which can-
cer patients receive tumor-specific T cells that were genetically altered
and expanded ex vivo. Chimeric antigen receptors (CARs) are
composed of an extracellular antigen-binding domain, connected
via a hinge region and a transmembrane domain to one or more intra-
cellular signalling domains. Upon binding to their targets, CARs
induce intracellular signaling that results in antigen-specific killing
of the target cell and simultaneous proliferation of the CAR
T cell.”'” Thus, CAR T cells can be regarded as living drugs that
amplify in patients when they encounter target cancer cells. In recent
years, this unique therapeutic concept has boosted research world-
wide, with four products having been granted marketing authoriza-
tion in Europe. Initial authorizations were granted to Yescarta and
Kymriah, both targeting lymphoma cells via the B cell marker
CD19. Besides lymphoma cells, healthy B lymphocytes are eliminated
by these products, resulting in B cell depletion as a prominent side
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effect in treated patients.'" Recently, two additional products, Tecar-
tus and Abecma, have received regulatory approval, the latter extend-
ing indications for CAR therapy to multiple myeloma via B cell matu-
ration antigen (BCMA).” The approval of the first CAR cell product
not directed to CD19 marks an important step in this new field in can-
cer immunotherapy. Indeed, several hundred CAR T cell trials are
ongoing worldwide, many of which aim at facilitating manufacturing
and addressing additional malignancies.'”

Use of CAR T cells in patients has started a public debate about cost
explosions in health systems due to innovative therapeutics.'”> CAR
T cells are especially expensive, since they are individualized cell ther-
apy products requiring time-consuming manufacturing procedures
that rely on ex vivo gene transfer protocols. Following the isolation
of lymphocytes from patients, the cells are activated and subsequently
transduced, often using lentiviral or y-retroviral vectors. The modi-
fied lymphocytes are then expanded and finally re-infused into the
patient (Figure 1A). This complex manufacturing process is expensive
and, through the necessary manipulations of patients’ T lymphocytes,
can alter their phenotype and activity."* Moreover, T cells have to be
isolated from the patient’s blood with utmost stringency, as the pres-
ence of residual tumor cells in the preparation during transduction
may lead to accidental transfer of the CD19-CAR into leukemic cells
during manufacturing. This resulted in a CAR T-cell-resistant clone,
in which CD19 was masked by the single-chain variable antibody
fragment (scFv) of the CAR, thus preventing its recognition. Cancer
relapse and death of the patient followed.'> Although only a single
such case has been reported thus far, it highlights the complexities
of the manufacturing process for CAR T cells that prevent their broad
application in standard medical care as well as the risk associated with
off-target transfer of CAR.

Consequently, various paths are currently being pursued in preclini-
cal and clinical research to improve CAR technology. Strategies aim-
ing at facilitating the manufacturing process reach from automated
systems'® to allogeneic CAR T cells.'” Although automation com-
bined with the possibility to generate CAR T cells close to the patient’s
bedside will greatly facilitate the logistics of manufacturing, this will
not change the autologous, highly individualized nature of the prod-
uct. In the allogeneic approach, CAR T cells prepared from a healthy
donor are genetically manipulated to decrease their alloreactivity in
the recipients. This is a step toward off-the-shelf CAR T cells,
although the resulting products will most likely not be completely
universal, owing to human leukocyte antigen barriers that necessitate
adaptation to patient subgroups.'® Graft-versus-host reactions as well
as manufacturing complexity are circumvented when CAR T cells are
generated directly in vivo. Here, a single, universally applicable me-
dicinal product in the form of systemically administered vectors en-
coding the CAR would be used to transduce the patient’s T cells
directly in their body. The resulting CAR T cells would be truly autol-
ogous (Figure 1). Although theoretically ideal for meeting the
growing demand for CAR therapy, the in vivo approach has not yet
made it to the clinic, mainly because suitable vector platforms were
lacking, until recently. In the last five years, several groups have re-
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ported the successful in vivo generation of CAR T cells in mouse
models (Table 1). Following advances in vector design, especially in
vector targeting, these reports should be appreciated as breakthroughs
in cancer immunotherapy and as showcases for the relevance of vec-
tor engineering in gene therapy in general.

SURFACE ENGINEERING OF VECTOR PARTICLES

FOR RECEPTOR-TARGETED GENE DELIVERY

Despite approved medicines and the breakthroughs in clinical
research outlined above, gene therapies are far from being widely
administered. Approved products address severe diseases where the
risks associated with treatment are acceptable. As gene therapies
begin to be considered for more indications, vectors need to be
improved. This is especially relevant for systemic administration,
which resulted in potentially dose-limiting toxicities, including but
not limited to liver toxicities, as described for lipid nanoparticles
(LNPs)**! and AAVs® In a trial investigating treatment of
X-linked myotubular myopathy with AAVS, all three patients
receiving the higher dose experienced severe hepatotoxicity and two
died.”> When organs other than liver are the intended target, high
vector doses are required, since only a small fraction of the adminis-
tered particles reaches the therapy-relevant cell type, as was impres-
sively shown by human biodistribution data from two deceased chil-
dren treated with Zolgensma, an AAV9-based gene therapy for the
treatment of spinal muscular atrophy.*

Vectors that preferentially (or even exclusively) transduce the ther-
apy-relevant cell type upon systemic administration are expected to
reduce the required dose and toxicities.”> For in vivo CAR therapy,
use of such T-cell-targeted vectors is expected to prevent delivery of
the CAR to non-T cells, especially cancer cells, avoiding fatal conse-
quences for the patient. The degree of T cell-selectivity will have to
be experimentally determined for any new type of T-cell-targeted
vector. Receptor targeting is an approach of rational vector design
that renders vectors selective for a defined cell surface receptor,
e.g., for immune cell markers like CD3, CD4, CD5, or CD8. Impor-
tantly, selectivity is achieved at the level of cell entry. Accordingly,
such vectors preferentially transduce cells displaying the targeted re-
ceptor on their surface. While some selectivity for organs of interest
can be achieved by library-based empirical permutation of the
chemical composition of nanoparticles®® *° or residues in the
AAV capsid,">*! the incorporation of high-affinity binders, such
as scFvs,"* or designed ankyrin repeat proteins* (DARPins) into
the particle structure in the course of receptor targeting has resulted
in near-absolute cell type selectivity (>95%), especially for lentiviral
vectors (LVs).

Lentiviral vectors

LVs (Figure 2A) are usually pseudotyped with the glycoprotein G of
vesicular stomatitis virus (VSV-G), resulting in particles 120-150 nm
in diameter. VSV-G mediates cell entry via the low-density lipopro-
tein receptor (LDLR) and its family members, which are expressed
on many cell types.** Accordingly, VSV-G pseudotyped LVs exhibit
a broad tropism, achieving high transduction efficiencies on different


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

A ex vivo in vivo

/ 7-22 days \
o o[ | )
leukapheresis conditioning | reinfusion

. @@

particle infusion

LN g g

\
| e
i

<«

T cell

scFv

CD28
CD37

AN

@ \/\&‘//
-
transduction CART cell - I

autologous off-the-shelf

2d & 8-4

| i
!

@ activation
uoneoydwe
P
o

o

Figure 1. Ex vivo versus in vivo CAR therapy

The two strategies for converting T cells into CAR T cells are compared on the cellular level (A) and regarding their implications for clinical use (B). (A) Ex vivo generation of CAR
T cells usually entails isolation of T cells from patient blood (1), followed by activation, transduction, and ex vivo expansion. After conditioning treatment (2), CAR T cells are
infused into the patient (3). In the in vivo approach, vector particles (depicted as red dots) are infused directly into the patient, where they encounter T cells and selectively
deliver genetic material encoding the CAR (red). (B) Due to their autologous nature, ex vivo-generated CAR cell products currently have to be prepared individually for each
patient (left). The vector preparations currently under evaluation for in vivo CAR therapy constitute universally applicable off-the-shelf medicinal products (right).
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Table 1. Preclinical data providing evidence for in vivo CAR T cell generation

Vector Mouse model CAR
Immune X
Platform Targeted receptor Dosing and route” Strain* transplants® Configuration’ Target cells® Reference
2 x 10° TU (ip.) NSG Activated human o0 500 cAR Raji (i.p.)
LV with NiV PBMC:s (i.p.) ) o
glycoproteins Human CD8 Pfeiffer et al.
H CD34"
2 x 10° TU (iv.) NSG uman hCD19-28¢-CAR Endogenous B cells
CB cells
L ith Ni Acti h 2
V with Niv Human CD8 2.5 x 10" particles (i.v.) NSG ctivated human -y 6 her cAR Nalm-6 luc, (iv.) Agarwal et al.?”
glycoproteins PBMC:s (i.v.)
4 x 10" particles (i.p.) NSG ?;;?[fét:?i.};iman hCD19-28¢-CAR Endogenous B cells
LV with MV Activated hi
W R Human CD4 1 x 10" particles (i.v.) NSG ctivate . uman hCD19-28¢-CAR Nalm-6 luc, (i.v.) Agarwal et al”!
glycoproteins PBMC:s (i.v.)
H D34
4 x 10" particles (i.v.) NSG uman C hCD19-28¢-CAR Endogenous B cells
CB cells
LV with N.1V Human CD3 2 x 10" particles (i.v.) NSG Human CD34 hCD19-28¢-CAR Endogenous B cells Frank et al.”>
glycoproteins CB cells
LV with SINV Activated h
WS Human CD3 5 % 10' particles (i.v.) NSG ctivated hUMaN 1, 0p19-28¢-CAR BV-173 luc (i.v.) Huckaby et al.”
glycoproteins PBMC:s (i.v.)
H PBM
1 % 10" vg (ip.) NCG (i:r;la“ CS  1,CD4-28-4-1BBL-CAR Endogenous CD4 T cells
AAV-DJ N/A® = Nawaz et al.**
2 % 10" vg (ip.) NCG E;‘;la" PBMCS } 0D4-28-4-1BBC-CAR  MT-2 ATL (ip)
11 :
3 x 107 particles/day on Albino B6 N/A mCD19-4-1BBC-CAR  N/A
five consecutive days (i.v.) -
NC with DNA Mouse CD3 m Smith et al.™
3x10 ticles/dz
x 107 particles/day on Albino B6  N/A mCD19-4-1BBC-CAR  Ep-ALL(i.v.)
five consecutive days (i.v.%)
6 weekly doses; 50 pg Human T cells . .
N hCD19-28¢-CAR Raji-1 V.
mRNA/dose (i.v.) SG (iv.) CD19-28¢-C aji-luc (iv.)
Human CD8 T a 1
. 6 weekly doses; 50 pg Human T cells LNCaP C42 prostate 2
h A N h 1-4-1BB(-CA P; h L.
NC with mRN mRNA/dose (i.v.) SG (iv.) ROR C-CAR cancer cells (orthotopic) arayath et a
4 weekly bursts of 3 daily R
H CD3 B6 N/A CD19-28¢-CAR Ep-ALL (iv.
uman doses; 15 pg mRNA/dose (i.v.) / m ) B @v)
E fi i -
LNP with mRNA Mouse CD5 Single dose of 10 pg LNPs (iv.) B6 N/A mFAP-28¢-CAR ndogenous fibrotic Rurik et al.?

cardiac fibroblast

*N/A, not applicable.
bTU, transducing unit; i.p., intraperitoneal injection; i.v., intravenous injection; vg, vector genome.

“over 20 min with infusion pump.

INSG, NOD.Cg Prkdc*[L2rg"™"/SzJ; NCG, NOD/ShiLt]Gpt-Prkdc®™*“42[12rg™26“422/Gpt; Albino B6, C57BL/6J-Tyr" 2//J; B6, C57BL/6].

°PBMCs, human peripheral blood mononuclear cells; CB, cord blood-derived.
h, anti-human; m, anti-mouse.
fluc, luciferase expressing.

human cell types, including activated T lymphocytes. CAR therapy
mostly relies on lentiviral or y-retroviral vectors for ex vivo transduc-
tion. In 2018, 54% of clinical studies in the US used LVs for CAR
T cell generation.”> Beyond that, over 100 registered clinical trials
are ongoing, mostly using LVs in the context of immunological and
hematological disorders and cancer.*>*’

Engineering of LV-incorporated envelope proteins for receptor target-
ingis a two-step approach consisting of (1) destroying natural receptor
usage and (2) adding the binder for target recognition. Attempts to
alter receptor usage of the VSV-G protein are ongoing*® but chal-
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lenging, since it mediates both receptor binding and membrane fusion.
While the recent identification of the contact residues for LDLR has
already facilitated the use of receptor-targeted VSV-LVs in the study
of cellular interactions,"”” targeting approaches for LVs relying on
glycoproteins from alpha- and paramyxoviruses, which have separate
envelope proteins for binding and fusion, are more advanced (Fig-
ure 3A).” Initially developed for the measles virus (MV) glycopro-
teins,”” the approach was later extended to the envelope proteins of Ni-
pah virus (NiV). When membrane-proximal receptor domains are
targeted, NiV-LVs exhibit higher vector titers than MV-LVs and are
resistant to human serum antibodies.”* For both approaches,
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The vector particles’ main features (genetic information shown in red) and their cell entry modes, including nuclear entry and potential genomic integration, are depicted from
top to bottom, respectively. (A) LVs are enveloped particles containing one or more viral glycoproteins (blue) and two copies of a ssRNA genome packaged in a nucleocapsid.
Depending on the glycoprotein, cell entry occurs directly at the cell membrane or is dependent on endocytosis. The transferred gene is reverse transcribed, shuttled into the
nucleus, and integrated into the host genome. (B) AAVs consist of a ssDNA genome packaged into an icosahedral protein capsid. Cellular uptake by endocytosis is followed
by release of the transferred gene into the nucleus, where it resides episomally, separate from host chromatin. (C) In synthetic vectors, CAR encoding nucleic acids are
complexed with positively charged, biodegradable polymers (NCs) or lipids (LNPs). After endosomal escape, mMRNA payloads (1) are available for translation. Packaged DNA
(2) may reach the nucleus, where it can integrate into host chromatin when transposase is co-delivered.

DARPins may be used instead of scFvs,">*>>* which can be conve-

niently selected in vitro from large combinatorial libraries by ribosome
display.”” Our laboratory has done pioneering work in LV targeting,
describing LVs specific for more than a dozen different cell surface
proteins. In addition to surface markers of tumor cells, neuronal sub-

types, and endothelial cells,”® these include markers of immune and

hematopoietic cells with high relevance for in vivo CAR gene deliv-

ry.”® The first T lymphocyte marker successfully targeted with engi-
neered paramyxoviral proteins was CD8."” Interestingly, that study re-
vealed that receptor targeting with LVs not only mediates high target
cell selectivity but can also transfer activating stimuli to target cells.
When scFv from agonistic CD3 antibodies are used, this results in
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activation of resting T lymphocytes, making the use of activating an-
tibodies in cell culture obsolete and enabling gene transfer directly
in unprocessed blood.”” Another important aspect, illustrated by tar-
geting human CD4, is target receptor downmodulation, which can be
detected over a few days after addition of vector particles but is always
transient with full reconstitution of target receptor expression.’’
Whether this transient receptor downmodulation has functional con-
sequences for in vivo CAR therapy remains to be investigated.

LVs targeted through the alphavirus-derived entry machinery, specif-
ically the envelope proteins of Sindbis virus (SINV), differ in the en-
gineering approach as in their cell entry mode from those based on
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Figure 3. Concepts for receptor targeting

(A) LVs are pseudotyped with paramyxoviral (left) or al-
phavirus (right) glycoproteins. The receptor-binding pro-
teins measles virus H, and Sindbis virus E1 are shown in
complex with the membrane fusion proteins F and E2,
respectively. Ablation of natural receptor binding by point
mutations is indicated by red crosses. Target receptor
binding is mediated through DARPins C-terminally fused
to H protein by flexible linkers (left) or a tandem Fab serving
as adapter between E2 protein and the target receptor
(right). (B) An AAV particle displaying DARPIns (red) at its
3-fold symmetry axis is shown. Zooming in to a single viral
protein (VP), the DARPIn is shown inserted into the GH2-
GH3 loop. Residues in the GH12-GH13 loop mutated to
ablate binding to the attachment receptor heparan-sulfate
proteoglycan are labeled by the triangle. The ribbon struc-
ture was generated using ColabFold.®" Linker length was
adapted manually to improve clarity. (C) Receptor target-
ing of NCs (left) and LNPs (right). Antibodies and antibody
fragments used for targeting are shown in blue, the CAR
encoding nucleic acid in red. Electrostatic coupling to
the positively charged PBAE in NCs is enabled by conju-
gating antibodies to polyglutamic acid. In LNPs, anti-
bodies functionalized with sulfhydryl groups are conju-
gated to the particles via thioether bonds.

alphavirus

DARPIn

paramyxovirus glycoproteins. In one approach,
the SINV E1 glycoprotein is co-displayed on
the LV surface together with a selectivity-deter-
mining molecule such as a complete CD3-spe-
cific antibody.”” In another, more frequently
used strategy, the natural tropism of the SINV
E2 receptor-binding protein is abrogated by
mutation, and particles are redirected to a recep-
tor of choice by means of a molecular adapter
that interacts with E2 and the cellular target re-
ceptor simultaneously. One such configuration
uses E2 with the Fc-binding ZZ domain from
protein A to which an antibody of choice,
e.g., directed against CD4, can be bound.®"
Building on the adapter concept, but improving
its stability, especially for in vivo applications,
other configurations used SpyTag-SpyCatcher®”
or disulfide-bond-forming protein-peptide pairs,” biotinylated anti-
bodies,* or tandem Fab*’ as adapters (Figure 3A).

One crucial difference between paramyxo- and alphaviral pseudo-
types is their pH-dependency. SINV El depends on low pH in the en-
dosome for membrane fusion and cell entry.” In line with this, trans-
duction by a SINV-based LV targeted to CD4 was inhibited by
dynamin mutation and acidification inhibitors.’" In sharp contrast,
paramyxo-based Her2/neu- or EPCAM-targeted MV- and NiV-LVs
fuse with the cell membrane independently of pH, as demonstrated
by a strong increase in transduction when endosomal acidification
was blocked.”® They can therefore also transduce cells via receptors
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that are not frequently endocytosed. Possibly linked to this, the target
cell selectivity of paramyxo-pseudotyped LVs is close to absolute.
While many studies found high selectivity on the reporter protein
level, a recent study applied single-cell transcriptomics to investigate
the target cell selectivity of LVs targeted to human CD8 (CD8-LV) in
human peripheral blood mononuclear cells (PBMCs).”” Careful
investigation revealed an on-target rate of more than 99%. If the
few cells categorized as off-target were in fact target receptor negative
at the moment of vector particle entry remains to be investigated.

Adeno-associated vectors

AAVs are in many ways polar opposites to LVs. Consisting of non-
enveloped protein capsids containing a single-stranded DNA
genome, genetic modification by AAVs is usually transient, especially
in proliferating cells such as activated lymphocytes.”” After interac-
tion with their entry receptor, clathrin-mediated endocytosis and
intracellular trafficking—the specifics of these processes being deter-
mined by the serotype of the capsid used—vectors enter the nucleus
and release a single-stranded transgene, which, after synthesis of the
second strand, is available for transcription (Figure 2B).%"

The lack of a membranous envelope requires that binders have to be
incorporated into the rigid capsid for receptor targeting. The different
capsid proteins, VP1 through VP3, share the VP3 common region
and differ in their flexible N-terminal tails. AAV capsids produced
from plasmids assemble stochastically following a random draw prin-
ciple, with virtually every capsid in a given preparation having a
unique stochio-spatial configuration of VPs.”” Similarly, binding
and cellular uptake of AAVs is a complex and serotype-dependent
process. AAVs often use glycans as attachment factors, such as hep-
aran sulfate proteoglycan (HSPG) in the case of AAV2. Additionally,
dozens of cellular proteins are implicated in AAV uptake, among
them the transmembrane AAV receptor (AAVR), which is crucial
for most serotypes.”*”!

Capsid engineering of AAVs is usually based on selecting libraries of
vector particles generated by shuffling serotypes or inserting combi-
natorically diversified peptides.”>”* Although this concept has re-
sulted in many novel capsids with preferential biodistribution to
the target tissue, the resulting vector particles usually lack complete
cell-type selectivity. Accordingly, AAVs similarly specific for T lym-
phocytes as the LVs described above have not been obtained with
this approach. Proof of principle for the rational approach as estab-
lished for LV's was provided by displaying a DARPin directed against
the tumor marker Her2/neu on the N terminus of VP2. To abrogate
binding of the AAV2 capsid to HSPG, two relevant arginine residues
were mutated (Figure 3B). Notably, targeting reduced substantially
the accumulation of intravenously administered vector to the liver.”*
Likewise, AAVs were generated for the specific transduction of
GluA4-, CD105-, EpCAM-, and CD4-positive cells; all were used suc-
cessfully in mouse models and/or human blood.”””” In extensions of
the N-terminal-targeting approach, covalent coupling of DARPins
and also scFvs as proteins to the capsid of a universal AAV has
been achieved through protein splicing.”® A light-inducible transduc-

tion system was generated by coupling phytochrome-interacting fac-
tor 6 to VP2. Interestingly, transduction efficiency improved with
incubating vector stocks at 65°C.”” This may indicate that not all of
the N-terminally fused binders were located outside of the capsid
and that heat-induced conformational changes in the capsids exposed
these previously inaccessible binders at the particle surface.

A surface-exposed insertion site in the GH2-GH3 loop of the VP3
common region was identified by screening a library of mCherry in-
sertions for capsid assembly and gene delivery.*® Utilizing this inser-
tion site for nanobodies, Eichhoff et al. targeted vectors to CD38,
ARTC2.2, and P2X7.*" AAVSs targeted to murine CDS8 were generated
by inserting a DARPin into the VP1 GH2-GH3 loop. On primary mu-
rine splenocytes, the resulting mCD8-AAV achieved 26-fold higher
transduction efficiency than the parental AAV2, with >99% of
GFP-positive cells being CD8". The unexpectedly high gene delivery
activity makes this new class of vector, termed DART-AAV
(DARPin-targeted AAV), highly relevant for in vivo CAR T cell gen-
eration (Figure 3B).”®

Non-viral vectors

Through the international rollout of mRNA-based SARS-CoV-2 vac-
cines, non-viral vectors—especially LNPs, for which dozens of clinical
trials are ongoing”®—have recently gained worldwide attention, and
research into their use for gene therapy is booming. Non-viral vector
particles are less highly ordered than virus-derived particles; cell en-
try, trafficking, and transgene delivery are mediated by the (physico)
chemical properties of the particle and payload instead of a sophisti-
cated viral machinery.** Besides LNPs, nanocarriers (NCs) have been
used for in vivo CAR delivery. NCs are complexes of negatively
charged nucleic acid and positively charged poly(B-amino ester)
(PBAE) polymer. They are taken up endocytotically. After uptake,
the nucleic acid escapes the endosome, entering the cell. NCs with
plasmid DNA? or in vitro-transcribed (IVT) mRNAZ*** have been
described. Plasmid DNA can be directed toward the nucleus by nu-
clear localization-mictrotubule-associated signal peptides (NLS-
MTAS), which are covalently linked to the PBAE carrier material.
When an expression plasmid for a transposase such as PiggyBac is
co-delivered along with the transgene plasmid, integration of the
latter into the host cell chromatin can occur. In LNPs, mRNA is
encapsulated at the core of a lipid particle through electrostatic inter-
action.®® After uptake of the particles by the host cell and endosomal
escape, mRNA is available for translation until it is degraded (Fig-
ure 2C). To address the issues of limited biostability and immunoge-
nicity of RNA, modifications may be made: These include the addi-
tion of a 5 cap analog and 3’ poly(A) tail, the introduction of
stabilizing sequences in 5 and 3’ untranslated regions (UTRs), the
codon optimization of the transcript, and the use of less-immuno-
genic-modified nucleotides, such as N1-methylpseudouridine.”>

Mlustrating the fundamental difference between viral and non-viral
vectors, decoration of the latter with protein binders, such as anti-
bodies or Fabs, for receptor targeting is an exercise in organic chem-
istry. Naturally, the specifics of conjugation depend on the

Molecular Therapy Vol. 30 No 7 July 2022 2407


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

composition of the nanoparticle in question, and detailed reviews of
the available strategies have been provided.*® Recent successes in the
targeting of mRNA-LNPs have relied on N-succinimidyl S-acetylth-
ioacetate (SATA)-maleimide chemistry. Here, micelles containing a
polyethylene glycol-lipid derivative functionalized with maleimide
(DSPE-PEG-mal) are mixed with already-formed mRNA-LNPs to
insert DSPE-PEG-mal into the LNPs.*” The antibodies are then
functionalized by introduction of protected sulthydryl groups on
primary amines using SATA. After deprotection, antibodies are
conjugated to LNPs by formation of a thioether bond between sulf-
hydryl and maleimide groups (Figure 3C). By use of this approach,
mRNA was delivered specifically to PECAM-1-,”° CD4-"" and CD5-
positive cells.”’”

For NCs, electrostatic interactions are crucial for coupling of the tar-
geting ligand. For this purpose, polyglutamic acid (PGA) is activated
with ethyl-N'-(3-dimethylaminopropyl)carbodiimide before conju-
gation to antibodies or Fabs (Figure 3C). The negatively charged
PGA antibody conjugates then binds the positively charged com-
plexes of DNA and PBAE through electrostatic interaction.”™° It
should be noted that when chemical conjugation methods such as
the ones described above are used, not all binders may be in the cor-
rect orientation on the particle surface.

GENERATING CART CELLSIN VIVO—STATE OF THE
ART AND PERSPECTIVES

After the proof-of-concept studies with CD3-targeted NCs for murine
T cells®® and CD8-LV for human T cells,'” seven additional studies
explored this strategy in preclinical mouse studies, making use of
all vector platforms described above. The heterogeneity of reported
model systems, application routes, vector doses, cellular targets,
time points, and readouts impedes direct quantitative comparisons
between platforms (Table 1). Still, the reports shed light on important
qualitative differences between the vector platforms that may criti-
cally influence each platform’s developmental trajectory.

Targeting and biodistribution

With the exception of the single report using AAV vectors,** all pub-
lications on in vivo CAR T cell generation have relied on targeted vec-
tors. Overall, targeting of markers on T cell subsets versus pan T cell
markers can be distinguished. Among the latter, CD3 as a pan T cell
marker is an obvious choice. Although CD5, in contrast to CD3, is not
required for T cell effector function, it is also expressed on some B
cells. The reduction of potential risks associated with target-receptor
downmodulation due to vector particle attachment therefore likely
comes with CAR gene delivery to non-T cells.”””* Further studies
will have to investigate this.

CD3 has been targeted by nonviral as well as LV vectors. NCs targeted
to the e-chain of murine CD3 assessed for biodistribution shortly af-
ter injection into C57BL/6 mice were mainly associated with T cells
(75% of particles), whereas 25% had attached to CD3-negative cells
in peripheral blood, mostly B cells, neutrophils, and monocytes.
Furthermore, targeting decreased particle burden in the liver by
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roughly a factor of 3 and improved particle localization into spleen,
lymph nodes, and bone marrow.”> The biodistribution of gene
expression was well in agreement with particle distribution.”>*
MCD3-NCs exhibited similar reporter activities to NCs decorated
with an isotype control in liver, but 3-8-fold higher activities in
lymphoid tissues. Although most reporter activity was found in the
T cells of these tissues, there was also substantial activity in non-T
cells, such as B cells, dendritic cells, and macrophages. These off-
target activities being in the range of 20%°” or 30%°° of on-target
gene transfer, respectively, demand further investigations, especially
with respect to tumor cell transduction.

Vector targeting against human CD3 has also been described for both
types (SINV and NiV) of LVs. To not only achieve selectivity for
T cells but also facilitate their genetic engineering, LVs pseudotyped
with the NiV glycoproteins were targeted by scFvs derived from
agonistic CD3 antibodies.”* These CD3-LVs induce T cell activation
and proliferation, allowing efficient transduction of primary T lym-
phocytes in the absence of cytokines or stimulatory CD3/CD28 anti-
bodies. Delivery of the CD19 CAR into NSG mice humanized with
CD34" hematopoietic stem cells (huCD34" NSG) resulted in func-
tional CAR T cells in the absence of any conditioning with CAR sig-
nals restricted to CD3*CD45" cells.”” Building on this work, Huckaby
et al. infused SINV-pseudotyped LVs targeted by a bispecific tandem
Fab containing a CD3-binding moiety (CD3-SINV-LV) into NSG
mice humanized with PBMCs. At final analysis, approximately
70%-90% of CAR-positive cells were CD3 positive.”

When biodistribution of vector particles targeted against human
pan T cell markers is monitored, most humanized mouse models
provide only on-target cells among the human cells. Targeting
T cell subsets, in contrast, provides the opportunity to monitor
target cell selectivity among closely related human on-target and
off-target cells when, e.g., addressing CD4 or CD8 as target recep-
tors, since CD4" and CD8" T lymphocytes share the vast majority
of cell surface proteins. Subset-specific in vivo CAR cell generation
has been realized using NiV-pseudotyped CD8-LV. Vectors were
administered i.v. into huCD34" NSG mice resulted in detectable
CAR signals only in CD8+ cells in blood, spleen and bone
marrow."’ Similarly specific, albeit transient, generation of CD8"
CAR T cells was achieved in T-cell-humanized NSG mice by using
mRNA-delivering hCD8-NCs.*® Notably, in a follow-up study with
CD8-LV, NK and NKT cells, both positive for the targeted CD8
o-chain, were found to express the CAR besides CD8 T cells.”’
The on-target transduction of NK cells by CD8-LVs likely contrib-
uted to the observed tumor clearance, as CAR NK cells can be
potent antitumoral effectors.”>"*

Surprisingly active CAR T cells were generated by a MV-pseudotyped
LV targeted to human CD4 by display of a DARPin (CD4-LV).
Administration of CD4-LV not only resulted in near-exclusive
expression of the CAR on CD4" cells, but these CAR T cells developed
much more rapidly than those generated with CD8-LV and, more-
over, completely eliminated their targeted tumor cells. While
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cytotoxic activities of CD4" T cells have been described before,” it is
meanwhile well accepted in the CAR T cell field that a 1:1 composi-
tion of CD4" and CD8" CAR T cells is beneficial for tumor cell
%7 Further momentum for the relevance of CD4" CAR
T cells originates from the recent observation that CAR T cells persist-
ing in patients for 10 years are mainly CD4".”® Also, by the in vivo
approach, CAR T cells can be generated in a subset-specific manner
by combining vectors targeted to CD4 and CD8 in the desired ratios
as recently demonstrated for LVs.*!

clearance.

Dosing and expression kinetics

The expression and effector kinetics observed in preclinical in vivo
CAR cell generation and the doses administered to achieve them
reflect the vector platforms’ different modes of action, resulting in
either permanent or transient gene transfer. Although side-by-side
comparisons are still missing, the number of vector particles required
per animal appears to be higher for nanoparticles and AAVs than for
LVs (Table 1). This may be due to the permanent gene transfer medi-
ated by LVs as well as their high target cell specificity. However, other
parameters such as the kinetics and efficiency of cell entry and intra-
cellular delivery may play a role as well. Independently of that, ex vivo
and in vivo CAR T cell therapies differ substantially in their pharma-
cokinetic parameters. In the conventional approach, high numbers of
CAR T cells are instantly available after administration. Upon vector
particle injection, in contrast, orders of magnitude fewer CAR T cells
are generated that then have to expand over time in vivo.

LVs and transposase-enabled NCs stably integrate their transgene
into host chromatin. Accordingly, single injections of vector were
sufficient to induce a persistent presence of CAR T cells. On the
low end of the dosing spectrum, doses ranging from 4 x 10'° to
2.5 x 10" particles per mouse were described for paramyxo-pseu-
dotyped LVs and 5 x 10'® vector genomes for SINV-LV.>*"** Ki-
netics depended on the activation status of human immune compo-
nents: In models reconstituted with activated human PBMCs, CAR
T cells and/or target-cell killing became apparent within 1-2 weeks
after vector injection and thus earlier than in huCD34-NSG mice.
Additionally, peak CAR T levels were higher in PBMC-NSG than
in huCD34-NSG mice, reaching up to 40% of the targeted T cell
subtype.'®** Notably, CAR T cells were detected in some CD34"
huNSG mice over the complete monitoring period of up to 18 weeks
after vector administration.'” Permanent CAR expression was also
reported using NCs transferring plasmids for CAR and a hyperac-
tive PiggyBac transposase, albeit at particle doses substantially
higher than those reported for LVs. A total dose of 1.5 x 10'* par-
ticles infused in five daily doses resulted in up to 20% of T cells be-
ing CAR positive 12 days after infusion, resulting in elimination of
leukemia cells in 7 of 10 treated mice. Although this appeared
promising, this strategy was later abandoned due to low transfer ef-
ficiencies and concerns about transposase toxicities, instead focusing
on transient delivery by mRNA-NCs.*®

In transient gene transfer—i.e., when non-integrating vectors are
used—transgene expression is eventually lost. This is due to trans-

gene degradation and inactivation as well as its dilution upon cell
proliferation. Then, re-dosing may be required to maintain suffi-
cient CAR T cell levels despite antigen-induced proliferation.
Indeed, multiple high doses of mRNA-transferring PBAE-NCs
were necessary for sustained antitumoral CAR activity. To treat he-
matologic and solid tumors in T-cell-humanized NSG mice, six
doses of 50 ng of mRNA were administered within 6 weeks, for a
total of 300 pg of mRNA. In a syngeneic mouse model of acute
lymphatic leukemia, 12 doses of 15 pg were administered over
4 weeks, totaling 180 pig of mRNA. A human equivalent dose cor-
responds to 2.08 pg/mL blood, or about 10 pgof mRNA.*
parison, complete vaccination of human adults against SARS-CoV-2
using RNA-based vaccines is achieved with 90-300 pug of mRNA in
LNPs.””'” Notably, both solid and liquid tumors relapsed some
weeks after treatment was discontinued, suggesting that sustained
CAR activity will be necessary for lasting tumor suppression. The
fast kinetics of mRNA transfer likely contributed to these relapses,
since CAR levels peaked after 2 days and were almost completely
lost 7 days after nanoparticle infusion into NSG mice. Lower doses
appear to be sufficient when long-term CAR cell activity is not
desired: A single injection of 10 pg of FAP-CAR-mRNA in LNPs
resulted in a decreased burden of fibrotic tissue and marked im-
provements in cardiac function in a syngeneic model of fibrosis,
as determined 3 weeks after nanoparticle infusion. The short-term
CAR T cell activity in this setting was desired to prevent reactivity
of the CAR T cells against healthy fibroblasts.””

By com-

Transferring not mRNA but DNA, single doses of 1-2 x 10" vec-
tor genomes of untargeted AAV generated CAR T cells in human-
ized NCG mouse models of T cell leukemia. Surprisingly, CAR
T cells were still detectable 35 days after AAV infusion.”* This
unexpected longevity of transgene signal may have been a conse-
quence of the high transduction efficiencies achieved by intraper-
itoneal injection and/or spontaneous integration of the CAR-
coding sequence into the T cell genome. In vitro, transgene signals
from mCD8-targeted DART-AAVs were almost completely lost in
activated mouse lymphocytes within a week of vector addition.”

Safety and control

For vectors enabling permanent transfer of CAR genes, one imminent
safety concern is genotoxicity originating from transcriptional dysre-
gulation through the misplaced insertion of the transferred gene into
host chromatin. Children treated for X-linked severe combined im-
munodeficiency with autologous hematopoietic stem cells (HSCs)
transduced ex vivo with first-generation, non-self-inactivating
gamma-retroviral vectors developed leukemia after the vector ge-
nome’s long terminal repeat (LTR)-intrinsic enhancer caused upregu-
lation of transcription factors like LMO?2,’ which led to uncontrolled
clonal expansion. Research in the wake of this incident led to a better
understanding of retrovirus-mediated insertional oncogenesis and
use of self-inactivating retro- and lentiviral vectors. Of note, T lym-
phocytes are less likely to undergo retrovirus-mediated oncogene
transformation than HSCs.'°"'%? Overall, LVs have been used in
numerous clinical applications involving T cell transductions without
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incidents of insertional oncogenesis.'’>'** Yet, a few examples of
benign clonal expansion exist.'>'%® In contrast to LVs, transposon-
mediated gene transfer had its “SCID moment” last year, when two
patients receiving CAR T cells generated ex vivo using piggyBac trans-
posase developed T cell lymphoma.'?”'*® Although the mechanism of
oncogenesis is still under investigation, this incident must lead to
development of safer transposition protocols in the future. In light
of these events, close monitoring in long-term studies is advisable
for integrating platforms. Focusing on risk factors such as the vector
copy number in CAR T cells will ensure that the benefit of CAR de-
livery outweighs genotoxic risks.

Besides the risk of genotoxicity, permanent transfer of the CAR gene
may necessitate tools for better pharmacokinetic control over CAR
activity, especially when high-grade cytokine release syndrome
(CRS) and/or immune effector-cell-associated neurotoxicity syn-
drome (ICANS) occurs.'” Both syndromes often coincide and are
characterized by high levels of proinflammatory cytokines.''” Inter-
estingly, CRS-like symptoms were also observed when CAR T cells
were generated in CD34" huNSG mice using CD8-LVs."” This corre-
lated with infiltrates of CD8" cells in lung, brain, liver, and splenic B
cell zones as well as elevated cytokines such as IL-6, IFNy, GM-CSF,
and TNFa. In the clinic, patients with CRS and/or ICANS are treated
with tocilizumab, a monoclonal anti-IL6R antibody, to attenuate sys-
temic inflammation without compromising CAR effector function.
Even more granular control can be achieved using the tyrosine kinase
inhibitor dasatinib, which has been used preclinically to intermit-
tently switch off CAR T cells in mouse models of CRS, decreasing
the inflammatory burden and improving survival.''' Another
approach, which has already been evaluated in humans, utilizes inert
UniCARs, which are “armed” by infusion of soluble antigen-specific
targeting modules (TMs). Control is achieved by choosing TMs with
longer or shorter half-life, as CAR T cell activity stops once all TMs
are degraded.''>'"” Complementing these strategies for short-term
control, CAR cassettes that include an inducible caspase-9 (IC9) sui-
cide gene offer true long-term control, potentially allowing physicians
to discontinue CAR cell treatment after the tumor is cleared. Through
administration of a small molecule, dimerization of IC9 proteins is
induced, leading to apoptosis of CAR T cells."'*'"”
nisms might make CAR cells generated with permanently transfer-
ring vectors more attractive for treatment of less severely diseased
patients. Importantly, all these strategies can be combined with in vivo
CAR T cell generation, potentially facilitating the translation of this
approach into the clinic.

These mecha-

When transiently transferring vectors are used, runaway CAR cell ac-
tivity is not a concern. Conversely, it is unclear at this time whether
CAR activity can be maintained long enough to achieve lasting tumor
clearance. Currently available safety data from short-term experi-
ments suggest no severe acute toxicities;”* *° however, increased cyto-
kine levels in response to in vivo administration of both synthetic”®
and viral vectors,”* as well as NC-induced activation of complement
components and increased mitochondrial oxidative stress in vitro,°
indicate that inflammatory reactions might interfere with repeated
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vector administration. Long-term experiments in syngeneic models
would enable assessment of the risk of inflammatory reactions and
other host immune responses upon (repeated) administration of
vector.

Host immunity

Immune reactions to the administered vector influence not only the
safety profile but also efficacy. Antibody-mediated immune responses
against vector particles can interfere with both initial and repeated
vector administration, reducing the effective on-target particle dose
(Figure 4A) and inducing inflammation. This is of particular concern
for LVs and AAVs, which, because of their viral origin, are markedly
immunogenic. In fact, single systemic injections into rodents induced
the formation of neutralizing antibodies (NAbs) against virion and
envelope proteins of VSV-LV."'*""” Additionally, pre-existing anti-
bodies from measles vaccination complicate the use of MV-pseudo-
typed LVs, a problem that has been addressed by engineering NiV-
pseudotyped vectors. Although there is no vaccine against AAV, a
considerable percentage of individuals harbor neutralizing antibodies
against AAVs."'® Although the immunogenicity profile of LNPs car-
rying modified mRNA seems to be moderate,” the introduction of
protein components for receptor targeting likely increases the risk
of antibody formation following repeated administrations. An alter-
native to the removal of serum IgG by plasmapheresis—which is a
time-consuming process requiring complex instrumentation—is the
use of streptococcal IgG-degrading enzymes such as IdeS (Figure 4B).
Systemic treatment with IdeS enabled not only liver transduction in
macaques with pre-existing anti-AAV8 NAbs but also effective mul-

tiple administrations.' '’

Another major contributor to particle clearance is phagocytosis. In
mice treated with CD3-targeted NCs, approximately 20% of both
macrophages and monocytes were positive for NCs, indicating
phagocytic activity against the vectors.”> Of note, phagocytosis
seemed unaffected by targeting, as it affected similar particle frac-
tions of CD3-NCs and isotype-NCs.*® In liver transduction experi-

120,121 .
non-linear dose re-

ments with LVs and adenoviral vectors,
sponses were observed, as, up to a threshold dose, most
administered particles were sequestered by liver-resident Kupffer
macrophages. Thanks to their enveloped architecture, however,
phagocytosis of LVs can be reduced by incorporation of the phago-
cytosis inhibitor CD47 into vector particles. Uptake of such particles
by macrophages in cell culture was reduced, and phagocytosis-
shielded vectors achieved higher hFIX transfer efficiencies in non-
human primates than unshielded LVs (Figure 4C)."*" Similar effects
were observed when CD4- and CD8-targeted LVs were produced in
these packaging cells. While the presence of macrophages reduced
mean transduction efficiencies of regular CD4- and CD8-LVs on
human T cells by approximately 25%-50%, phagocytosis shielding
of the vectors improved gene transfer into T cells substantially.
Furthermore, in CD34" HSC humanized NSG-SGM3 mice, which
reconstitute physiological levels of human myeloid cells, more effi-
cient in vivo CAR T cell generation and more pronounced target
cell clearance were achieved upon shielding.'**
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Figure 4. Mechanisms detracting from the infused
vector dose and potential solutions

(A) Several mechanisms can detract from the adminis-
tered vector dose, reducing the effective on-target dose
(shown as darker pink fraction). Among them are the
antibody-mediated incapacitation of particles, their up-
take by phagocytes and off-target transduction. (B) Anti-
body-mediated immune responses against vector parti-
cles can be reduced by cleaving serum IgG before vector
administration using IgG-degrading enzyme from Strep-
tococcus pyogenes (IdeS). (C) LVs can be shielded
against phagocytosis by incorporating CD47 into the LV
envelope during production (left). CD47 engages signal-
regulatory protein alpha (SIRPa) when LV particles (red
dots) encounter myeloid cells. Through interaction of
CD47 and SIRPa, phagocytosis is inhibited.
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MOVING ON FROM PROOF OF PRINCIPLE

The reports of in vivo CAR T cell generation reviewed here are an
excellent showcase for the state of the art of targeted-vector technology
(Table 2). Through the use of cutting-edge vector platforms, CAR
T cells can be generated in vivo and clear tumor cells. Although this
is a milestone for both CAR therapy and gene therapy in general,
important questions, referring to the short-, medium-, and long-
term safety and efficacy of both permanent and transient transfer ap-
proaches, remain unanswered. Recent and earlier fatalities in gene
therapy urge us to thoroughly examine the vectors’ effects on the
host in long-term preclinical studies before advancing to first-in-hu-
man trials. In addition to ensuring patient safety, rigorous character-
ization of each vector’s interaction with the host will help us under-
stand how pre-existing and acquired host immunity interferes with
vector administration, thereby contributing to both toxicity and par-
ticle clearance, and how the host immune system is best modulated
to avoid this interference. This is critical, as broad immunosuppres-
sion or even lymphodepletion are not an option when targeting lym-

phagpcyte, CcD47

experiments are available for all four vector plat-
forms with LVs and AAVs targeted to mouse
CD8 via DARPins having been described
recently.”

An additional concern is manufacturing, as the
availability of sufficient quantities of high-qual-
j ity vector stock is essential for further develop-
| ment. Importantly, production processes should

be designed with the demands of “good

manufacturing practice” (GMP) in mind. Devel-

opment of GMP-compliant processes for the
production of targeted LVs, AAVs, and LNPs will likely benefit
from experiences made in the manufacturing of untargeted GMP-
grade vectors for approved medicines™’"'**. Although the worldwide
rollout of SARS-CoV-2 vaccines’”'*’ has demonstrated the consider-
able scalability of synthetic particle production, it remains to be deter-
mined whether the incorporation of cell-produced target receptor
binders can be integrated into production processes without compro-
mising yield.

Incidentally, progress made toward addressing the problems
of host immunity and manufacturing (and other, as yet unidenti-
fied problems) in the context of in vivo CAR therapy will likely
benefit the entire field of gene therapy, helping to make in vivo
therapies for hematologic, cardiac, infectious, and developmental
diseases available to many patients in need of therapeutic options.
Enabled by targeted vectors and continued exacting work and
patience, the gene therapy field may soon enter the “Age of
In Vivo.”
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Table 2. Key characteristics of vector platforms for in vivo CAR T cell

therapy

LV AAV mRNA-NC mRNA-LNP
T cell targeting demonstrated + + + +
Synthetic product - - + +
Permanent gene transfer + - - -
Clinical experience + + - +
Immunogenic + + TBD TBD
TBD, to be determined.
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