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ABSTRAKT

T-lymfocyty exprimujici chimérické antigenni receptory (CAR) pfedstavuji novy lécebny postup, ktery
je obzvlasté ucinny proti B-lymfocytarnim malignitim, a méni dosavadni paradigma 1écby rakoviny.
V souCasné¢ dobé existuje nékolik schvalenych a komeréné dostupnych CAR T-lymfocytarnich
produktd. Nicméné tato 1écba je stale netnosné finan¢né nakladna. Proto existuje poptavka po nahrazeni
obzvlasté nakladnych retrovirovych/lenvirovych vektort levnéj$imi, nevirovymi alternativami. Navic
se souasny vyzkum nadile zaméfuje na dalsi vylepSeni CAR T-lymfocytd posilenim jejich
protinadorovych funkci, expanze a perzistence in vivo. Kromé toho je usilovano o rozsifeni spektra
antigenll a nemoci proti kterym by byly CAR T lymfocyty pouzitelné. Tato disertacni prace se zabyva
vyrobou CD19 specifickych CAR T-lymfocytd z hlediska pouzitych cytokini pti kultivaci, vektoru
pro genetickou modifikaci, testovanim nového konstruktu CARu sekretujiciho interleukin (IL)-21

a analyzou CAR T-lymfocytl od pacientl 1é¢enych produktem tisagenlecleucel.

V ramci této prace byl vyvinut alternativni protokol kultivace CAR T-lymfocytli, nahrazujici tradi¢né
pouzivany IL-2, ktery zptsobuje efektorovou diferenciaci T-lymfocytii. Je zalozen na cytokinech 1L-4
a IL-7, které vyrazné podporuji ptezivani T-lymfocytil, pfidani IL-21 pak podporuje zachovani Casné
pamétového fenotypu T-lymfocytd a nizkou expresi inhibi¢nich receptord. CAR T-lymfocyty byly

navic uspésnée produkovany pomoci transpozonového vektoru piggyBac.

Experimenty s pfidavanim exogenniho IL-21 navic potvrdily jeho zesilujici G¢inek na proliferaci
CAR T-lymfocytt, snizeni apoptdzy a zamezeni terminalni diferenciaci. Proto byly ptipraveny CAR T-
lymfocyty inducibiln€ sekretujici IL-21, které vykazovaly zvySenou miru infiltrace nadorti a inhibovaly
jejich rust in vivo v myS$im modelu. IL-21 také snizoval imunosupresivni G¢inky bunék chronické
lymfocytarni leukemie (CLL) bé€hem spole¢né kultivace. To naznacuje, ze by CAR T-lymfocyty
vyzbrojené IL-21 mohly zlepsit vysledky terapie malignit rezistentnich viaci klasickym CAR T-
lymfocyttim.

V ramci vyzkumné prace byla rovnéz testovana nova metoda produkce CAR T-lymfocytid pomoci
transpozonového vektoru piggyBac. Namisto bézné pouzivanych plazmidt byla pouzita enzymaticky
produkovana linearni DNA kodujici CAR a mRNA koédujici enzym transpozazu. Timto pfistupem —
bez vyuziti bakterii — bylo dosaZeno G¢inné produkce CAR T-lymfocytd s kontrolovanym poctem kopii
integrovaného vektoru. To jej ¢ini kompatibilnim se sou¢asnymi standardy spravné vyrobni praxe (SVP)
a usnadnuje schvaleni regulaénim ufadem. Takto vyrobené CAR T lymfocyty se funkéné nelisily

od bunék vyrobenych standardni a v soucasnosti schvalenou metodou.

V neposledni fadé¢ byla provedena studie realného pouziti CAR T-lymfocyti u pacientl
s relabovanym/refrakternim difuznim velkobunéénym B-lymfomem (DLBCL) a B-bunécnou akutni
lymfoblastickou leukemii (B-ALL) lécenych produktem tisagenlecleucel. Imunofenotyp T-lymfocytii

aferetického materidlu, CAR T-lymfocyti produktu a vzorka periferni krve byl stanoven pomoci



multiparametrické pritokové cytometrie. Uéinnost 1é¢by korelovala spise s expanzi CAR T-lymfocyti
in vivo nez s imunofenotypem produktu. Déle bylo zjiSténo, ze pacienti s vy$§im procentem casné
pamétovych T-lymfocytl ve vzorcich aferézy reagovali na 1écbu 1épe. Nejhorsi vysledky méli pacienti

s primarn¢ refrakternim onemocnénim a velkou nadorovou zatézi.

V souhrnu tato prace predstavuje n€kolik metod zlepSeni vyroby CAR T-lymfocytd a posileni jejich
funkci. Na zaklad¢ ziskanych vysledki byl pro potteby klinické studie faze I (NCT05054257) zaveden
vyrobni protokol pro ptipravu CAR T-lymfocytd. Dizerta¢ni prace také poskytuje vhled do realného
pouziti CAR T-lymfocyt a parametri ovlivijicich s vysledky 1écby.

Kli¢ova slova: CAR T-lymfocyty, pamétovy fenotyp, IL-21, piggyBac, tisagenlecleucel



ABSTRACT

Chimeric antigenic receptor (CAR) T cells are a paradigm-shifting cancer treatment option that
is particularly effective against B-cell malignancies. Currently, several approved, commercially
available CAR T-cell products exist. Nonetheless, this therapy is still prohibitively expensive. Thereby,
there is an incentive to substitute the particularly costly retroviral/lentiviral vectors with cheaper non-
viral alternatives. Moreover, ongoing research strives to further improve CAR T cells by enhancing their
anti-tumor functions, expansion, and in vivo persistence. Additionally, broadening the spectrum
of antigens and diseases of CAR T-cell applicability is highly sought after. This thesis addresses CD19-
specific CAR T-cell manufacturing regarding cytokines used for the cultivation and vector for genetic
alteration, new interleukin (IL)-21 secreting CAR construct testing, and analysis of CAR T cells

from patients treated with tisagenlecleucel.

As part of this thesis, an alternative CAR T-cell cultivation protocol was developed. Replacing
the traditionally used IL-2, which drives the effector differentiation of T cells, the protocol is based
on the strongly pro-survival cytokines IL-4 and IL-7, with IL-21 supporting the stem cell memory-like
T-cell phenotype retention and low inhibitory receptor expression. Moreover, the CAR T cells were

successfully produced using a piggyBac transposon vector.

Furthermore, experiments with the addition of exogenous IL-21 confirmed its enhancing effect
on CAR T-cell proliferation, reduction of apoptosis, and prevention of terminal differentiation.
Therefore, CAR T cells inducibly secreting IL-21 were prepared. They exhibited increased tumor
infiltration and inhibited tumor growth in vivo in a mouse model. Additionally, IL-21 decreased
the immunosuppressive effects of chronic lymphocytic leukemia (CLL) cells during a co-culture.
This suggests that IL-21-armed CAR T cells could improve therapy outcomes of CAR-resistant

malignancies.

In this thesis, a novel production method using the piggyBac transposon vector was tested. Instead
of the regularly used plasmids, enzymatically produced linear DNA encoding CAR and transposase
coded by mRNA were used. This bacteria-free approach achieved efficient CAR T-cell production with
controlled vector copy numbers, which makes it compatible with current good manufacturing practice
(cGMP) standards and facilitates easier approval by a regulatory agency. The CAR T cells were

functionally indistinguishable from those produced by standard and currently approved methods.

Lastly, a real-world study was conducted on patients with relapsed/refractory diffuse large B-cell
lymphoma (DLBCL) and B-cell acute lymphoblastic leukemia (B-ALL) treated with tisagenlecleucel.
The immunophenotype of T cells in the apheretic material and CAR T cells in the product and peripheral
blood samples was assessed by multiparametric flow cytometry. The treatment efficacy correlated with

in vivo CAR T-cell expansion rather than the product immunophenotype. In addition, patients with



higher early-memory T-cell percentages in apheresis samples responded better to therapy. The worst

outcomes were observed in patients with primary refractory disease and a large tumor load.

In conclusion, this thesis presents several methods for improving CAR T-cell manufacturing
and enhancing CAR T-cell functions. These results were used to establish a manufacturing protocol
for a phase I clinical trial (NCT05054257). It also provides insight into real-world CAR T cell usage

and parameters affecting clinical outcomes.

Keywords: CAR T cells, memory phenotype, IL-21, piggyBac, tisagenlecleucel
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1. INTRODUCTION

1.1. Adoptive T-cell therapy
Adoptive T-cell transfer (ACT) is a type of cellular immunotherapy that harnesses the patient’s own
T cells to combat malignant diseases. The ACT is mostly autologous; the T cells are isolated, expanded,
either genetically modified or activated ex vivo to enhance their anti-tumor activity, and then reinfused.
ACT includes methods based on tumor-infiltrating lymphocytes (TILs), chimeric antigen receptors
expressing T cells (CAR T cells), and transgenic tumor-specific T-cell receptor-expressing T cells
(TCR T cells). When reinfused, the enhanced T cells target a tumor-associated antigen (TAA), leading
to precise tumor cell eradication. Clinical trials have demonstrated outstanding potential in treating
hematological malignancies, while this success has not yet been replicated for solid tumors. This thesis

will solely focus on CAR T cells.

1.2. Principles of CAR T cells

A chimeric antigenic receptor (CAR) is an artificial receptor formed by a combination of domains
from different receptors by genetic engineering. It consists of an extracellular antigen-recognition
domain derived from an antibody (Ab), a transmembrane domain, intracellular signaling (CD3{),
and costimulatory domains (Figure 1). The extracellular domain (ECD) recognizes surface antigens
in a non-MHC-restricted manner. This feature of CAR T cells is a great advantage in comparison
to other ACTs, as many tumors downregulate their MHC class I molecules on the cell surface, resulting
in immune escape (Garrido et al., 2016). CAR-modified T cells are activated by engaging with their
target, which triggers the proliferation of CAR T cells, the production of cytokines, and the killing
of target cells. Through this mechanism of action, CAR T cells directly destroy target cancer cells.

1.2.1. Structure
The extracellular part of a CAR is a ligand-recognizing domain that is responsible for high-affinity
antigen binding. It is generally derived from a monoclonal antibody (mAb) as a single-chain variable
fragment (scFv). The scFv comprises heavy and light variable (Vu, VL) immunoglobulin (Ig) chains
connected with a flexible linker. Another option is the so-called ligand-based CAR, which uses a natural
ligand of its target molecule, e.g., the cytokine GM-CSF, for targeting cells that carry its receptor
(Ramirez-Chacon et al., 2022). The ECD also contains a signaling peptide on its N-terminal end that
directs the protein into the endoplasmic reticulum during proteosynthesis to be transported

to the plasmatic membrane (C. Zhang et al., 2017).

A short hinge domain connects the antigen binding and transmembrane domains. It indirectly influences
the CAR expression and its antigen-binding function by adding flexibility. The length of the spacer
affects the proper formation of an immunological synapse; a shorter hinge is more optimal for targeting

membrane-distal epitopes and vice versa (Guest et al., 2005; Hudecek et al., 2015). The hinge domain

13



sequence is derived from a hinge region of Ig-family molecules such as IgG, or CD8 and CD28

(Guedan et al., 2019).

The transmembrane domain anchors the CAR in the plasma membrane. Structurally, it is a hydrophobic
a-helix spanning the membrane. The sequence is usually derived from CD4, CDS8, or CD28
(Guedan et al., 2019). There is limited evidence that the origin of the transmembrane sequence can affect
the CAR's dimerization with membrane-bound molecules, which might affect the signaling (Morin
et al., 2015). For example, a CD3-derived transmembrane domain is not optimal, as it can cause CAR

dimerization with the endogenous TCR, which could hinder proper CAR signaling.

The intracellular domain (ICD) consists of TCR-signaling CD3( and costimulatory domains. The two
most often used costimulatory domains are derived from CD28 and 4-1BB (CD137). Others include
ICOS (CD278), OX40 (CD134), and CD27-derived domains. The CD3 { domain contains three
immunoreceptor tyrosine-based activation motifs (ITAMs), which, after phosphorylation, are
responsible for recruiting kinases and starting the TCR signaling cascade. The specific characteristics
of these various costimulatory domains influence T-cell functions like activation, cytotoxic functions,

proliferation, persistence, metabolic activity, and cytokine secretion (Guedan et al., 2019).

Monoclonal Antibody

Single chain
variable fragment

CD28

Hinge

Transmembrane Domain

\

TCR Complex

%ﬂ yd

Figure 1. The composition of a chimeric antigenic receptor. Figure by Bell & Gottschalk, 2021.

Costimulatory Domain

Activation Domain
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1.2.2. CAR signaling
Functionally, CAR combines the ligand-recognition ability of an antibody with TCR and costimulatory
signaling (Figure 2). Upon antigen recognition, CAR multimerizes and mimics TCR signaling. The three
CD3( ITAMs are phosphorylated by a Src family kinase LCK. In physiological TCR signaling, this
creates a positive feedback loop, with more and more LCK engagement. Phosphorylated ITAMs create
Src homology 2 (SH2) and SH3 binding sites for the recruitment of Syk family kinase ZAP70. ZAP70
further phosphorylates the linker of activated T cells (LAT), SLP-76, and phospholipase C—y (PLC-y).
This consequently leads to the activation of transcription factors nuclear factor kappa B (NFxB),
activator protein 1 (AP-1, Fos/Jun heterodimer), and nuclear factor of activated T cells (NFAT)
(Gaud et al., 2018). Constructs bearing the CD28 costimulatory domain have higher levels of LCK
activation than the 4-1BB ones, suggesting that a positive feedback loop mechanism occurs. In 4-1BB
constructs, there is only a minimal LCK association (Salter et al., 2018). Despite the differences in early
activation signaling in both types of CAR constructs, 24 hours post-activation, the levels

of phosphorylated ZAP70 seem to be equal (Drent et al., 2019).

The first signal alone, mediated by CD3(, is insufficient for T-cell activation and leads to T-cell anergy
(Otten & Germain, 1991). The second signal by a costimulatory molecule is required for the activation.
Physiologically, it is spatially and timewise separated from TCR signaling, which is not the case
in CAR T cells, where both signaling domains are part of one receptor. Costimulatory domains from
the CD28 family (CD28, ICOS) contribute through phosphoinositide 3-kinase (PI3K)/Akt signaling
pathway (Boomer & Green, 2010), while the tumor necrosis factor receptor (TNFR) family (4-1BB,
0X40, CD27) signals via TNF receptor-associated factor (TRAF) signaling (Watts, 2005).

The difference in CD28 and 4-1BB signaling have functional implications. CD28-incorporating CARs
demonstrate rapid and enhanced T-cell activation, leading to effector-like phenotype with high cytotoxic
capability, IL-2 secretion, and glycolytic metabolism (Kawalekar et al., 2016; Porter et al., 2015; Van
Der Stegen et al., 2015; Z. Zhao et al., 2015). Nevertheless, this is connected to limited in vivo
persistence and higher susceptibility to activation-induced cell death (AICD) (Brentjens et al., 2013;
D. W. Lee et al., 2015). On the contrary, 4-1BB constructs exhibit a delayed effector activity, preference
for a memory-like phenotype, and increased oxidative phosphorylation metabolism and mitochondrial
biogenesis (Kawalekar et al., 2016; Porter et al., 2015; Van Der Stegen et al., 2015; Z. Zhao et al., 2015).
Additionally, their persistence is augmented through elevated anti-apoptotic protein expression

(G. Lietal., 2018).
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Figure 2. The signaling components of TCR and CAR. (4) TCR mediates signal 1, and costimulatory receptors (4-1BB)
contribute to signal 2. The CAR molecule alone provides signals 1 and 2; it contains TCR and costimulatory signaling domains.
In both cases, signal 3 is facilitated via cytokine receptors. (B) The immunoreceptor tyrosine-based activation motifs (ITAMs)
on TCR chains and CAR. Each ITAM contains two tyrosine phosphorylation sites. Figure by Lindner et al., 2020.

1.2.3. Mechanism of action
CAR T cells recognize and eliminate cells expressing the target molecule. Once the CAR’s antigen-
binding domain binds the target, it triggers signaling pathways as described above. Consequently, this
manifests in T-cell activation, proliferation, differentiation, contact antigen-specific cytotoxicity,

and cytokine secretion (Figure 3).

Cytolysis of tumor target cells is caused by exocytosis of granules containing perforin/granzyme
(degranulation) and expression of Fas Ligand (FasL), which interacts with the Fas receptor (Meiraz
et al., 2009). Degranulation is a fast-acting mechanism. Perforin facilitates the formation of pores
in the cell membrane, and granzyme protease cleaves pro-caspases into their active state, thus starting
the cascade leading to apoptosis (Cullen & Martin, 2007). FasL binding to the Fas receptor on target
cells causes its trimerization and the formation of a death-inducing signaling complex (DISC) with pro-
caspase 8 (Fu et al., 2016). The caspase is activated and similarly induces apoptosis by activating
downstream caspases. Traditionally, the main focus was on cytotoxic CD8" CAR T cells. However,
CD4" CAR T cells can be cytotoxic as well (Oh & Fong, 2021), although the killing might be delayed,
as they contain lower amounts of perforin/granzyme levels than CD8" T cells (Hombach et al., 2006;

Liadi et al., 2015).
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Besides contact cytolysis, the secretion of pro-inflammatory cytokines (tumor necrosis factor o (TNFa),
interferon- y (IFN-y), IL-2, IL-6) is a secondary, antigen-independent mechanism of tumor cell killing.
The cytokines sensitize the tumor stroma and activate and recruit other immune cells, such as natural
killer (NK) cells, B cells, and macrophages (Benmebarek et al., 2019; Chekol Abebe et al., 2022). In this
context, CD4" CAR T cells invigorate the overall anti-tumor effect by producing large amounts of IFN-
v. IFN-y activates macrophages to secrete IL-12, enhancing CD8" CAR T-cell, endogenous T-cell,
and NK-cell killing functions (Boulch et al., 2021). Additionally, IFN-y upregulates the expression
of major histocompatibility complex (MHC) molecules and thus might sensitize tumor cells with
previously downregulated MHC (Toffalori et al., 2019). By this indirect mechanism, even perforin-

deficient CD4" CAR T cells maintain the tumor-controlling ability (Boulch et al., 2023).

However, potent cytokine secretion by CAR T cells during peak tumor lysis can lead to a systemic
inflammatory response — cytokine release syndrome (CRS) with potentially life-threatening toxicities,
particularly neurotoxicity called “immune effector cell-associated neurotoxicity syndrome (ICANS).”

(Xiao et al., 2021).
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Figure 3. CAR T-cell mechanism of action. The CAR T’s cytotoxicity is mediated by the degranulation of perforin
and granzyme, by contact via the Fas-FasL axis, and indirectly by cytokine secretion (e.g. IFN-y). Figure by Benmebarek et
al., 2019.
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1.3. Evolution of CAR T cells

1.3.1. First generation
The first mention of chimeric receptors engineered from an antibody binding domain and TCR-derived
constant domain is from Japan (Kuwana et al., 1987). This Kurosawa-led group produced constructs
with Ig variable domains (Vy, 1) attached to the TCR constant a and B chains. The Ig variable domains
conferred specificity towards S. pneumoniae cell-wall constituent phosphorylcholine. Transfected
T cells specifically reacted with intracellular calcium influx after stimulation with phosphorylcholine-
positive bacteria. Nevertheless, the birthplace of CAR T cells is considered the Weizmann Institute
in Israel, where the concept of combining antibodies with the TCR signaling domain was independently
postulated as “T-bodies” by immunologists Zelig Eshhar and Gideon Gross (Gross et al., 1989). It was
first tested as a “proof-of-concept” to study TCR activation. Still, the exploitability of this approach
to combat tumors or virally infected cells was evident and rapidly caught on. Their first construct was
an engineered hybrid TCR with variable regions (V a, B) swapped for Ig Vi and V 1, the so-called Ig-
TCR CAR (Gross et al., 1989). Combinations of Vi and Vi of 2,4,6-trinitrophenol (TNP)-specific mAb
with either TCR a or  chains were tested ( Figure 4). The procedure required a double transfection
of two vectors to contain both Ig and TCR chains. Transduced T cells in contact with TNP-coated cells
started secreting IL-2 and could induce specific lysis of target cells in a non-MHC hapten-specific
manner (Gross et al., 1989). To simplify this method, the first CAR with a single chain variable fragment
(scFv) was developed (Eshhar et al., 1993). Ig Vy and VL. domains were joined with a linker to form
scFv connected to the intracellular TCR constant domain (CD3(). This design was later named the 1%'-

generation CAR (Hwu et al., 1993).

In primary research on TCR signaling, Irving and Weiss utilized a chimeric receptor comprised of a CD8
molecule fused with CD3{. This tool provided insight into the fundamental role of Lck and ZAP70
kinases (A. C. Chan et al., 1991; Irving & Weiss, 1991).

The first clinical trial with 1** generation CARs was conducted to treat HIV infection by the company
Cell Genesys Inc. (Mitsuyasu et al., 2000; Walker et al., 2000). They used ligand-based CD4-CD3(
CAR, which targeted viral gp120 on the surface of HIV-infected cells (Romeo & Seed, 1991). Later,
Cell Genesys led the first anti-cancer trial with a CAR against colorectal cancer (Hege et al., 2017).
Nonetheless, the 1%-generation CARs showed minimal efficacy in clinical trials due to low cytotoxicity,

expansion, and persistence (Tokarew et al., 2018).
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Figure 4. The evolution of CAR T cells. In the 1°-generation CAR, the intracellular domain comprised only CD3({; the 2"¢
generation added a costimulatory domain (CMI), and the 3" generation incorporated two costimulatory domains.
In the 4" generation, the CAR is engineered to induce the secretion of a cytokine. Figure by Bourbon et al., 2021.

1.3.2. Second generation
As previously mentioned, physiological T-cell activation is dependent on two signals. The TCR
mediates the first signal by recognizing antigens as a peptide/MHC complex. This signal alone
is insufficient for T-cell activation and may lead to T-cell anergy. A second, costimulatory signal
is needed for survival, proliferation, and cytokine secretion. A costimulatory molecule on T cells binds

ligands on activated antigen-presenting cells (APCs) — for example, pair CD28 and CD80 or CDS6.

The 1%-generation CARs had limited cytotoxicity, proliferation, and persistence. Therefore, the 2™-
generation CAR incorporates a costimulatory domain in addition to the CD3{ ( Figure 4).
Including CD28 costimulatory domain in the construct increased proliferation, cytokine secretion,
and survival and led to an overall more potent anti-tumor activity (H. M. Finney et al., 1998, 2004;
Mabher et al., 2002). Similarly, the 4-1BB (CD137) signaling domain in anti-CD19 CAR led to robust,
specific cytotoxicity against B-ALL cells, a high rate of expansion, and IL-2 secretion (Imai et al., 2004).

Comparing 4-1BB and CD28 costimulatory domains revealed that their signaling leads to the activation
of distinct metabolic pathways (Kawalekar et al., 2016), as mentioned in chapter 1.2.2. Additionally,
it has been shown that CD28{ CAR T cells have higher early cytotoxicity and initial expansion
(Kawalekar et al., 2016). CAR T cells with 4-1BB can be detected in peripheral blood for up to several
years post-administration (Fraietta et al., 2018; Porter et al., 2015), while CD28 constructs are typically
detectable solely within a couple of months (Brentjens et al., 2013; D. W. Lee et al., 2015). In theory,
highly potent and rapid cytotoxic CD28-based CARs could be a better option for transient tumor
elimination in instances such as bridging therapy before hematopoietic stem cell transplant (HSCT).

The lasting persistence of 4-1BB constructs could offer a permanent solution in disease management.
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However, real-world data indicate that the CD28-based CAR T cells have better clinical outcomes

at the cost of higher toxicities than the 4-1BB-based ones (Bachy et al., 2022; Gagelmann et al., 2024).

Other costimulatory domains derived from OX40, ICOS, and CD27 have been tested as viable
alternatives (Guedan et al., 2014; Pul¢ et al., 2005; Song et al., 2012). The “28(” and “BB{” constructs
are today’s established standard in clinical practice, as they are present in all the CAR T-cell products

approved by the Food and Drug Administration (FDA) so far (chapter 1.7).

1.3.3. Third generation
CAR constructs combining multiple intracellular costimulatory domains are labeled as 3™-generation
CAR ( Figure 4). For example, CAR ICDs composed of CD28-4-1BB-CD3( (28BB{() in anti-CD19
CAR (Tammana et al., 2010) or CD28-0X40-CD3( targeting either CD33 (Pulé¢ et al., 2005) or GD2
(Marin et al., 2010) have been tested. Results of in vitro experiments suggest that including an additional
costimulatory domain may augment CAR T-cell activation, proliferation, and survival. Clinical trials
with 28 BB( constructs targeting HER-2/neu for colon cancer (Morgan et al., 2010a) and CD20 for B-
cell lymphoma (Till et al., 2012) reported similar efficiency and safety as 2"4-generation CARs. Another
phase I clinical trial simultaneously compared 2"-generation (28() and 3rd-gen (28BB() anti-CD19
CAR T cells for relapsed/refractory (r/r)-non-Hodgkin lymphomas (Ramos et al., 2018). Both cellular
products were administered to each patient at the same time. In this study, 3™-generation CAR T cells
were superior in expansion and persistence in vivo. However, these data are always for small groups
of patients, and therefore, more studies are needed to determine the optimal composition

of costimulatory domains.

1.3.4. Fourth generation

The next evolutionary stage of CAR design (4™ generation) is also referred to as T cells redirected
for antigen-unrestricted cytokine-mediated killing (TRUCKSs), armored, or armed CARs (Chmielewski
& Abken, 2015). These constructs are derived from the 2" generation (one costimulatory domain
and CD3() with incorporated transgenic protein production, most commonly a cytokine, especially
inducible upon CAR T-cell activation ( Figure 4). This further stimulates CAR T cells and possibly
recruits bystander non-transduced T cells to fight tumor cells and modulate the tumor microenvironment
(TME). This could be asolution to overcome immunosuppression in solid tumors, for which
CAR T cells are ineffective. Moreover, targeted cytokine production in the tumor site could present
a significantly lower risk of side effects than systemic administration (Chmielewski & Abken, 2015).
The most widely used inducible promoter is based on six NFAT binding motifs together with minimal
IL-2 promoter (Northrop et al., 1993). Novel promoters, such as NR4A, could represent an alternative
offering higher expression than the standard NFAT (T. Guo et al., 2022).
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1.3.4.1. IL-12 TRUCKs
IL-12 is a cytokine that remarkably enhances inflammatory response. It is produced by antigen-
presenting cells and phagocytes — dendritic cells (DCs), monocytes, and macrophages as a response
to infections. IL-12 stimulates T cells and NK cells, inducing IFN-y secretion, and increases cytotoxicity
by elevating perforin and granzyme levels (Ferlazzo et al., 2004; Kubin et al., 1994). It drives T cells
toward a Th1 phenotype (Manetti et al., 1993) and also blocks the expansion of T-regulatory (Treg) cells
(X. Cao et al., 2009). Consequently, as a positive feedback loop, IFN-y activates monocytes
and macrophages, further augmenting IL-12 production and aiding pathogen elimination (X. Ma et al.,
1996). However, IL-12 bears safety issues, especially when administered systemically due to the strong
induction of IFN-y production. In this case, hyper-activated immune cells eventually cause liver, lung,
gastrointestinal, and hematopoietic toxicities (Car et al., 1999). Thus, CAR T-cell direct secretion
at the tumor site might effectively boost the anti-tumor response without the abovementioned risks.
Delivering IL-12 by CAR T cells to the tumor could recruit other immune cells—macrophages, NK,
and T cells — to fight cancer in a Th1-driven response. A broad immune response could mitigate the risk

of immune escape of tumor cells by antigen loss (Chmielewski et al., 2011).

Several pre-clinical studies have confirmed a superior effect of IL-12 secreting CAR T cells for B-cell
malignancies (Kueberuwa et al., 2018; Pegram et al., 2012), and especially against large established
solid tumors, which are not sensitive to CAR T cell without added cytokines such as for melanoma (L.
Zhang et al., 2012), ovarian carcinoma (Koneru et al., 2015; Yeku et al., 2017), hepatocellular carcinoma
(Y. Liu et al., 2019), and glioblastoma (Agliardi et al., 2021). Increased cytotoxicity, proliferation,
persistence, and resistance to Tregs were among the observed effects on CAR T cells. In the first human
clinical trial, TILs with inducible IL-12 secretion were used to treat melanoma. IL-12 boosted TIL anti-
tumor activity; nevertheless, the dose escalation had to be stopped due to toxicities connected with high
levels of IL-12 and IFN-y (L. Zhang et al., 2015). To increase safety by bypassing peripheral 1L-12
secretion, membrane-bound IL-12 (and membrane-bound tumor-targeted I1L-12) CAR T cells were
shown to be highly effective for treating large solid tumors on patient-derived xenograft (PDX)
osteosarcoma and melanoma models (J. Hu et al., 2022), and ovarian cancer model (E. H. J. Lee et al.,
2023). In another non-secretory approach, a single chain IL-12 was inserted in the extracellular domain
of CAR, while both IL-12 and CAR remained functional. IL-12 enhancement was evident, together
with increased antigen-dependent cytotoxicity. Furthermore, IL12-CAR T cells gained NK-like
antigen-independent killing ability. Specifically, CD8+CD56+CD62L"e" population with upregulated
genes linked with NK cell cytotoxicity — CD94/NKG2D. This hybrid killing mechanism could
be suitable against heterogeneous tumors containing tumor cells without target antigens (Hombach

et al., 2022).

An alternative method for antigen-specific, tumor-targeted, non-leaky, and reversible inducible

cytokine expression was developed by Yang and colleagues (Yang et al., 2023). It is a non-gene editing
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CRISPR-based system of inducible IL-12 expression utilizing co-transduction of two constructs.
The first encodes human epidermal growth factor receptor 2 (HER2)-specific 2™-generation CAR with
an added tobacco etch virus (TEV) protease at the end of its ICD. It also codes two single guide RNAs
(sgRNA) targeting IL-12A and IL-12B transcription start sites. The second construct contains a LAT
molecule connected to a nuclease-deactivated Cas9 (dCas9) with a nuclear localization signal by a TEV-
cleavage site. Upon CAR activation, LAT molecules are brought to its proximity, and then TEV protease
releases dCas9 (with bound sgRNAs), which translocates to the nucleus, inducing endogenous IL-12

expression (Yang et al., 2023).

A cytokine delivery system called “IL-12 nanostimulant-engineered CAR T cells biohybrids” was
developed to increase CAR T cell effectivity and safety. In this method, CAR T cells are externally
conjugated by click chemistry with IL-12-packed nano chaperones made of chemically modified human
serum albumin (HSA). IL-12 release from nano chaperones is triggered only after contact with free thiol
groups that are increased on the cell surface after T cell activation, in this case by CAR recognizing

target tumor cells (Luo et al., 2022).

In a phase I clinical trial for the treatment of MUC16°** ovarian cancer using CAR T cells that secrete
IL-12, all patients experienced CRS. However, no dose-limiting toxicities were observed in patients
who did not receive additional chemotherapy, only in those who received post-lymphodepletion

chemotherapy before the treatment (O’Cearbhaill et al., 2020).

1.3.4.2. IL-18 TRUCKs
IL-18 is often used instead of IL-12 as a safer substitute. In a clinical trial, systemic administration of IL-
18 to cancer patients did not cause any significant toxicities (Robertson et al., 2008). IL-18 is a pro-
inflammatory cytokine with pleiotropic function. It stimulates proliferation and IFN-y secretion
in T and NK cells. Furthermore, it affects monocytes, DCs, natural killer T (NKT) cells, B cells,
mast cells, and basophils (Yasuda et al., 2019). CAR T cells releasing IL-18 displayed superior anti-
tumor efficacy against CD19" B-cell malignancies, melanoma (B. Hu et al., 2017), and pancreatic
and metastatic lung cancer in mouse models (Chmielewski & Abken, 2017). Again, adding IL-18 was
crucial in eradicating large solid tumors, as they were refractory to unenhanced CAR T cells. 1L-18
drove T cells into T-bet"e" FoxO1'°¥ effector phenotype together with Th1 polarization. Moreover, IL-
18 production altered tumor-associated immune cell composition — a rise in M1 macrophages
and NK cells was observed, while the numbers of suppressive M2 macrophages, DCs, and Tregs
decreased (Chmielewski & Abken, 2017). Another pre-clinical study of lung cancer treated with
CAR T cells with IL-18 similarly reported a durable response and activation of TILs and APCs. IL-18
also prevented the exhaustion of CAR T cells, which retained a memory phenotype (Jaspers et al.,

2023). The first human clinical trial with anti-CD19 CAR T cells co-expressing IL-18 is currently being
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conducted at the University of Pennsylvania with promising efficacy and controllable adverse toxicities

(Svoboda et al., 2022).

1.3.4.3. IL-15 TRUCKs
Another cytokine used to augment CAR constructs is IL-15. It enhances T-cell proliferation
and cytotoxic function by elevating granzyme B production (Tamang et al., 2006). IL-15, like all other
y-chain cytokines, further promotes T-cell survival by regulating B-cell lymphoma-2 (Bcl-2) family
proteins (Shenoy et al., 2014). In a preclinical mouse model, anti-CD19 CAR T cells expressing IL-15
had enhanced anti-tumor activity, significantly enhanced expansion, improved survival, and diminished
expression of the exhaustion marker programmed cell death 1 (PD-1) (Hoyos et al., 2010). In another
approach, anti-CD19 CAR T cells improved by membrane-bound IL-15 had an elevated percentage
of a long-lived stem cell memory (Tscm)- like phenotype and enhanced cytotoxicity. (Hurton et al.,
2016). To combat unwanted toxicities of secreted cytokines in CAR T-cell therapy, co-expressing IL-
15 receptor a subunit, in addition to IL-15, showed reduced systemic adverse effects of IL-15 in a mouse
xenograft model (Y. Zhang et al., 2022). In a xenograft glioblastoma model, IL-15 secreting GD2-
specific CAR T cells effectively infiltrated the tumors and exhibited remarking tumor control, with
a complete response in half of the treated mice (Gargett et al., 2022). Another glioblastoma study tested
anti-IL13 receptor 02 (anti-IL13Ra2) CAR T cells secreting IL-15 or with IL-15 fused to the CAR’s
scFv. These CAR T cells simultaneously targeted glioblastoma tumor cells and myeloid-derived
suppressor cells (MDSCs) in the TME, as they express IL13 and IL-15 receptors. Both CAR T cells
were effective against the MDSCs, while the IL-15-fused CAR was more potent (Zannikou et al., 2023).

In a case study, a B-ALL patient who relapsed twice after treatment with anti-CD19 and anti-CD22
CAR T cells received CD19-specific CAR T cells with membrane-bound IL-15 and achieved complete
remission with high CAR T expansion and no severe side effects. However, the patient relapsed again
(CD19-negative), and further treatment with another dose of anti-CD22 CAR T cells did not have
a curative effect (Sun et al., 2021).

1.3.4.4. IL-7 TRUCKs
IL-7 is widely used in (CAR) T cell expansion protocols, as it promotes T-cell proliferation and has anti-
apoptotic properties by upregulating protein Bcl-2. It further promotes a low degree of differentiation
of T cells (MacKall et al., 2011; Schluns et al., 2000). Therefore, it might be suitable for enhancing
CAR T cell survival and persistence in vivo. Studies with CAR T cells producing IL-7 have confirmed
this effect in preclinical models with NKG2D-specific CAR against prostate cancer (He et al., 2020)
and CD19-specific CAR (L. Li et al., 2022). IL-7 promoted less differentiated CAR T cells, prevented
exhaustion, and led to better metabolic fitness, persistence, and overall anti-tumor function. In addition
to increased proliferative capacity by IL-7, the subsequent studies further combined IL-7 with co-

expression of another cytokine. For example, secretion of chemokines would improve migration
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to the tumor site and infiltration into the tumor. To utilize this, Adachi et al. combined CD20
CAR T cells with IL-7 and CCL19, and then similarly, Luo et al. tested IL-7 plus CCL21 for solid tumor
models (Adachi et al., 2018; H. Luo et al., 2020). CCL19 and CCL21 act as chemoattractants for T cells
and DCs via interaction with C-C chemokine receptor 7 (CCR7) (Luther et al., 2002). Moreover, CCL21
has additional anti-tumor properties due to its angiostatic function by binding to CXCR3 (Vicari et al.,
2000). In both cases, IL-7 improved the proliferation of CAR T cells, and co-expressed chemokines
caused higher T-cell/DCs tumor infiltration than conventional CAR T cells (Adachi et al., 2018; H. Luo
et al.,, 2020). A clinical trial with anti-CD19 CAR T cells expressing IL-7 and CCL19 reported
manageable adverse toxicities and superior anti-tumor effects than conventional CAR T cells (Lei et al.,
2024). Another tested co-expressed protein together with CAR and IL-7 is hyaluronidase PH2O0.
It further enhanced the penetration of CAR T cells through dense extracellular matrix into solid tumors

in the hepatocellular carcinoma model (Xiong et al., 2021).

A CART cell approach toward heterogenous solid tumors containing target-antigen-negative tumor
cells is challenging. Swan et al. designed a CAR construct that produces IL-7 and Fms-like tyrosine
kinase receptor 3 ligand (FIt3L) against 50% epidermal growth factor receptor (EGFR)VIII
glioblastoma that would rely on recruiting endogenous immune cells and CAR T cells for tumor
eradication (Swan et al., 2023). FIt3L is an essential growth factor for DC development (Cueto &
Sancho, 2021). Increasing intra-tumoral DC numbers could lead to new tumor-specific cytotoxic T-cell
priming. Tumors treated with CAR T cells with IL-7 and FIt3L had elevated populations of conventional
DCs and CD103"XCR1" migratory and cross-presenting DC populations, and these tumor-bearing mice
had higher survival rates than with non-enhanced CAR T cells (Swan et al., 2023).

A modification of the IL-7 itself represents another direction for further improvements. The short half-
life of a cytokine might be a limiting factor for its in vivo function. Kim et al. constructed a long-acting
recombinant human IL-7 by fusing it with hybrid Fc (thIL-7-hyFc) (M. Y. Kim et al., 2022). It promoted
CAR T-cell proliferation, cytotoxicity, and memory phenotype in CD19" lymphoma and CD33"
leukemia models. Although they did not present a direct comparison with CAR T cells secreting

unmodified IL-7, they presume that rhIL-7-hyFc could surpass it in future human trials.

To avoid unwanted bystander lymphocyte activation and following potential side effects such
as neurotoxicity and CRS, a constitutive active IL-7 receptor (C7R) was developed (Shum et al., 2017).
CAR T cells with C7R showed superior anti-tumor activity, proliferation, and survival in neuroblastoma
and glioblastoma models (Shum et al., 2017) and breast cancer models, but not in vivo (Z. Zhao et al.,

2020).

1.3.4.5. IL-21 TRUCKs
IL-21 is another interesting cytokine in the context of CAR T-cell therapy. IL-21 bears pleiotropic

functions (Tian & Zajac, 2016), stimulating T-cell expansion and maintaining early memory phenotypes

24



desired for CAR T cells. In our study (Stach et al., 2020), anti-CD19 CAR T cells producing IL-21 had
increased expansion, survival, retainment of Tscwm-like phenotype, and tumor infiltration in vitro
and in a mouse model. Moreover, IL-21 might make CAR T cells more effective for CAR T-resistant
diseases like chronic lymphocytic leukemia (CLL) (Stach et al., 2020). Another group working on solid
tumors engineered CAR T cells against HCC targeting glypican-3 with co-expression of IL-21 and IL-
15. Likewise, enhanced CAR T cells had an elevated percentage of early differentiated Tscm and Tem

populations and increased expansion and persistence (Batra et al., 2020).

1.3.4.6. IL-10 TRUCKs
IL-10 is a pleiotropic cytokine that used to be generally connected with inhibition, although it has been
described that it has anti-tumoral properties as well (Fujii et al., 2001; Mumm et al., 2011; Tanikawa
etal., 2012). Zhao et al. showed that CAR T cells producing IL-10 had improved metabolical fitness,
proliferation, and effector functions even against established and metastatic tumor models. Moreover,
IL-10 promoted the formation of the early-differentiated Tscm phenotype and thus established a durable
response (Y. Zhao et al., 2024).

1.3.4.7. Combating the tumor microenvironment
Besides cytokines, various other transgenic proteins could be expressed by CARs. Strategies discussed
so far mostly improved CAR T-cell cytotoxicity, expansion, persistence, and recruiting bystander
T cells. Immune escape is one of the characteristics of “successful” cancer. The immune escape
mechanisms include immune-suppressive cytokines (transforming growth factor p (TGF B), IL-4, IL-
10), checkpoint molecules (PD-1, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)), and in solid
tumors, dense extracellular matrix, hypoxia, and suppressor cells (Tregs, MDSCs). Hence, neutralizing
immunosuppression by tumor microenvironment (TME), especially in solid tumors, might be equally

crucial as enhancing CAR T cells (Xia et al., 2019).

1.3.4.7.1. Inverted cytokine receptor (chimeric switch receptor)
The inverted cytokine receptor (ICR), also known as chimeric switch receptor (CSR), was developed
to reverse an inhibitory signal into a stimulatory one (Figure 5A). One of the suppressive cytokines
associated with TME is IL-4. It was shown that IL-4 promotes tumor growth and protects tumor cells
from cytotoxic T cells by promoting Th2 polarization (Gocheva et al., 2010; Wynn, 2015). To combat
this effect, Leen et al. fused the cytokine-binding exodomain of the IL-4 receptor with the intracellular
signaling domain of the IL-7 receptor into the IL-4R/IL-7R (4/7) ICR. They reported that adding 1L.-4
improved proliferation, cytotoxic function, and Th1 phenotype sustainment of the transduced T cells
(Leen et al., 2014). Similarly, prostate stem cell antigen (PSCA)-specific CAR T cells bearing the 4/7
ICR thrived in the IL-4-rich TME and exhibited boosted anti-tumor functions in a pancreatic cancer

preclinical model (Mohammed et al., 2017). Next, a novel IL-4R/IL-21R ICR provided CAR T cells
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with increased tumor-lytic ability and a Th17-like polarization against IL-4" tumors, both in vitro and

in vivo HCC model (Y. Wang et al., 2019).

TGF-B is another textbook example of immunosuppressive cytokine. It dampens T-cell activation
and proliferation while it supports tumor invasion and metastasis (M. O. Li et al., 2006). The TGF-p/IL-
7R CSR developed by Noh et al. enhanced target-specific CAR T cell cytotoxicity and overall survival
on a CD19" B-cell lymphoma mouse model (Noh et al., 2021).

Physiological signaling via inhibitory receptors PD-1 and CTLA-4 causes T-cell exhaustion
and dysfunction. Expression of their ligands on tumor cells is one of the resistance mechanisms (Schnell
et al., 2020). Engineering PD-1 exodomain with CD28 ICD into PD-1/CD28 CSR (Figure 5A) boosted
anti-tumor functions, proliferation, and cytokine secretion of tumor-specific T cells (Ankri et al., 2013;
Kobold et al., 2015; Prosser et al., 2012) and CAR T cells (C. Chen et al., 2021). Similar results were
observed with CTLA-4/CD28 chimera in T cells against melanoma (Shin et al., 2012).

1.3.4.7.2. Dominant negative receptors
Another strategy for counteracting the immunosuppressive molecules is the expression of dominant
negative receptors (DNRs). They represent the receptor's truncated, non-signaling form, which acts
as a decoy for its ligand (Figure 5B). The TGF-§ DNR and PD-1 DNR are the most promising in CAR T-
cell engineering. The TGF-f DNR was tested in various contexts such as Eppstein-Barr virus (EBV)-
specific T cells (Foster et al., 2008), mesothelin-specific CAR T cells in ovarian cancer PDX model
(K. Li et al., 2023), anti-HER2 CAR T cells co-expressing CCR8 (Strzalkowski et al., 2022), anti-B-
cell maturation antigen (BCMA) CAR T cells against multiple myeloma (Alabanza et al., 2022), and
PSMA-targeting CAR T cells in prostate cancer preclinical model (Kloss et al., 2018) and a phase 1
clinical trial (Narayan et al., 2022). The TGF-B DNR enhanced tumor infiltration, proliferation, and

facilitation of anti-tumor responses of CAR T cells in the presence of TGF-f.

Likewise, the PD-1 DNR protects T cells from inhibition mediated by PD-L1-positive tumors (Figure
5B). The PD-1 DNR on mesothelin-specific CAR T cells bolstered their anti-tumor functions, cytokine
secretion, and expansion in preclinical models (N. Chen et al., 2017; Cherkassky et al., 2016). Moreover,
the first human clinical trial with PD-1 DNR anti-CD19 CAR T cells showed promising efficacy against
follicular lymphoma without causing significant toxicity (X. Liu et al., 2021).

Next, disruption of the apoptotic Fas/FasL axis by Fas DNR in CAR T cells improved their survivability

and the durability of the anti-tumor response against solid tumor models (Yamamoto et al., 2019).

26



PD-1

Activating
signalling
domain

Switch receptor
expressing CAR T cell

PD-1

Mutated
signalling
domain

Dominant negative
receptor

expressing CAR T cell

Figure 5. Strategies of CAR T cells to overcome immunosuppression. (A) Chimeric switch receptor, (B) Dominant negative
receptor. Figure by J. D. Chan et al., 2020.

1.3.4.7.3. Secretory antibodies

With the boom of checkpoint inhibitor therapy, i.e. mAbs against inhibitory receptors or their ligands,
can be harnessed in CAR T-cell engineering to tackle immunosuppressive TME. In addition, secreting
the mAbs by CAR T cells directly at the tumor site maximizes their concentration at the site of action
while minimizing systemic exposure and potential off-target effects. Moreover, continuous production
and sustained release of the mAbs can enhance the duration of their therapeutic effect and help overcome

the limitations of passive mAb administration, such as short half-life and inadequate tumor penetration.

In several studies, blocking PD-1 on CAR T cells by secretory anti-PD-1 scFv was tested on different
models. First, anti-CD19 CAR T cells secreting anti-PD-1 scFv exhibited enhanced proliferation
and effector functions in a xenograft model of solid tumors artificially expressing CD19 (S. Li et al.,
2017). Rafiq et al. showed a similar effect on CD19- or Muc-16-specific CAR T cells against PD-L1-
positive leukemia and ovarian cancer models. Furthermore, the produced anti-PD-1 scFv bolstered
the anti-tumor response in an autocrine and paracrine manner for CAR T cells and bystander
endogenous tumor-specific T cells (Rafiq et al., 2018). In other studies, the anti-PD-1 scFv enhanced
tumor-killing and tumor infiltration of EGFR-specific CAR T cells in gastric cancer xenograft and PDX
mouse models (J. T. Zhou et al., 2020), and anti-mesothelin CAR T cells in lung cancer xenograft model

(Ping et al., 2020).

As an example of blocking programmed death ligand 1 (PD-L1) on tumor cells, anti-PD-L1 mAb-
producing CAR T cells outperformed conventional CAR T cells in a mouse xenograft model of clear
cell renal cell carcinoma. Additionally, the anti-PD-L1 IgG1 mAb mediated antibody-dependent cellular
cytotoxicity (ADCC) by NK cells on PD-L17 cancer cells, therefore employing an additional mechanism
of tumor lysis (Suarez et al., 2016).
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The inhibitory receptor CTLA-4 suppresses T-cell functions upon binding to CD80/CD86 either
on APCs or tumor tissue. In a study by Yin et al., a sub-therapeutic dose of anti-CTLA-4 minibody-
secreting CAR T cells displayed a prolonged anti-tumor effect compared to conventional CAR T cells

in a mouse xenograft glioma model (Yin et al., 2018).

Another molecule, CD47, acts as a “don’t eat me” signal via the signal regulatory protein-o (SIRPa)
receptor on macrophages and DCs. CD47 is widely expressed and usually overexpressed on tumor cells
(Willingham et al., 2012). Systemic blocking of CD47 would pose a risk of toxicity, while localized
delivery could enhance tumor sensitivity to phagocytosis. Xie et al. demonstrated that CAR T cells
secreting an anti-CD47 VHH fragment fused to Fc stimulated macrophage engulfment of cancer cells
(Xie et al., 2020). Another group engineered CD19 CAR T cells with CV1, a secretory variant of SIRPa.
They named this system “Orexi” CAR T cells due to facilitating orexigenic activity, meaning enhanced

phagocytosis (Dacek et al., 2023).

An opposite strategy to checkpoint blockade is secreting agonist Abs to activate stimulatory pathways.
One example is the production of CD40 agonist Ab by meso3-specific CAR T cells, which enhanced
the anti-tumor efficacy, increased cytokine release, and cytotoxicity in an ovarian cancer xenograft
model. Moreover, a comparatively larger ratio of the CD40 Ab-secreting CAR T cells retained central

memory phenotype (Y. Zhang, Wang, et al., 2021).

To prevent antigen escape or to target multiple antigens in heterogenous tumors, coupling CAR T cells
with the production of bispecific T cell engagers (BiTE) might empower the T cells to mount a more
robust and effective anti-cancer response. The BiTE consists of two scFv domains, one targeting CD3
and the other a tumor antigen. The BiTE bridges a T cell with tumor cells upon binding both antigens,
allowing their lysis. Glioblastoma, an example of a heterogeneous tumor, can express wild-type (wt)
EGFR and its mutated variant EGFRVIII. However, targeting EGFRVIII by CAR T cells led to antigen-
negative outgrowth, and systemic anti-EGFR therapy poses a high risk of on-target off-tumor toxicity
(Choi et al., 2019). The localized secretion of CD3-EGFR BiTE by EGFRvllI-specific CAR T cells
mediated the complete eradication of heterogeneous tumors in a glioma mouse model. According
to expectations, the BiTE redirected and recruited CAR T and bystander T cells against wt EGFR (Choi
etal., 2019).

1.3.5. Fifth-generation, next-generation
The 4™-generation CAR engineering incorporated a cytokine or a receptor into the CAR construct.
The next-generation CARs rely on more innovative approaches that utilize insights from synthetic
biology and logic-gating (AND, OR, NOT, IF). They address topics like targeting multiple tumor

antigens simultaneously, alleviating toxicities, and safety switches.

28



O
Qs"“““ 0
o\ UH

cD28 g

B Tandem CAR C Looped

cD3t L
Antigen A T-cell
Antigen B activation

Tandem CAR

o

@
LA

Antigen B

D Combinatorial CAR

N

Antigen A

E synMNotch Receptor

/‘_‘\\; (\
\
] cleavage
| ™ | [
D ; Transcnptmn
| Factor
A
- GAR

T-cell
activation

F ON-Switch CAR
\-} @ i)\.}
E %

Inactive Achve

G Inhibitory CAR

?

Inhibition

PD-1 or
CTLA-4

|

Activation

H Universal CAR

W\ ?@w

P

Antwatlnn Inactive

Figure 6. The next-generation CAR designs. Figure by Guedan et al., 2019.

1.3.5.1. “OR-gate”

1.3.5.1.1. Dual targeting

Targeting two antigens simultaneously can prevent the escape of tumor cells by antigen loss or its
downregulation. Under evolutionary pressure by the CAR T cells, the selection of an antigen-negative
clone and its following outgrowth can occur and is responsible for resistance to the treatment (Brown
etal., 2015; Fry et al., 2018; Orlando et al., 2018; O’Rourke et al., 2017; Sotillo et al., 2015). Dual
targeting applies when either antigen is expressed on tumor cells, corresponding to the logical “OR-

gate” (Figure 6A, B, C).

One way of dual targeting with the traditional 2"d-generation CAR constructs is co-administrating two
CAR T products (Ruella et al., 2016; T. Wang et al., 2023). A step-up would be the expression of two
different CAR molecules on one T cell — dual CAR T cells, also called dual-signaling CAR T cells
(Figure 6A). It requires either co-transfection with different constructs or one large bicistronic vector
(K. H. Chen et al., 2018; Kokalaki et al., 2023; Ruella et al., 2016; H. Wang et al., 2022). In the case

of the single vector, additional changes like codon optimization may be necessary
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to prevent recombination between duplicate sequences. These two CARs can bear different

costimulatory domains to combine their respective signaling advantages.

Another option is a single-chain bi-specific construct with a single intracellular domain, in which scFvs
can be assembled in series — tandem CAR (TanCAR) (Grada et al., 2013) or in a looped structure —
looped tandem CAR (Figure 6B, C) (Z. Chen et al., 2023; Qin et al., 2018). Regarding genetic
engineering, tandem CARs require optimization of the spacer and linker domain lengths and the scFv
orientations for optimal dual-antigen recognition (Zah et al., 2016). Computational tools can aid
in the design of such constructs by predicting the structure and functionality of the double scFv complex
(Grada et al., 2013). These tandem CARs can react against either antigen alone. Notably, binding both
antigens at the same time causes a synergetic effect by strengthening the signal transduction, which
makes the TanCAR T cells functionally superior to two mixed monovalent CAR T cell populations
(Grada et al., 2013; Hegde et al., 2013, 2016; Ruella et al., 2016; Schneider et al., 2017). At present,
numerous clinical trials are being conducted with dual and tandem CARs against B-cell malignancies
with a combination of antigens CD19, CD20, and CD22 and against multiple myeloma targeting BMCA,
CD38, CS1, and PD-1 combinations (Stock et al., 2023).

1.3.5.1.2. Triple targeting
Targeting multiple antigens is especially important with heterogeneous tumors like glioblastoma, where
antigen escape is impending. A triple-CAR strategy by Bielamowicz et al. employs a tricistronic
construct with three CAR molecules divided by viral 2A self-cleaving peptide sequences. It targeted
three glioma tumor-associated antigens (TAAs) — HER2, interleukin-13 receptor subunit a-2 (IL13Ra2),
and ephrin-A2 (phA2) (Bielamowicz et al., 2018). Similarly, B-cell targeted triple-CAR T cells
engineered with tricistronic CD19-CD20-CD22 CAR construct could be an improved option to regular
CD19-specific CAR T cells that prevent CD19-negative relapses (Fousek et al., 2020). Another group
developed a bicistronic vector with CD19-CD20-specific TanCAR and CD22 CAR as “tri-specific dual
CAR T cells” and employed the 2A sequence (Schneider et al., 2021). In their dual-CAR architecture,
they also reported that ICOS, OX40, and CD27 CAR costimulatory domains were more potent than
the CD28 or 4-1BB. An alternative design of the antigen-binding domain leveraged ankyrin repeat
proteins (DARPins) rather than scFvs (Balakrishnan et al., 2019). This tri-specific TanCAR contained
three high-affinity binding domains specific for EGFR, EpCAM, and HER2 in one CAR molecule.
A Chinese company, Legend Biotech, presented additional non-scFv tri-TanCAR with three heavy-
chain variable domains (VHH) fragments specific for CD19-CD20-CD22 in tandem (Z. (Joy) Zhou
etal., 2021). The triple-targeted CAR T cells displayed cytotoxicity against heterogeneous tumor cell
mixtures. The single-antigen recognitions were comparable to monospecific CARs, while binding
multiple antigens on the same tumor cells manifested the synergetic enhanced activity in triple-

CAR T cells.
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The production of more complex constructs might be challenging due to the low capacity of LV vectors,

but alternatives like transposons might be better suited for next-generation designs (Wagner et al., 2022).

Combinatorics between mono-, bi-, or even tri-specific TanCARs, some of them even 4™-generation
design, brings up a nearly infinite number of possibilities, which makes this approach effective against
antigen-loss in tumor target cells. However, multiple-antigen targeting with “OR-gate” increases

the likelihood of on-target off-tumor toxicities.

1.3.5.2. “AND-gate”
Unfortunately, most tumor cells do not have a distinct antigen that is not expressed on any other cell
type, as in the case of B-cell malignancies. Even a minor expression on healthy tissue could pose a risk
of life-threatening on-target off-tumor toxicity in the CAR T-cell treatment (Lamers et al., 2006; Morgan
et al., 2010; Parkhurst et al., 2011). Therefore, approaches that offer specific killing only when
a combination of target antigens is recognized on tumor cells and not independently are highly sought

after. This corresponds to the logical “AND-gate”.

What is being referred to as combinatorial or conditional CAR are two CAR molecules against different
antigens with split signaling (Figure 6D, F). One CAR contributes with signal one by CD3C(,
and the other with costimulatory signal 2 (Kloss et al., 2013; Lanitis et al., 2013). Signal 1 alone leads
to suboptimal T-cell activation, thereby diminishing the degree of on-target off-tumor toxicities, yet it

might still occur in some form.

1.3.5.2.1. “IF-THEN-gate”
The “IF-THEN-gate” is represented by a synthetic Notch receptor (synNotch) circuit developed
to improve the precision of on-target cytotoxicity by dual-targeting. It is an “AND-gated” dual CAR
circuit system where recognition of the first antigen induces the expression of a second CAR, which
is specific for the second antigen (Roybal et al., 2016). The binding of the first CAR to its ligand does
not activate T-cell signaling. Instead, similarly to the wild-type Notch receptor, the synNotch receptor
is cleaved, releasing its intracellular part, which serves as a transcription factor that triggers
the expression of the second CAR (Figure 6E) (Yuan et al., 2015). This approach was tested with CARs
on various models, for example, glioblastoma (Choe et al., 2021; Moghimi et al., 2021) and ROR1"
tumors (Srivastava et al., 2019), and was deemed safe and accurate. In addition, the synNotch system
can be used for target-induced cytokine secretion (Cho, Okuma, et al., 2018; H. Luo et al., 2019).
However, the possibility of a tumor escaping by losing the first antigen is still a constraint of this

approach.

A more sophisticated use of a synNotch-based circuit was developed by Williams et al. as a 3-input
“AND-gate” CAR (Figure 7) with either in-series (cascade) or in-parallel design (Williams et al., 2020).
In the in-series circuit, synNotchl against antigen A is constitutively expressed. After activation,

it induces the expression of synNotch2 against antigen B, which consequently causes the expression
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of CAR against antigen C. In a parallel circuit, the two synNotch receptors against antigens A and B
each trigger the expression of a part of a split-CAR, a scFv against antigen C and intracellular CAR
domain, both with dimerization motives. In a mouse model, CAR T cells with the in-series circuit
reported superior and accurate cytotoxicity against triple-positive tumor cells. On the contrary, their in-
parallel system suffered from a leaky expression and exhibited partial cytotoxicity against single-

positive target cells (Williams et al., 2020).
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Figure 7. The 3-input “AND-gate” CAR system. (4) All three antigens must be on the target cell's surface to activate
the CAR T cell. (B) This system can be engineered as an “in series” or “in parallel” circuit. Figure by Williams et al., 2020.

1.3.5.2.2. “ON/OFF-Switch”
A strategy for controlled switchable CAR T-cell activation by a small molecule is called split-CAR
(C. Y. Wu et al,, 2015). In this approach, the CAR is split into two parts (Figure 6F). The first part
contains the extracellular antigen binding domain (mostly scFv), the transmembrane part,
and the intracellular part only with the costimulatory domain. The second part lacks an extracellular part
and has the membrane-anchoring and CD3( signaling domains. In addition, both parts have
heterodimerization domains that interact only in the presence of a small molecule called chemical
inducer of dimerization (CID), which makes the CAR functional (C. Y. Wu et al., 2015). This allows
stringent in-situ control of CAR potency, and titrable CID dosage can regulate the degree of activation
and its duration. Other designs may include the costimulatory domain with the signaling CD3(, leaving
the antigen-binding subunit only with the heterodimerization domain (Leung et al., 2019). One example
of a heterodimerization module is the FK506-binding protein (FKBP) and FKBP-rapamycin binding
domain (FRB) that heterodimerize after the addition of rapamycin or its analog (Juillerat et al., 2016;
Leungetal.,2019; C. Y. Wuetal., 2015). Although rapamycin is immunosuppressive and toxic to some
extent, the dosage used for CAR activation is sub-immunosuppressive (Leung et al., 2019). Leung et al.
named this system dimerizing agent-regulated immunoreceptor complex (DARIC). They also developed

a DARIC plug-in for targeting a second antigen. The plug-in is a soluble scFv with the FKBP domain
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that, in the presence of rapamycin, competes with the membrane-bound antigen-recognition module

for interaction with the signaling module (Leung et al., 2019).

In another study on small molecule-regulated CARs, Jan and colleagues utilized a lenalidomide-induced
interaction between CRL4“RBN E3 ubiquitin ligase and zinc finger degron C2H2 motif to design an “ON-
switch” split-CAR and “OFF-switch” degradable CAR systems (Jan et al., 2021). In the “OFF-switch”
system, the CAR bears the zinc finger degron tag in its ICD. After the addition of lenalidomide,
the CRL4“RBN E3 ubiquitin ligase is recruited, and the CAR is polyubiquitinylated and directed
to proteasome degradation (Fink & Ebert, 2015). In the “ON-switch” split-CAR, the CRBN domain
is uncoupled from the ubiquitin ligase and incorporated in the split-CAR signaling subunit. Again,
lenalidomide induces dimerization with the zinc-finger tag in the antigen-recognition split-CAR subunit

(Jan et al., 2021).

Boosting the co-stimulation of CAR T cells by a small molecule could be a viable strategy to magnify
their effector functions and expansion. Narayanan et al. designed a composite activation receptor that
incorporates the toll-like receptor (TLR) adaptor protein MyD88 and the cytosolic part of CD40
(Narayanan et al., 2011). The MyD88/CD40 (iMC) dimerization is induced via the aforementioned
FKBP domain by a synthetic dimerizing ligand ricmiducid. Although primarily developed for DCs,
the conserved TLR-signaling pathways activate NFxB, Akt, mitogen-activated protein kinase (MAPK),
and Janus kinase (JAK), leading to a pro-survival program in T cells (Narayanan et al., 2011). Utilizing

the iMC in CAR T cells improved their efficacy (Foster et al., 2017; Mata et al., 2017).

Similarly, leveraging secretory cytokines in enhancing CAR T cells is a well-established approach,
which has already been discussed in chapter 1.3.4, 4™-generation CAR T cells. However, safety
concerns of systemic and secretory cytokines led to the development of strategies like membrane-bound
cytokines, constitutively active cytokine receptors, and inverted cytokine receptors, as mentioned
earlier. In a novel approach, engineering CAR T cells with an inducible cytokine signaling “Turbo”
domain (iTurbo) provides desired synergetic cytokine signaling without any bystander or systemic
effect. The iTurbo domain is activated by a small molecule-induced homodimerization. Furthermore,
different types of iTurbo domains can drive the CAR T cells to a desired immunophenotype (R. J. Lin
et al., 2022).

For regulating CAR expression on the transcriptional level, the inducible tetracycline (TET)-ON system
is commonly used (Drent et al., 2018; Gu et al., 2018; Sakemura et al., 2016; R. Y. Zhang et al., 2019).
This system utilizes a recombinant fusion protein called reverse Tet transactivator (rTA) comprising
bacterial doxycycline-binding Tet-repressor and the C-terminal activator domain of VP16 protein
from herpes simplex virus. After adding the TET analog doxycycline (DOX), rTA binds promoters
with Tet-operator sequences and activates their expression (Gossen & Bujard, 1992; Loew et al., 2010).

The DOX dosage can titrate the induction level. Moreover, by discontinuing DOX supplementation,
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the expression diminishes, although it is not an instantaneous process. A further limitation of the TET-

ON system is that the bacterial and viral-derived elements might be immunogenic.

Quite unconventional methods of the “ON-switch” CARs are light-inducible systems (Allen et al., 2019;
Z.Huang et al., 2020; Nguyen et al., 2021) or ultrasound-activated system (Y. Wu et al., 2021). Although
they present interesting cellular mechanisms and T-cell engineering, their contribution is more

theoretical and a proof-of-concept rather than having an immediate clinical impact.

Exploiting characteristic traits of tumors for specific targeting CAR T cells would be an elegant way
to reduce adverse toxicities. Particularly, hypoxia of the TME is one of the textbook cancer hallmarks.
In a study by Juillerat et al., they incorporated the oxygen-sensitive subdomain of hypoxia-induced
factor 1o (HIF1a) into the CAR scaffold (Juillerat et al., 2017). Under average oxygen concentrations,
the CAR is driven into degradation due to the HIF1a domain. Contrarily, the HIF1o domain stabilizes
the CAR under hypoxic conditions, thus enabling its killing ability. Unfortunately, they reported residual
on-target cytotoxicity under normoxia (Juillerat et al., 2017). Kosti et al. upgraded this system with
an additional control element for a stringent hypoxia-restricted activity (Kosti et al., 2021). Besides
the oxygen-sensing domain of HIF1la, hypoxia-responsive elements (HREs) were added to the CAR
promoter for control at the transcriptional level. This double safety switch allowed CAR T cells to be
used against a widely expressed ErB2 antigen, for which conventional CARs would cause lethal

toxicities, as shown in a xenograft mouse model (Kosti et al., 2021).

Another trait of the TME is the presence of tumor-associated proteases. In so-called masked CARs
(Figure 8), the antigen-binding domain is blocked by a masking peptide with a cleavable linker
by a TME-specific protease, making them inert in healthy tissue (X. Han et al., 2017). This concept was
first developed as a prodrug antibody — “probody”, and it displayed a remarkable safety index, which
was then translated to an example of anti-EGFR CAR T cells (Desnoyers et al., 2013; X. Han et al.,
2017).
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Figure 8. Masked CAR. A masking peptide with a cleavable linker blocks the CAR's antigen binding domain. The CAR is only
activated in tumor tissue in the presence of a tumor-associated protease. Figure by X. Han et al., 2017.

Avidity-controlled CAR (AvidCAR) is a platform based on combining controllable CAR dimerization
and two low-affinity antigen-binding domains (Salzer et al., 2020). The substantial decrease
in the antigen-binding affinities of each antigen-binding domain allows for necessitated reliance
on multivalent interaction, known as avidity. This system can be functionally applied as “ON-switch”
or “AND-gated” AvidCARs. In the “ON-switch” case, both antigen-binding domains need to recognize
the target antigen, and the dimerization inducer needs to be present. The “AND-gated” AvidCAR can
be engineered in different ways. First, as a CAR specific to a single surface antigen A that
is homodimerized with a soluble antigen B. Second, as two CARs specific towards two distinct surface
markers in a non-switchable or switchable format. The non-switchable version employs constitutive
CAR heterodimerization, while the switchable one is further inducible by a small molecule (Salzer et al.,

2020).

1.3.5.3. “NOT-gate”
1.3.5.3.1. Inhibitory CAR
The inhibitory CAR (iCAR) is a type of CAR whose ICD was swapped for that of an inhibitory receptor
(Figure 6G), such as PD-1 or CTLA-4 (Fedorov et al., 2013) or LIR-1 (Tokatlian et al., 2022).
The iCAR T cells are provided with specific inhibitory signals against non-tumor antigens, which
should prevent adverse toxicities in healthy tissue. In practice, the iCAR is co-expressed with classical
CAR against a tumor antigen. The iCAR dampens CAR signaling, preventing cytotoxicity, cytokine

secretion, and proliferation. However, iCAR has an inherent design flaw: it works only when
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the recognized antigen is missing or downregulated on tumor cells, while it is abundantly expressed
on normal cells (Fedorov et al., 2013). Next, Aoyama et al. developed an iCAR variant named “Scissor-
CAR” with a protease as its ICD. After the binding of the healthy-cell antigen, it cleaves a specific
cleavage site on the coupled classical signal-CAR (Aoyama et al., 2022).

1.3.53.2. “AND-NOT”
Another way of designing the “NOT-gate” system is by the OFF-Notch receptor (Williams et al., 2020).
With a similar mechanism as the synNotch, the OFF-Notch receptor, engineered by Williams et al.,
induces the expression of a pro-apoptotic factor truncated BH3-interacting domain death agonist (tBID).
Thereby, the inhibition takes place downstream of CAR signaling, on the level of effector functions
where inducing apoptosis overrides the signal for proliferation. Concurrently, the same group combined
the OFF-Notch receptor into a 3-input “AND-NOT” circuit (Figure 9). First, a synNotch receptor
specific to antigen A induces the expression of CAR against antigen B, and in the case of recognition

of antigen C by the OFF-Notch receptor, the CAR T cell is driven into apoptosis (Williams et al., 2020).
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Figure 9. The 3-input “AND-NOT” circuit. The CAR is activated only by recognizing two antigens (4, B; GFP and CD19)
on the tumor’s surface. However, recognizing a healthy-tissue antigen (C, Her2) drives the CAR T cell into apoptosis. Figure
by Williams et al., 2020.

1.3.54. Universal CARs

Unlike traditional CAR T cells, which are typically designed to recognize a single antigen expressed
on cancer cells, universal (also adaptor or modular) CAR T cells are engineered as a two-component
system, CAR T-cell product specific for a tumor-targeting adaptor molecule and the adaptor itself
(Figure 6G). The universal CAR T cells provide adaptability against antigen escape. They may widen
the scope of treatable diseases, increasing effectiveness in patients with heterogeneous tumors
or relapses in the case of antigen loss or its downregulation. Instead of engineering separate CAR T cells
for each antigen, universal CAR T cells streamline the process, potentially reducing costs associated
with development and manufacturing. In addition, administering the adaptor molecule and its
concentration can control the degree and length of CAR T activation. This corresponds to the “AND-
gate” and, in the case of multiple adaptors, the “OR-gate” strategy. Depending on the adaptor molecule,
there are several types of universal CARs — Tag-specific, Fc-binding, and bispecific antibody-binding
CARs (Arndt et al., 2020).
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1.3.54.1. Fc-binding adaptor CARs
The Fc-binding CARs are based on the extracellular binding domain of the Fc-receptors CD16 (Kudo
et al.,, 2014; Rataj et al., 2018) or CD32 (Caratelli et al., 2020). A tumor-specific antibody acts
as the adaptor for CAR T cells to trigger the tumor lysis (Figure 10a). The main upside of this approach
is the wide variety of clinically approved mAbs like rituximab, cetuximab, and trastuzumab.
Nevertheless, the binding domains of CD16 and CD32 do not differentiate between therapeutic mAbs
and endogenous IgG Abs, which might lead to adverse toxicities (Rataj et al., 2018; Stock et al., 2022).

1.3.5.4.2. Tag-specific adaptor CARs
Tag-specific CARs are engineered to recognize tagged anti-tumor adaptor molecules. First, biotin-
binding immune receptors (BBIR) are CARs with avidin or streptavidin as the extracellular domain
(ECD), which naturally binds to biotin (Figure 10b). Dimeric avidin and monomeric streptavidin CARs
were effective with biotinylated mAbs or scFvs (Lohmueller et al., 2018; Urbanska et al., 2012).
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Second, the classical scFv CAR technology can be adopted as the adaptor system by using CARs
specific to the synthetic fluorescent dye FITC (fluorescein isothiocyanate; Figure 10c). Many tumor-
targeting molecules have been tested as the FITC-conjugated adaptor molecule, for example, clinical-
grade mAbs, Fab fragments, and small molecules like folate (Y. Cao et al., 2016; Y. G. Lee et al., 2019;
J. S. Y. Ma et al, 2016; Tamada et al., 2012). Additionally, the performance of the anti-FITC
CAR T cells depends on the design of stoichiometry and position of the FITC conjugation,
and it is target-antigen-specific, which diminishes the simplicity of the “universal” approach (Y. Cao

etal., 2016;J. S. Y. Ma et al., 2016).

Third, peptide tags represent a short amino acid (aa) sequence of an epitope not physiologically
expressed in any human cell type (Figure 10e). The anti-peptide neo-epitope (PNE) CARs target the
PNE tag, a 14 aa peptide from yeast transcription factor GNC4 (Rodgers et al., 2016). The preferred
PNE-tagged adaptors were Fab fragment-based instead of IgG-based due to their shorter half-life in vivo,
thus allowing better control of the CAR activation (Rodgers et al., 2016). Furthermore, similar
to the FITC tag, the design of the adaptor molecule in terms of PNE-valency and conjugation sites,
as well as the CAR hinge region, affects the geometry and formation of the immunological synapse.
The optimal adaptor and CAR design also depended on the choice of target antigen (Y. Cao et al., 2016;
Rodgers et al., 2016).

Another design is represented by the UniCAR platform (Figure 10c), developed by the group of Michael
P. Bachmann (Cartellieri et al., 2016). It utilizes an scFv CAR against the ES9B 10-aa epitope obtained
from the human nuclear protein La/SS-B (Koristka et al., 2013), alternatively the E7B6 18-aa epitope
(Koristka et al., 2019). Moreover, they developed a broad spectrum of adaptor molecules called target
modules (TM) ranging from scFv-based, nanobody-based, TCR-based, and even small molecule-based
adaptors against numerous target antigens (Bachmann, 2019). Concerning autoimmunity, the La-derived
epitome is a cryptic antigen, and no patients’ La-specific autoantibodies have been reported to react

against it (Bachmann, 2019).

An adaptor CAR technology based on leucine zippers interaction is called the split, universal,
and programmable (SUPRA) CAR (Figure 10f) (Cho, Collins, et al., 2018). This includes a zipCAR that
has the leucine zipper (ZIP) domain instead of classical scFv, which binds to the cognate ZIP domain

on a tumor-specific soluble scFv — the zipFv (Cho, Collins, et al., 2018).

The SpyCatcher/SpyTag (Figure 10g) is a novel system utilizing covalent attachment of the adaptor
molecule in universal CARs (Minutolo et al., 2020). This system is derived from a bacterial adhesin
protein containing an internal isopeptide bond. The adhesin was modified and split into the SpyCatcher
and a 13 aa SpyTag. After the association of the two fragments, the isopeptide bond is formed again
by an autocatalytic mechanism (Zakeri et al., 2012). The CARs with SpyCather as their ECD effectively
function with SpyTag-containing IgG mAbs and DARPins adaptors (Minutolo et al., 2020).
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Another adaptor CAR platform is the convertibleCAR™ system (Landgraf et al., 2020). The CAR ECD
consists of the inert form of the human NKG2D (iNKG2D) ectodomain. The endogenous NKG2D
is an NK-cell activation receptor binding to the MIC antigens (MIC-A, MIC-B, ULBP1-6), while
the iINKG2D exclusively engages with a specific ULBP2 variant and not the endogenous one. The so-
called MicAbody™, an engineered mAb fused with the ULBP2 domain, serves as an adaptor molecule

to convertibleCAR (Landgraf et al., 2020).

The barstar CAR (BsCAR) system is based on a high-affinity toxin-antitoxin interaction, such
as the RNAse toxin barnase and its inhibitor barstar (Stepanov et al., 2022). The BsCAR ectodomain
is a barstar-modified IgG4 Fc spacer, and the corresponding adaptor molecule represents a barnase-

DARPIn fusion protein (Stepanov et al., 2022).

1.3.5.4.3. Bispecific molecule-binding adaptor CARs
Immunotherapy based on bispecific antibodies (bsAb) or BiTEs relies on bridging an activating receptor
of effector cytotoxic cells with a specific antigen on tumor cells (Stamova et al., 2012). The first
combinatory approach using bsAb with CAR together was termed the bsAb-binding immune receptor
(bsAb-IR; Figure 10h). The bsAb-IR consisted of the extracellular portion of human folate receptor a
(FRa) and conventional CAR ICDs. The tested adaptor was an anti-FRa + anti-CD20 bsAb, which
unfortunately did not meet the functional expectations against B-cell lines (Urbanska et al., 2014).
Another group developed a similar system, synthetic agonistic receptor (SAR; Figure 10i) (Karches
etal.,, 2019). The SAR employs ECDs of EGFRVIII and Cripto-1 proteins. As the tumor-specific
adaptors, tetravalent and trivalent bsAbs were studied. Due to SAR cross-linking, the tetravalent bsAb
activated the SAR-T cells without tumor cells and caused off-target killing. The trivalent bsAbs were
shown to be effective; the CAR T-cell activation and the killing of tumor target cells were both antigen

and bsAb-dependent (Karches et al., 2019).

Next, a modular technology named IMPACT™ (Integrated Modules oPtimize Adoptive Cell Therapy)
repurposes the conventional and well-established anti-CD19 CAR T cells to target new antigens
via an adaptor (Figure 10j). The novel adaptor molecule is a fusion protein of CD19 ECD and an anti-
tumor scFv. It was initially developed to treat CD19-negative relapses; however, this system was

effective even against solid tumor antigens (Klesmith et al., 2019; Rennert et al., 2019).

The RevCAR system represents a similar design to the UniCAR; however, it is in reverse orientation
(Feldmann et al.,, 2020). The RevCAR lacks an antigen-binding domain and has either one
of the UniCAR Tag epitopes (ESB9, E7B6) instead. Interaction with a tumor antigen is mediated
by a bispecific targeting molecule named RevTM, comprised of two fused scFvs — one tumor-specific
and the other tag-specific. This design reduces the CAR gene size, allowing for easier multicistronic

vector engineering and transduction (Feldmann et al., 2020).
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1.3.5.5. CAR with JAK/STAT signaling
Cytokines provide the essential signal 3 for T cells to proliferate, survive, and differentiate. The TRUCK
strategies relied on the transgenic expression of these cytokines. Kagoya et al. developed a 287 CAR
construct that incorporated the signaling domains of cytokine receptors directly into the CAR ICD
(Kagoya et al., 2018). Thereby, these CAR T cells would require no additional cytokine stimulation.
One signaling domain was derived from the IL-2R3; the other was the tyrosine-X-X-glutamine (YXXQ)
motif. These domains bind and activate signal transducer and activator of transcription 5 (STATS)
and STATS3, respectively. STATS is physiologically activated in IL-2, IL-7, and IL-15 signaling, STAT
3 by IL-21 (J. X. Lin & Leonard, 2018). This construct performed according to expectations with
sustained proliferation, anti-tumor effect, and prevention of terminal CAR T-cell differentiation

(Kagoya et al., 2018).

1.3.5.6. Suicide switches
While potentially life-saving, CAR T-cell therapy can act as a double-edged sword. Adverse reactions
like on-target off-tumor toxicity, CRS, and graft-versus-host disease (GvHD) can lead to life-threatening
conditions. Therefore, the option of selective and inducible CAR T ablation increases the therapy’s
safety. Introducing a suicide gene that initiates apoptosis after the administration of the inductor acts
as a permanent “OFF-switch”. The most common mechanisms of suicide genes are metabolic switches,

agent dimerization, and markers for elimination by mAbs (Figure 11).
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Figure 11. Suicide gene systems. Figure by Hong et al., 2020.

The metabolic switches are enzymes that convert a nontoxic prodrug into a toxic substance. Herpes
simplex virus-thymidine kinase (HSV-TK) phosphorylates certain nucleoside analogs, such
as ganciclovir (GCV), into GCV-triphosphate. Incorporating the GCV-triphosphate into a DNA strand
by DNA polymerase causes chain termination, which eventually induces apoptosis (Bonini et al., 1997;
Elion et al., 1977). The limitation of HSV-TK is its immunogenicity due to its viral origin (Berger et al.,

2006) and its slow mode of action — it takes up to three days of GCV exposure to cause cell death (Marin
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et al., 2012). Furthermore, by implementing the HSV-TK system, it is not possible to use GCV to treat
cytomegalovirus (CMV) infection, which is common in post-HSCT and immunosuppressed patients,
as the treatment would eradicate the engineered cells (Bonini et al., 2007; Emery et al., 2013).
An alternative to the HSV-TK is mutant human thymidylate kinase (mTMPK) (Sato et al., 2007).
Although it is advantageous in posing no risk of immunogenicity, it was shown to be less effective than
the HSV-TK (Marin et al., 2012). An additional example of a metabolic suicide switch is cytosine
deaminase. This enzyme converts 5-fluorocytosine into 5-fluorouracil, a cytotoxic compound that

inhibits pyrimidine synthesis (Tiraby et al., 1998).

Safety switches based on induced dimerization utilize components of apoptotic pathways. They are
fused with dimerization domains whose interaction is conditioned by adding a synthetic metabolically
inert drug. Namely, inducible Caspase9 (iCasp9) (Stasi et al., 2011; Straathof et al., 2005) and inducible
FAS (iFAS) (Clackson et al., 1998; Thomis et al., 2001) coupled with the FKBP dimerizing domains
are widely utilized. The dimerizing agents employed are drugs like rimiducid (AP1903), AP20187
(Minagawa et al., 2019), and rapamycin (Stavrou et al., 2018). The iCasp9 system has a low
immunogenic profile and is rapid-acting; the apoptosis occurs within 30 minutes of stimulation (Marin

et al., 2012; Stasi et al., 2011).

Surface antigens typically not expressed on T cells allow for targeted elimination of CAR T cells
via administration of mAbs. The mAb-labeled CAR T cells are susceptible to eradication via ADCC
or complement-dependent cytotoxicity (CDC). The availability of approved, pharmaceutical-grade
mAbs makes them an ideal tool. Transgenic expression of CD20 or a truncated form of EGFR (EGFRt)
allows targeting by rituximab (Griffioen et al., 2009; Philip et al., 2014; Vogler et al., 2010)
or cetuximab (Paszkiewicz et al., 2016; X. Wang et al., 2011), respectively. Rituximab causes B-cell
aplasia and would interfere if the patient were already undergoing treatment with rituximab. Targeting
CD52 with alemtuzumab can act as a natural safety switch, as CD52 is expressed on mature T cells
and not on hematopoietic stem cells (G. Ma et al., 2019; Tasian et al., 2015, 2017). Other examples
of target epitopes are the 10-aa tag derived from the human c-Myc protein (Kieback et al., 2008)
and a cryptic EGFR epitope engineered into folate receptor 1 (FOLR1), termed FR806 (X. Wu et al.,
2017). Nonetheless, the efficacy of this mAb-based approach might be undermined due
to the constrained capacity for ADCC/CDC in patients subjected to chemotherapy before CAR T-cell
administration (Ericson et al., 1995). Additionally, the mAbs may exhibit restricted biodistribution
and tissue penetration. Therefore, CAR T-cell-based approaches were developed to target, for example,
CD19 CAR by an anti-idiotype scFv (Ruella et al., 2020) or an E-tag in the primary CAR’s ECD
(Koristka et al., 2019).
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1.4. Production of CAR T cells

A vital requirement for producing CAR T cells is the introduction of the CAR transgene into the T cells.
The CAR expression should be stable in dividing T cells, which is achieved by integration into cell
genomes. From the arsenal of integrative vectors, the most common method of choice is transduction
with retro/lentiviral (RV/LV) vectors, followed by the emergence of non-viral approaches, including
transposons and CRISPR- or transcription activator-like effector nucleases (TALEN)-based methods.
These non-viral approaches require either electroporation of naked DNA or coating the DNA
in a liposome or similar polymer particle. The advantages and disadvantages of genetic modification
methods are reviewed in Table 1. In the next step, the cultivation of adequate numbers of viable
and functional CAR T cells is needed. Last but not least, for practical reasons, the procedure should be

economical and easily approved by regulatory agencies.

1.4.1. T-cell sources
The first step in the CAR T-cell manufacturing procedure (Figure 12) is isolating the starting material.
As a mainly autologous therapy, the patient’s peripheral blood mononuclear cells (PBMCs) containing
T cells are isolated. This is achieved mostly by leukapheresis, a specific type of apheresis when
leukocytes are isolated, and the rest of the blood components are returned to circulation. Alternatively,
PBMCs can be separated from whole blood by centrifugation over the Ficoll gradient. The PBMCs may
be a subject for further cell fractionation to enrich the T cells or a particular T-cell population, like CD4",

CDg&", or a distinct memory subset.

Although CAR T cells are regularly manufactured from the general CD3" T-cell population, choosing
a specific T-cell memory subset as the starting material may increase the product's functional benefits.
Several studies have reported that CAR T cells produced from naive (Hinrichs et al., 2011), stem cell
memory (Gattinoni et al., 2011), and central memory (Berger et al., 2008) T cells showed enhanced

proliferation and persistence, which was linked to increased treatment efficacy.

Additionally, after T-cell separation, the cells can be cryopreserved for future use or transportation

to the manufacturing facility.
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Figure 12. CAR T-cell therapy overview. Figure by https://www.cancer.gov/about-cancer/treatment/types/immunotherapy/t-
cell-transfer-therapy.

1.4.2. Genetic modification

1.4.2.1. Viral transduction
The biological ability of retroviruses to infect host cells and integrate their DNA into the cell’s genome
makes them natural vectors. Retroviruses (RV) and lentiviruses (LV) contain viral diploid (+) ssSRNA,
which is reversely transcribed to DNA and then integrated into the host cell genome. In gene
engineering, replication-deficient RV/LV with removed virulent factors and a sequence for a gene
of interest (e.g., CAR) instead are used. Most RV vectors are based on the Moloney murine leukemia
virus (MMLYV) from the y-retroviridae family. LV vectors, which are derived chiefly from modified
human immunodeficiency virus (HIV), have the advantage of transducing nondividing cells, unlike RVs
(Lewis & Emerman, 1994). The first human experiment using a y-RV vector was introducing
an antibiotic-resistance gene to TILs for treating melanoma. This was to study TIL trafficking
and persistence in vivo, and it demonstrated the safety and efficacy of retroviral vectors, albeit in a small
patient group (Rosenberg et al., 1990). From there, the use of RV/LV vectors became widespread. Their
main advantages are reliability, high transfection efficiency, the introduction of a low copy number

of inserts, relatively low genotoxicity, and low immunogenicity (Morgan & Boyerinas, 2016).
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On the negative side, the RV capacity is limited to 3-4 kbp long transgene, as the whole viral DNA from
5" LTR to 3’ LTR is approximately 7-8 kbp. This usually permits transduction merely of a single gene.
The total LV capacity is up to 10 kbp, although, with increasing insert lengths, the produced virus titer
is diminished (Kumar et al., 2001). The RV/LV vector production in a GMP regime is exceptionally
costly and requires a facility with biosafety level 2. Consequently, the regulatory requirements are

usually an insurmountable obstacle for hospital in-house production (Poorebrahim et al., 2019).

The RV/LV vectors are produced by co-transfecting a packaging cell line with a transfer vector
and helper plasmids (Figure 13). Transfer vector contains the gene of interest and cis-acting elements -
packaging signal (¥), viral LTRs (long terminal repeats), and LVs additionally central polypurine tract
(cPPT)/central termination signal (CTS). Helper plasmids contain RV/LV genes required for viral
replication and packaging (frans-acting elements) — gag (“group-antigen specific,” capsid proteins),
pol (“polymerase,” replication enzymes), env (“‘envelope,” envelope glycoproteins). LVs require
additional accessory genes — rev (binds to RRE (rev-responsive element) and stimulates nuclear export
and expression of gag/pol genes), and in 2™ generation, tat (“trans-activator of transcription”). The tat
protein was required due to the weak promoter in 5°’LTR, which has been modified in the 3™ generation
by fusion with a heterologous promoter, making the transcription tat-independent. The 2™ generation
of LV vectors used two helper plasmids — gag/pol and env/rev/tat. The 3™ generation uses three helper
plasmids — gag/pol, env, and rev separate, with tat absent (Labbé et al., 2021). The division to a transfer
plasmid and more helper plasmids is vital for safety to minimize the risk of recombination
into a replication-competent virus. Alternatively, an engineered cell line (e.g. Phoenix) modified with
stable expression of gag/pol and env genes can be used instead of helper plasmids. In LV vectors,
the envelope glycoprotein is mainly changed to vesicular stomatitis virus G protein (VSV-G) to broaden
its tropism to virtually all human cells (Cronin et al., 2005). However, the expression of the VSV-G
receptor, low-density lipoprotein receptor (LDL-R), is low on resting T cells, B cells, and HSCs.
Therefore, activation of these cells, which stimulates LDL-R expression, is needed for their efficient

transduction (Amirache et al., 2014).

The integration of RV/LV vectors, carried out by reverse transcriptase and integrase (pol), is not random;
both exhibit distinct preferences. The y-RV integration is biased towards transcriptional start sites
(TSSs) and CpG islands, corresponding with promoters. However, LV integration targets active
transcription units without preference between introns or exons and not in upstream TSSs (Ciuffi, 2008;
X. Wu et al., 2003). Hence, RVs pose a higher risk of insertional mutagenesis, leading to malignant
transformation of transduced cells, a relevant safety concern. The insert could disrupt a tumor-
suppressor gene or activate a proto-oncogene by proximity with viral LTR containing an enhancer
and a promoter. This was the case in a clinical trial for treating SCID-X1 (X-linked severe combined
immunodeficiency) with y-RV-modified hematopoietic stem cells (HSCs) for expression of y-chain IL-

2 receptor subunit, where several patients developed leukemia from the transduced cells (Cavazzana-
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Calvo et al., 2000; Hacein-Bey-Abina et al., 2003). To additionally increase the safety of RV/LV
integration, approaches using insulator sequences or self-inactivating (SIN) vectors are being developed
(Cesana et al., 2014; Ellis, 2005). Despite the integration patterns, CAR T cells transduced by RV/LVs
were shown as safe with observations over a decade (Cappell & Kochenderfer, 2023; Scholler et al.,
2012). Notably, mature T cells resist oncogenic transformation due to pro-apoptotic and epigenetic

mechanisms (Newrzela et al., 2008).

RV/LV vectors are routinely used for CAR T manufacturing, including all currently approved

commercial products. They are further discussed in chapter 1.7.
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Figure 13. Organization of the RV (4) and LV (B) vector genome. To produce RV/LV vectors, simultaneous transfection
by the transfer plasmid and envelope and packaging helper plasmids. The long terminal repeats (LTRs) on plasmids are
modified to prevent recombinations. Figure by https://www.addgene.org/guides/retrovirus/

and https.//www.addgene.org/guides/lentivirus/.
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1.4.2.2. Non-viral transduction

1.42.2.1. Transposons
Transposons are naturally occurring integrative mobile genetic elements. They consist of a sequence
usually flanked with inverted repeats (IRs). A transposase enzyme recognizes IRs and can integrate
or move the transposon to a different locus through a ‘“cut-and-paste” mechanism (Figure 14).
The transposase can be either encoded by the transposon itself (autonomous elements, cis) or not
in the case of a mutation defect (non-autonomous elements), which could still be transposed
by exogenous transposase (frans). These attributes make transposons useful in genetic engineering
as vectors for transgenesis or insertional mutagenesis. For vector purposes, the gene for transposase
is usually present on a separate non-integrative plasmid or even as synthetic mRNA so that its expression
remains transient. One reason why transposon vectors are particularly enticing is their cost effectiveness
compared to RV/LV vectors, which could dramatically reduce overall therapy costs. Furthermore, they
pose a low immunogenicity risk, albeit they often exhibit lower transfection efficacy than RV/LVs

(Wagner et al., 2022).
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Figure 14. Cut-and-paste mechanism of transposon vector. TSD — target site duplications, LTR — long terminal repeat. Figure
by https.//blog.addgene.org/plasmids-101-using-transposons-in-the-lab.
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1.4.2.2.1.1. Sleeping Beauty
Sleeping Beauty (SB), a Tcl/mariner family member, is one of the most frequently used transposon
vectors for vertebrates, including human cells. It was “awakened from its slumber” by a comparative
analysis of dysfunctional transposon sequences from genomes of eight teleost fish species to predict
a functional one (Ivics et al., 1997). Its total size with only the transposase gene is about 1.6 kbp,

including two approximately 230 bp terminal inverted/direct repeats.

SB exhibits a widespread, close-to-random integration profile, with small preferences toward genes
and their upstream regulatory sequences. Structurally, a minor bias for microsatellite repeats in non-
coding and bent DNA was found (Yant et al., 2005), and the integration site targets mostly
TA dinucleotides (Vigdal et al., 2002). When integrating, SB creates a 3-bp footprint from either side,
flanked with 2-bp TA duplication (G. Luo et al., 1998). It is deemed a somewhat safer integration profile
than RV/LV vectors (Field et al., 2013). Also, as SB transposase is an exogenous enzyme, no other
factor can move the transposon in human cells. Expressing SB transposase from a mRNA (Dupuy et al.,
2002) or delivering it as a protein (Querques et al., 2019) would exclude even an unlikely random

integration of transposase DNA (X. Huang, Haley, et al., 2010).

A significant disadvantage of SB used to be the limited capacity of SB transposon. Increasing insert size
dramatically reduces transposition efficiency by about 50% at approx. 5.5 kbp, with an upper limit
of around 7-10 kbp (Geurts et al., 2003; Izsvak et al., 2000; Karsi et al., 2001). Another downside is that
SB can be prone to “overexpression inhibition”. Transposons of mariner and Tn5 families decrease
transposition efficacy when high levels of transposase are present (Izsvak & Ivics, 2004). There have
been many attempts to increase the transposition efficacy by mutagenesis of the transposase. This has
resulted in 17-fold (Baus et al., 2005) to a 100-fold increase in transposition by some variants (SB100X,
Matés et al., 2009). A transposase version SB100xco (human codon-optimized SB100x) was able
to transpose a 100-kb bacterial artificial chromosome (BAC) (Rostovskaya et al., 2012). Furthermore,
rational in silico design yielded a transposase with another 30% increase in efficacy compared
to SB100X (Voigt et al., 2016) or increased enzyme solubility and stability for more effective delivery
in protein form (Querques et al., 2019). Another way to improve the SB system is to replace conventional
plasmids, which promote higher cytotoxicity and have lower transposition rates, with minicircle DNA
(mcDNA). Briefly, mcDNA is a minimal-sized DNA circle lacking the bacterial plasmid backbone; they
are further discussed in chapter 1.4.2.2.3 (Prommersberger et al., 2022).

Currently, SB is used in various applications, including induced pluripotent stem cells, insertional
mutagenesis screens, transgenic animals, and both in vitro and ex vivo gene therapy (Sandoval-Villegas
etal., 2021). Notably, CAR T cells generated with SB are used in several clinical trials (Magnani et al.,
2020; Prommersberger et al., 2021; Singh et al., 2022).
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1.4.2.2.1.2. piggyBac
The PiggyBac (PB) transposon was discovered while studying mutant baculoviruses that were changing
phenotype during passaging in cabbage looper moth (Trichoplusia ni)-derived cell lines (Potter et al.,
1976). It was found that sequences responsible for these insertional mutations originated from repetitive
sequences in the 7. ni genome (Fraser et al., 1983). It was later confirmed that it was, in fact,
a transposable element, then named IFP2 (Cary et al., 1989). Even later, the transposase that could excise
and integrate sequences bordered with [FP2 terminal repeats (TR) was identified and named piggyBac
(Elick et al., 1996). The structure of the original PB is one open reading frame (ORF) coding transposase
(2374 bp) between asymmetric TRs, with a total length of transposon of 2472 bp (Cary et al., 1989).
Both TRs include 13-bp terminal inverted repeats and 19-bp internal repeats divided by a spacer
sequence. In 5°TR, the spacer is 3 bp long, and in the 3°TR, it is 31 bp long (X. Li et al., 2005). Even
though PB is derived from insects, it is efficient for use in vertebrate cells, including human cells

(Wilson et al., 2007).

Similarly to SB, PB transposition is mediated by a “cut-and-paste” mechanism. However, unlike many
other transposons, the PB integration and re-excision are “footprint-free” without leaving any target site
duplications (Elick et al., 1996). PB integration is targeted predominantly into TTAA sites (Fraser et al.,
1995). Mapping of PB integration revealed a less random pattern than SB, which was similar to y-
retroviral vectors, with enrichment at TSSs of genes (Gogol-Doring et al., 2016) and long terminal
repeats elements (Wilson et al., 2007). For the CAR T-cell application, PB integration assessment
showed a lower preference for TSSs than RVs and a higher bias towards transcriptionally silent

chromatin (“safe harbors”) than LV vectors (Hamada et al., 2018).

A substantial advantage of the PB system is its cargo capacity. Unlike SB, inserts around 10 kb did not
reduce transposition frequency (Ding et al., 2005). Moreover, large 100 kb inserts (M. A. Lietal., 2011),
a whole bacterial artificial chromosome (BAC) of size 150 kb (Rostovskaya et al., 2012), and even
a200 kb fragment (R. Li et al.,, 2013) have been successfully transposed. Conversely to SB,
overproduction inhibition seems not to be a limitation of the PB system (Wilson et al., 2007). Through
mutational screens, a range of hyperactive PB transposases (hyPBase) has been developed (Meir et al.,
2013; Wen et al., 2020; Yusa et al., 2011), with activity up to an order of magnitude higher than the wild-
type (Yusa et al., 2011).

An alternative to the plasmid template, similar to mcDNA with SB, a linear, covalently closed DNA
called doggybone DNA (dbDNA) can be used for PB transposition (Bishop et al., 2020). To further
reduce costs and bypass production in bacteria, dbDNA can be produced enzymatically in vitro, even
ata large scale. After vector optimization by adding flanking regions at the dbDNA ends, it was
successfully used to generate CAR T cells (Bishop et al., 2020).
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The PiggyBac offers similar usage as SB in preclinical applications. It has been successful in CAR T-
cell production (Manuri et al., 2010; Morita et al., 2018; Nakazawa et al., 2016). The PB system's evident
advantages have made it an established platform for CAR T-cell production in clinical settings.
Numerous clinical trials have been successfully conducted so far, for example, with anti-CD19 CAR
(Nishio et al., 2021), anti-BCMA CAR (Costello et al., 2021), anti-EGFR for non-small cell lung
carcinoma (Y. Zhang, Zhang et al., 2021), and anti-PSMA for prostate cancer (Slovin et al., 2022).

1.4.2.2.1.3. Other transposon systems

Another fish-derived transposon system is 70/2 (Koga et al., 1996). Comparably to PB, Tol2 can
effectively transpose large 100-200 kb inserts in mammalian cells (Suster et al., 2009; Urasaki et al.,
2006). Tol2 integration is considered close to random, with small preferences for a palindromic-like
octanucleotide sequence, AT-rich regions, DNasel hypersensitive sites, CpG islands, and in proximity
to TSSs. Upon integration, 7o/2 creates 8-bp target site duplication (Grabundzija et al., 2010; X. Huang,
Guo, et al., 2010; Ni et al., 2016). Tol2 has been used to manufacture functional anti-CD19 CAR T cells
(Tsukahara et al., 2015).

Tc buster™ is a transposon system discovered in insects (7ribolium castaneum) of the same hAT
superfamily as 7ol2 (Arensburger et al., 2011). A hyperactive mutant was developed by Bio-Techne
(Minneapolis, MN, USA) and is commercially available (Patrinostro et al., 2022). The integration
profile of Tc buster is near random and potentially safer than LVs, with fewer integrations near TSSs
in exons and introns (Patrinostro et al., 2022). In application, it can transfer cargo over 10-12 kb and
introduce low transgene copy numbers (3-5 for T cells, 2-3 for NK cells). Tc buster efficiently and stably
introduced CAR Transgene to CAR T and CAR NK cells (Pomeroy et al., 2021).

Several other transposon systems exist, such as Frog Prince (FP) and Leap-In® (ATUM, Newark, CA,
USA); however, they have not yet been used for CAR T-cell manufacturing. With new emerging
transposon systems, more direct comparison studies are needed to determine the most efficient and safe

for each application and cell type.

1.4.2.2.2. Programmable nucleases (CRISPR/Cas, TALEN)
In recent times, there has been a boom in the development of programmable nucleases, namely zinc
finger nucleases (ZFNs), TALENs, and mainly the CRISPR/Cas system. These enzymes can be
designed to cleave DNA at specific sequences, potentially targeting any genome locus. Creating
a double-strand break (DSB) leads to reparation through either nonhomologous end-joining (NHEJ)
or homology-directed repair (HDR) (O’Driscoll & Jeggo, 2006). Homologous recombination
in mammal cells is relatively ineffective (Kaniecki et al., 2017). However, it is known to be vastly
enhanced by the occurrence of DSBs (Rouet et al., 1994). Given that, HDR at the DSB site is conditioned
by the presence of an exogenous donor DNA with homologous sequences at its ends. In the case

of NHEJ, the re-joining of DNA ends is accompanied by insertions or deletions at the DSB site, which
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usually results in a gene disruption (Chang et al., 2017). In conclusion, programmable nucleases

facilitate target gene inactivation or targeted transgene insertion (Figure 15).
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Figure 15. Mechanism of function of programmable nucleases. NHEJ — non-homology end joining, HDR — homology-
directed repair. Figure by H. Li et al., 2020.

Concerning CAR T cells, this approach allows the introduction of CAR transgene into a specific locus
while disrupting a particular gene. Removing endogenous TCR and human leukocyte antigen (HLA)
might open doors to universal “of-the-shelf” allogenic CAR T cells. Disruption of TCR genes eliminates
graft-versus-host reaction while knocking out HLA or B-2microglobulin (B2M) genes prevents host-
versus-graft rejection (C. Li et al., 2020). Moreover, the ablation of inhibitory molecules such as PD-1
could make CAR T cells more potent, and the knock-in of additional genes, e.g., cytokines, could be
used to make armored CAR T cells, as described in chapter 1.3.4 (C. Li et al., 2020).

ZFNs were the first programmable nucleases developed. They are based on DNA-binding zinc finger
(ZF) domains, and each ZF recognizes a three-bp sequence. Combining different ZF domains into
a multimeric protein enables recognition of a specific sequence. They are fused with FokI endonuclease,
which cleaves DNA, creating a DSB (Y. G. Kim et al., 1996). There has been an effort to develop
universal allogeneic CAR T cells by ZFNs via disrupting TCR a constant (TRAC), TCR B constant
(TRBC), and HLA-A genes. TCR™ CAR T cells were anergic to TCR signaling while being CAR-
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dependent functional. HLA-A~ CAR T cells evaded HLA-A-restricted cytotoxic T-cell lysis (Torikai
etal., 2012, 2013).

TALENSs are engineered nucleases with a design similar to ZFNs. A combination of DNA binding
domains derived from a transcription factor is fused to Fokl nuclease. Unlike triplets in ZFNs, each TAL
domain corresponds to one nucleotide (Moscou & Bogdanove, 2009). In contrast to ZFNs, TALENs
have simpler designs and have further improved specificity and efficiency (H. Li et al., 2020).
In a preclinical study, anti-CD19 CAR T cells were engineered by TALENSs to knock-out (KO) both
TCR o and B chains and CD52, a target of the therapeutic mAb alemtuzumab. The alloreactivity of these
CAR T cells was dampened by TCR deficiency, and the potential residue of TCR-expressing
CAR T cells can be ablated by alemtuzumab. The KO-CAR T-cell lytic function was not disrupted, even
in the presence of alemtuzumab (Poirot et al., 2015). Others used TALENs to generate universal
CAR T cells by disrupting TRAC and B2M while introducing CAR (Das et al., 2023; Jo et al., 2022),
and in one case, disrupting additionally HLA-E (Jo et al., 2022). However, one of the downsides of this
approach is that the HLA-I negative CAR T cells can be eliminated by NK cells. Expression of HLA-E
inhibits NK-mediated killing of HLA-deficient cells, thus further supporting CAR T engraftment (Jo
et al., 2022).

However, both ZFNs and TALENs need tedious optimization during development, and every change

in the recognized sequence requires re-engineering a whole enzyme pair.

CRISPR/Cas system serves its natural purpose as an adaptive immune system in bacteria and archaea.
It is based on an RNA-guided endonuclease which cleaves foreign DNA (Jinek et al., 2012). In microbes,
the system requires two RNAs, crRNA — CRISPR RNA and tractRNA — trans-activating crRNA.
To simplify the system, genetic engineering was used to create a chimeric single guide RNA (sgRNA).
The sgRNA includes a 20-nt targeting sequence complementary to the specific locus. However, there
must be a particular oligonucleotide “protospacer adjacent motif” (PAM) on the genomic target that
serves as a binding signal for a specific Cas enzyme (Sternberg et al., 2014). The most widely used
Cas nuclease is the Cas9 from Streptococcus pyogenes (SpCas9), with favorable 3’NGG PAM (Jiang
etal., 2013). Upon successful binding, CRISPR/Cas9 ribonucleoprotein creates a DSB (Gasiunas et al.,
2012) that is repaired by NHEJ or HDR (Ran et al., 2013). The main advantage of a CRISPR-based

system is that altering the target sequence requires only re-designing the sgRNA, not a whole enzyme.

The application of the CRISPR/Cas system in CAR T-cell engineering is vast. First, similar
to the previous systems, it can integrate the CAR insert while knocking-out endogenous TCR and HLA-
I to make universal allogenic CAR T cells. Knocking-in the CAR gene into the TRAC locus reduced
the risk of insertion-induced oncogenesis and TCR-prompted GvHD. Also, it resulted in superior T-cell
potency and postponed T-cell exhaustion compared to regular CAR T cells (Eyquem et al., 2017).
Moreover, CRISPR/Cas9 conveniently allows for multiplex editing. To produce CAR T cells that are
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both universal and more potent, CRISPR/Cas9-mediated double-knock-outs (DKO) of TRAC and B2M
and triple-knock-outs (TKO) with the addition of PD-1 were generated and showed that the gene editing
did not hamper CAR T functionality (X. Liu et al., 2017). Subsequently, a one-shot CRISPR protocol
was developed by including multiple gRNAs in the CAR-bearing LV vector (Ren, Zhang, et al., 2017).
It was tested to make TRAC and HLA-I DKO universal CAR T cells and further Fas-deficient universal
TKO CAR T cells to resist AICD. To take this to the next level, quadruple KO of universal CAR T cells
with disrupted inhibitory receptors PD-1 and CTLA-4 was also feasible to generate (Ren, Zhang, et al.,
2017). In another study, the researchers combined CAR delivery by LV vector with electroporation
of Cas9 mRNA and multiple gRNAs to create TRAC/TRBC, B2M, and PD-1 TKO CAR T cells (Ren,
Liu et al., 2017). More examples of mitigating CAR T-cell dysfunction by CRISPR-mediated PD-1 KO
were tested with anti-CD19 CAR (Rupp et al., 2017), mesothelin-specific CAR for breast cancer (W.
Hu et al., 2019), anti-glypican-3 CAR in HCC model (X. Guo et al., 2018), and anti-CD133 CAR
on a glioma model (B. Hu et al., 2019). The KO of another inhibitory receptor, lymphocyte-activation
gene 3 (LAG-3), in anti-CD19 CAR T cells was functionally comparable to regular CAR T cells (Y.
Zhang et al., 2017). The disruption of TGF-p receptor II (TGFBR2) makes CAR T cells inert to its
immunosuppressive effect, as was demonstrated for mesothelin-specific CAR T cells in pancreatic
carcinoma xenograft and PDX models (Tang et al., 2020) and in mesothelin- and claudin-specific
CAR T cells in vitro (Alishah et al., 2021). In another study, the KO of diacylglycerol kinase (DGK),
an enzyme that participates in immunosuppressive signaling, made CAR T cells resistant
to immunosuppressive mediators like TGF[ and prostaglandin E2 (Jung et al., 2018). CRISPR can also
reduce CAR T-cell-related toxicities by knocking out CRS driver cytokines such as GM-CSF (Sterner
etal., 2019).

A base-editing variant of the Cas9 enables precise, single-base transition changes without introducing
DNA breaks. It is achieved by the fusion of catalytically impaired Cas9 protein (dCas9) with a DNA-
modifying enzyme, such as cytidine deaminase or adenine deaminase (Komor et al., 2016).
This approach allows gene disruption by introducing a premature STOP codon or interference with
the splicing sites. This editing approach presents a significantly reduced risk of genotoxicity. It was
reported that DSB generation and translocation frequency were dramatically reduced compared to Cas9
nuclease in an example of TRAC, B2M, and PD-1 TKO anti-CD19 CAR T cells (Webber et al., 2019).
The following example of the base editor use in CAR T cells was to solve a problem of “T vs T”
fratricide with CAR T cells against T-cell malignancies. These CAR T cells are engineered to target
either CD3 or CD7 molecules. Hence, TCR/CD3 and CD7 TKO fratricide-resistant CD3- or CD7-
specific CAR T cells were made by introducing premature STOP codons to circumvent this problem

(Georgiadis et al., 2021).

Another employment of the dCas9 is CRISPR interference (CRISPRi), transcription repression

via fusion with a Kriippel associated box (KRAB) domain transcriptional repressor. In CAR T-cell
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design, this system was applied as a two-part “IF-THEN-gate” (Yang et al., 2021). The first vector
contains HER2-specific CAR with fused TEV protease on its ICD, and it additionally codes sgRNA
specific for PD-1 TSS. The second part represents LAT protein tethering a dCas9-KRAB via a TEV-
cleavable site. Once the CAR binds HER2, the TEV protease releases the dCas9-KRAB to repress
the transcription of PD-1. These CAR T cells showed increased cytokine secretion, proliferation,
and in vivo persistence (Yang et al., 2021). Madison et al. developed a modified dCas9 fused with
Clo051 nuclease domain, named Cas-CLOVER (Madison et al., 2022). In CAR T-cell manufacturing,
it was successfully used to KO TRBC and B2M. Compared to conventional Cas9, the Cas-CLOVER
exhibited high fidelity while maintaining reduced off-target activity and maintaining a higher percentage

of the favorable stem cell memory T-cell phenotype (Madison et al., 2022).

For now, from the regulatory agency point of view, the CRISP/Cas9 system presents a quite high risk
of off-target activity, deletions, and chromosomal translocations, which makes it difficult to approve
in GMP-certified conditions (Kosicki et al., 2018). However, the novel-engineered Cas9 variants could
solve this problem (Dimitri et al., 2022). Nonetheless, this technology was quickly adopted
for testing in CAR T-cell clinical trials in the USA and China (Wei et al., 2023).

1.4.2.2.3. Episomal vectors
Minicircle DNA (mcDNA) is a covalently closed circular DNA. Unlike conventional plasmids, it lacks
any bacterial elements like replication origin and antibiotic resistance (Almeida et al., 2020). It is a non-
integrating episomal vector, which allows long (up to 20 days) yet not persistent expression. The lack
of bacterial immunogenic sequences makes mcDNA more likely to persist over time, although it is not
replicated in transfected cells. mcDNA is associated with chromosomes and is evenly distributed
into dividing cells (Kobelt et al., 2013). Minicircles are produced from a parental plasmid (PP),
which contains an origin of replication, a selection marker, and a gene of interest flanked by specific
recombination sites (att, loxP, MRS, attP/attB) (Figure 16). A specific recombinase mediates
recombination between the two particular sites, and two circular DNA molecules are produced —
mcDNA containing the gene of interest and a miniplasmid (mP) with the bacterial backbone.
Subsequently, mcDNA has to be isolated from a mixture of mcDNA, mP, and residual PP
by a chromatographic technique (Almeida et al., 2020). For CAR T-cell production, mcDNA can either
be an episomal vector for transient expression or used for transposon-mediated integration. In preclinical
studies, prostate stem cell antigen (PSCA)-targeted (J. Han et al., 2020) and CD44-targeted CAR T cells,
made with electroporated episomal mcDNA, showed tumor infiltration and positive anti-tumor effect
in a mouse model. The PSCA CAR T cells persisted for up to 28 days in mouse peripheral blood (J. Han
et al., 2020). Another group developed a 48-hour CD19 CAR T-cell manufacturing protocol with
episomal mcDNA. They emphasized the cost-effectiveness and safety of this method (Ye et al., 2023).
A non-integrative and transient CAR expression might be superior to integration concerning safety.

Nevertheless, long-term CAR T-cell persistence, in terms of months or even years, might be necessary
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for disease control and long-term patient survival. On the other hand, using mcDNA for SB transposition
in CART cells improves transposition rates and cell viability post-electroporation in CAR T-cell
manufacturing (Hudecek et al., 2016; Monjezi et al., 2016; Prommersberger et al., 2022). Together,
mcDNA as a complete virus- and bacteria-free system represents a substantial advantage for clinical

regulatory requirements over LV and conventional plasmid vectors.
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Figure 16. The production methods of plasmid and minicircle DNA vectors. Figure by Almeida et al., 2020.

Variations of plasmid vectors based on scaffold/matrix attachment region (S/MAR) motifs are unique
tools that allow non-integrating yet stable transgene expression (Figure 17). Therefore, the possibility
of integration-related genotoxicity is eliminated. S/MAR sequences are responsible for interaction with
chromatin via nuclear matrix proteins in so-called looped domains. This enables a transcriptionally
active state by association with transcription activators, extra-chromosomal maintenance
and replication, and segregation during cell division (Argyros et al., 2011). These vectors have been
improved in 2™ generation by decreasing immunogenic CpG motifs (Haase et al., 2010) or removing

bacterial elements, as in mcDNA (Nehlsen et al., 2006). S/MAR plasmid vectors can have further
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enhanced replication by human replication-initiation region (derived from B-globin locus) and were used
to stably transfect T cells to make CAR T cells (Gomes et al., 2021). An alternative to mcDNA,
minimally sized plasmids without antibiotic resistance gene called nano-S/MAR DNA vectors were
shown to have increased transgene expression and reduced cytotoxicity in transfected cells (Bozza et al.,
2020; Luke et al., 2014). This platform has been successfully used to manufacture CAR T cells
by electroporation in a clinical-approved closed system. In contrast to classical LV transduction,
this approach reduced costs, increased safety, and produced a clinically relevant yield of CAR T cells
within just five days (Bozza et al., 2021). Another method of T-cell engineering using S/MAR elements
is non-integrating lentiviral (NILV) vectors. They combine the high efficacy of the LV delivery system
and circumvent integration-related risks. Tested applications ranged from long-term transgene
expression and gene downregulation by RNA interference using small hairpin RNA (shRNA) to anti-
CD19 CAR T-cell manufacturing, functionally indistinguishable from CAR T cells made
with integrative LV vector (Jin et al., 2016).

Cell nucleus

Figure 17. Non-integrative S/MAR plasmid vector. SAF-A — scaffold attachment factor A. Figure by Argyros et al., 2011.

1.4.2.2.4. mRNA
Using mRNA for genetic modifications is a promising and versatile approach with skyrocketing
popularity in recent years thanks to the COVID-19 vaccines (Dolgin, 2021). After transfection, mRNA
localizes in the cytoplasm and does not enter the cell nucleus. This allows transfection of non- or slow-
dividing cells. Again, mRNA is not integrative, which mitigates any integration-related safety concerns.
By its nature, mRNA’s half-time is limited and expressed only in the short term. One of the biggest
challenges with mRNA is ensuring its stability; hence, various modifications have been developed

to increase its half-time and translation efficacy. They involve 5’cap analogs, 5’ and 3’ untranslated
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regions (UTR) optimizations, codon optimization, nucleotide modifications, and 3’ poly-A tail
elongation (Figure 18). mRNA is delivered into cells either as naked mRNA by electroporation or a gene
gun or by endocytosis in a complex with cationic polymer vehicles — lipoplexes and polyplexes (Moretti

et al., 2022; Tavernier et al., 2011).
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Figure 18. Optimization options of mRNA vector for transient protein expression. Figure by Moretti et al., 2022.

Transient CAR expression could improve safety when the target molecule is partially expressed
on healthy tissue or with cross-reactive and highly cytotoxic CAR T cells. Conventional constitutive
CAR T cells could represent a significant safety hazard in these cases. Moreover, from a regulatory
point of view, mRNA transfection might be the safest and least burdensome method to approve
for clinical use. Due to the transiency, multiple-dose administration protocols would likely be necessary
for optimal clinical effect. For instance, in a mouse model, CAR T cells were detected only for seven
days, and multiple CAR T doses were reported as beneficial (Y. Zhao et al., 2010). In preclinical
models, mRNA-electroporated CAR T cells have been tested against hematological malignancies like
B-ALL, B-CLL, and AML, and solid tumor models in mesothelioma and colon cancer, ovarian
and breast cancer, neuroblastoma, glioblastoma, and melanoma. Generally, mRNA-CAR T cells were
on-target cytotoxic, reduced tumor size, and showed lower unwanted on-target off-tumor toxicities
(Rajan et al., 2020). In clinics, studies targeting antigens CD19 and CD123 for hematological
malignancies and mesothelin and c-Met for solid tumors have been performed. The studies used
substantial amounts of CAR T cells with 3-6 repeated administrations. (Rajan et al., 2020). No severe
side effects were observed, except anaphylaxis in one study due to the IgE-mediated reaction against
mouse antibody-derived scFv in CAR (Maus et al., 2013). Another critical point is that multiple dosing

schemes require a tremendous amount of material from patients to manufacture the necessary number
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of CAR T cells. This might not be easily feasible, especially in leukopenic, heavily pretreated patients

after several lines of chemotherapy.

Another use of mRNA in CAR engineering is transposase-encoding mRNA for transposon systems such
as piggyBac and Sleeping Beauty. Short-term transposase expression efficiently prevents random

plasmid integration (Bire et al., 2013; Wilber et al., 2006).

1.4.2.2.5. In vivo-generated CAR T cells
Classical CAR T-cell therapy is an ex vivo approach, meaning that the patient’s cells are isolated,
modified, and expanded in vitro and then reintroduced to the patient. This approach requires substantial
resources, a clean room facility, GMP-certified conditions, quality control, and qualified personnel.
Logistics represent another issue because the manufacturing facility is usually not a part of the hospital.
After the patient’s cells are collected, they need to be cryopreserved and sent for manufacturing,
and then the expanded product is cryopreserved again and shipped back.  Unfortunately,
due to the autologous nature, no “off-the-shelf” option is yet available. Such a complicated and costly
process is often prohibitive for it to be used among the first lines of treatment. Changing the process
to in vivo transfection would solve many of these limitations. However, new safety concerns arise, such

as the transfection of non-T cells.

Transfecting circulating T cells in vivo is achieved by delivering nucleic acids enveloped in liposomal
or polymer nanoparticles modified to target T cells. Initially, Smith et al. created DNA-carrying
nanoparticles from a biodegradable polymer (poly B-amino ester) and polyglutamic acid with anchored
anti-CD3e F(ab’)2 antibody fragments for T-cell specificity. These nanoparticles were loaded with two
plasmids, one encoding CAR in PB transposon vector and the second PB transposase. In a preclinical
mouse model, the nanoparticles effectively delivered plasmids to T-cell nuclei, prompting stable
transfection. The in vivo-generated anti-CD19 CAR T cells expanded after contact with antigen
and were successful in leukemia eradication. As for the safety measures, they argued that toxicity
of CAR expressed in non-T-cell types would likely be minimal, and the short half-life of nanoparticles
further secured it. In addition, they cloned CAR under a T-cell-specific promoter (Smith et al., 2017).
In the following study, the same group used in vitro-transcribed mRNA for CAR and TCR as a vector
for transient expression. The same nanoparticles were, this time, coupled with an anti-CD8 antibody
instead of CD3. When compared to the use of plasmid DNA a higher transfection rate was observed,
although multiple doses of nanoparticles were necessary for optimal anti-tumor effect. The approach
was tested on various mouse models, with CD19-specific CAR for leukemia, receptor tyrosine kinase-
like orphan receptor 1 (ROR1)-specific CAR for prostate cancer, and hepatitis B virus (HBV)-specific
TCR for HBV-induced HCC, with similar outcomes to conventional ex vivo-generated CAR T cells
(Parayath et al., 2020). A compelling study used in vivo generated, mRNA-transfected, non-tumor-
specific CAR T cells to treat cardiac injury (Rurik et al.,, 2022). The CAR-coding mRNA was
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encapsulated in CDS5-targeted lipid nanoparticles. The CAR was targeted against fibroblast activation
protein (FAP), a marker of activated fibroblasts causing fibrosis by excessive secretion of extracellular
matrix. This method successfully reduced fibrosis and restored cardiac functions in a mouse model.
In this context, the short-term CAR expression was an upside because, in contrast to malignancies,
no long-term immune surveillance is needed. Moreover, persisting CAR T cells would interfere with

physiological fibroblast activation in wound healing (Rurik et al., 2022).

As an alternative to nanoparticles, viral vectors could be used for in vivo CAR T-cell transduction. Two
studies have been carried out with CDS§-targeted LV vector for in vivo anti-CD19 CAR T-cell production
in a mouse model with xenografted human PBMCs and lymphoma cell lines (Agarwal et al., 2019;
Pfeiffer et al., 2018). Tumor cell clearance was observed in CAR-LV-injected mice. However, some
mice experienced a CRS, which might have been caused by CAR-positive NK and NKT cells.
A different group developed a bispecific binder targeting LV to T cells (Huckaby et al., 2021). They
observed a superior anti-tumor effect in a mice xenograft lymphoma model treated with the CAR-LV
vector plus the bispecific binder compared to the CAR-LV vector alone. However, not a very large
number of CAR T cells were generated. Alternatively, adeno-associated virus (AAV) vectors are a non-
integrative option for viral transduction. As a proof-of-concept, a CAR-carrying AAV vector was tested
in a mouse xenograft model for in vivo T-cell transduction, leading to tumor regression (Nawaz et al.,

2021). However, the issue with non-specific delivery is a concern.

The in vivo CAR T approach could offer significant overall cost reduction, a simplified manufacturing
process, and a long-term stable “off-the-shelf” therapeutic product, which could facilitate
the widespread use of CAR T therapy. Another prospect could be combining in vivo CRISPR-based
technology with CAR T cells, although it has not yet been reported. However, from the regulatory point
of view, thein vivo transduction must prevent off-target transduction, as it might pose risks

of unexpected adverse effects.
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Transgene Insertion

Transgene Expression

Transgene
Lifespan

Transgene Delivery

Types

Features and Observations

Retroviral vectors

non-targeted
integration

exogenous promoter

long

ex vivo transduction

gamma retrovirus

safe, optimized, and FDA-approved
protocols; the production of the
therapeutic cells is expressive

lentivirus transgene size limitation

FDA-approved protocols, more
economical than viral vectors, but less
developed technology: transposase have
to be electroporated along with the

Sleeping Beauty

non-targeted

. N ex vivo electroporation
integration

Transposase enzymes €xogenous promoter long

piggyBac

donor DNA (plasmid or minicircles)

fast and economical method to produce
CAR T cells; the transgene expression is
rapidly diluted over the expansion of the
T cells; ideal when first introducing a
novel CAR into patients

mRNA non- integrative N/A short ex vivo electroporation  N/A

the transient expression can be extended
up to 30 days; the production of the non-
integrative lentivirus is expensive and will
still require constant re-dosing

Non-integrative
lentivirus

non-integrative,

. NILV-S/MAR
episomal

exogenous promoter mid-short  ex vivo transduction

directed transgene insertion into the host
cell genome; ability to ablate specific host
cell genes; endonucleases have to be

zinc-finger

TALENs
Endonuclease . )
targeted integration  endogenous promoters

long ex vivo electroporation

electroporated along with donor DNA
(AAV or linear dsDNA); further protocol
optimization is required

enzymes
CRISPR/Cas9

Table 1. Summary of genetic modification methods used for CAR T cell manufacturing. NILV-S/MAR, non-integrating lentiviral
vector containing a scaffold/matrix attachment region.Table by Guedan et al., 2019.

1.4.3. Activation of CAR T cells
For (CAR) T cells to start proliferating, they must be activated. This step varies, depending

on the protocol. Usually, RV/LV transduction requires T-cell activation before transduction.
Electroporated cells and cells transfected with non-viral vectors can be activated before or after

transfection.

Engagement of both TCR (signal 1) and a costimulatory molecule, e.g. CD28 (signal 2), is pivotal,
as only signal 1 alone leads to T-cell anergy or apoptosis (Schwartz, 1990). Anti-CD3 plus anti-CD28
antibodies are the golden standard for in vitro T-cell activation (Levine et al., 1997; Vormittag et al.,
2018). They can be either immobilized by coating on the bottom of the cultivation well or by using
beads — magnetic (Dynabeads' by Gibco, Thermo Fisher Scientific, Waltham, MA, USA), polymer
beads (TransAct? by Miltenyi Biotec, Bergisch Gladbach, Germany), or dissolvable beads (Cloudz?,
by Bio-Techne, Minneapolis, MN, USA). Magnetic beads have to be removed after manufacturing.

Physiological T-cell activation is mediated by APCs. Autologous APCs would be ideal. However, their
isolation from patients in sufficient numbers and further logistics for CAR T-cell manufacturing would
be troublesome (Levine, 2015). Artificial APCs (aAPC) and antigenic stimulation by feeder cells
expressing CAR target molecules and their combination could represent a feasible and efficient way
for stimulating CAR T-cell expansion. However, APCs or feeder cells need to be irradiated to prevent

their overgrowth. A way to engineer aAPCs is by transduction of cell line K562 with genes

! https://www.thermofisher.com/order/catalog/product/11132D
2 https://www.miltenyibiotec.com/US-en/products/t-cell-transact-human.html#130-111-160
3 https://www.bio-techne.com/p/cell-culture/cloudz-human-t-cell-activation-kit_cld001
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of costimulatory molecules such as CD80, CD86, CD83, and 4-1BB ligand (4-1BBL, CD137L)
(Suhoski et al., 2007). These K562-based aAPCs were compared with similarly transduced autologous
PBMC-based aAPCs for stimulating anti-CD19 CAR T cells. Both types of cells potently stimulated
CAR T-cell growth. It has to be pointed out that K562s have an advantage in reproducibility over
PBMC:s due to their interpersonal variability (Nakazawa et al., 2009). Another group successfully tested
K562 aAPCs expressing 4-1BBL and major histocompatibility complex class I chain-related
molecule A (MICA) in their anti-CD19 CAR T-cell expansion protocol (Numbenjapon et al., 2007).
A similar study confirmed the positive effect of K562-based aAPCs expressing CD64, CD86, and 4-
1BBL on CAR T cells, and they further showed that X-ray irradiation was a viable alternative to y-
irradiation (Bui et al.,, 2023). In a study by Nakamura et al., they emphasized the importance
of (artificial) immunological synapses for optimal T-cell activation. To generate aAPCs, they
transfected autologous PBMCs with truncated versions of the CAR target molecule (HER2)
and costimulatory molecules (CD80, 4-1BBL). The anti-HER2 CAR T cells showed substantial
expansion and were of an early memory phenotype with minimal expression of exhaustion marker PD-
1 (Nakamura et al., 2021). Two studies by a Japanese group tested irradiated autologous activated T cells
as feeder cells for CD19-specific CAR T cells (Morita et al., 2018; Saito et al., 2014). The generated
CAR T cells exhibited an early-memory phenotype, and in the second study, they observed enhanced
CAR expression when compared to CAR T cells without the feeder (Morita et al., 2018).

1.4.4. Cultivation vessels
The cultivation step is crucial for expanding cells to reach the desired number of cells for clinical use.
Large-scale cultivation of clinical-grade CAR T cells in GMP-compliant conditions requires additional
safety measures to avoid contamination and human error. Rather than conventional cultivation flasks,
unique vessels with closed or semi-closed systems and possible automation are more favorable in this

context.

The G-Rex (Wilson Wolf Manufacturing, St. Paul, MN, USA) platform offers cultivation flasks
or bioreactors with a gas-permeable membrane at the flask’s bottom, allowing oxygen and carbon
dioxide to be exchanged (Figure 19A). This leads to increased proliferation of cultivated cells in much
higher concentrations than in regular flasks. The bioreactors are fully closed systems with tubes

connected to a pump, allowing media exchange and cell collection (Ludwig & Hirschel, 2020).

WAVE bioreactor (Cytiva, Marlborough, MA, USA) is a cell bag on an agitation platform with
an automatic system that controls the concentration of oxygen and pH (Figure 19B). Exchanging

cultivation media and collecting cells is facilitated by tubes with sterile filters and a pump (Meng et al.,

2018).
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Figure 19. Cultivation vessels for CAR T cells.

(4) Fully closed G-Rex bioreactor, figure by https://www.wilsonwolf.com/product-and-order-info/.

(B) Wave bioreactor, figure by https://acmerevival.com/wp-

content/uploads/2021/03/GEWaveBioreactorSystem2 10EHBrochure.pdyf.

(C) Quantum cell expansion system, figure by https://www.medicalexpo.com/prod/terumo-bct/product-75244-85008 1. html.
(D) CliniMACS prodigy, figure by https://www.miltenyibiotec.com/DE-en/products/clinimacs-prodigy.html.

Quantum Cell Expansion System (Terumo Blood and Cell Technologies, Lakewood, CO, USA)
is another automated and fully closed platform (Figure 19C). It uses hollow-fiber bioreactors instead
of cultivation bags, which permits the cultivation of both suspension and adherent cell types (Coeshott

etal., 2019).

CliniMACS Prodigy (Miltenyi Biotec, Bergisch Gladbach, Germany) is an advanced, fully closed
system that combines magnetic sorting of T cells, transduction with LV vector or electroporation of non-
viral vectors, T-cell activation, and expansion into one instrument (Figure 19D). The all-in-one solution
offers reproducibility due to automation, scalability, and flexibility (Lock et al., 2022; Mock et al.,
2016).
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1.4.5. Cytokines for CAR T cultivation

Cytokine supplementation to the cell culture media is essential for T-cell expansion. This is also referred
to as “signal 3”. The most widely used cytokine is IL-2, followed by other members of the common y-
chain family cytokines, notably IL-7, IL-15, and IL-21 (Stock et al., 2019). IL-2 strongly supports T-
cell proliferation. However, it drives T cells into an effector phenotype that is linked with potent
cytotoxic functions, yet the cells are only short-lived (Liao et al., 2013). Although, only high IL-2
concentrations had this phenotypic effect (Kaartinen et al., 2017). Therefore, a combination of cytokines
is required to maintain early-differentiated memory T-cell subsets known for their high proliferative

capacity and persistence.

Most expansion protocols that omit IL-2 are based on IL-7, often with the addition of IL-15. Indeed, IL-
7 + IL-15 is a popular combination that supports the retention of central memory (Kaneko et al., 2009),
and stem cell memory phenotype, leading to better T-cell survival (Cieri et al., 2013; Gargett & Brown,
2015; Xu et al., 2014). Compared to IL-2, the cytokine combination IL-7 + IL-15 significantly enhanced
the overall anti-tumor effect of CAR T cells (Gargett & Brown, 2015; Xu et al., 2014; J. Zhou et al.,
2019) and promoted a superior activation and expansion of CAR T and transgenic TCR T cells (Gargett
& Brown, 2015; Gong et al., 2019; Hoffmann et al., 2018). The addition of IL-15 alone supports stem
cell memory phenotype by inhibiting mTORC1 and improving the metabolic fitness of T cells (Alizadeh
etal., 2019).

An especially interesting cytokine for CAR T-cell cultivation is IL-21. In particular, IL-21 enhances T-
cell activation, expansion, and survival (Hinrichs et al., 2008; Moroz et al., 2004; Singh et al., 2011),
and strongly promotes cytotoxic functions while maintaining an early-memory phenotype (Hinrichs
et al., 2008; Santegoets et al., 2013; Singh et al., 2011). In terms of T-cell phenotype and metabolic
programs, IL-21 acts as an [L-2 antagonist, as they both drive T cells into opposite fates (Hinrichs et al.,
2008). IL-21 suppresses terminal differentiation of T cells, promotes the metabolism of fatty acid
oxidation instead of glycolysis, and increases mitochondrial biogenesis (Loschinski et al., 2018).
Furthermore, IL-21 suppresses Tregs (Attridge et al., 2012; Peluso et al., 2007). Cultivating
CAR T cells in the presence of IL-21, IL-7, and glycogen synthase-3p inhibitor WTS119 resulted
in stem cell memory CAR T cells with improved metabolic fitness, providing a long-term anti-tumor
effect in ALL xenograft model (Sabatino et al., 2016). The combination of IL-21 with IL-15 enhanced
CAR expression, in vitro early-memory phenotype, and CAR T-cell effector functions (Lamers et al.,
2014). Our protocol relies on the combination of IL-4, IL-7, and IL-21 (Ptackova et al., 2018). The IL-
4 and IL-7 give strong pro-survival signals, and the addition of IL-21 supports the early differentiated

memory phenotype, together with low expression of inhibitory receptors.

After cultivation, the CAR T-cell product is cryopreserved. Before administration and during

manufacturing, thorough quality control testing must be carried out (Gee, 2018).
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1.5. T-cell phenotype
A set of distinct functional and phenotypic attributes characterizes the T-cell memory phenotype.
The functional elements include T-cell trafficking, homing, effector functions, longevity, and durability
of the immune response. From the functional spectrum, several T-cell memory subsets are traditionally
defined by a combination of surface antigens (Figure 20). From the earliest to the latest differential
stage, T cells go from naive T (Tn) cells to stem cell memory T (Tscwm) cells and central memory T (Tcewm)
cells, after which follows effector memory T (Tewm) cells, and terminally differentiated effector T (Tre,

Temra or Terr) cells (Jameson & Masopust, 2018).

T-cell development finishes in the thymus, resulting in mature Tn cells. They are antigen-inexperienced,
and they subsequently migrate into the periphery. Tx cells are characterized by the expression
of CD45RA, CD62L (L-selectin), and C-C chemokine receptor 7 (CCR7) (Van Den Broek et al., 2018).
The CD45RA is the long CD45 isoform on Twn, Tscum, and Trg cells, and its expression is inverse
to the CD45RO short isoform. CD62L and CCR?7 are important for homing to secondary lymphoid
tissue such as lymph nodes. Moreover, Tx cells are positive for costimulatory molecules CD27
and CD28 and the IL-7 receptor (CD127). Notably, Tn cells are negative for CD95 (Fas receptor);
it is expressed after antigen stimulation for the possible negative selection by apoptosis (Gattinoni et al.,
2017; Van Den Broek et al.,, 2018). After antigen stimulation, Tnx cells undergo expansion
and differentiation to other memory stages. Tscum cells retain the same immunophenotype as T cells —
CD45RA"CD45RO CCR7'CD62L*CD27°CD28", except for the high expression of CD95, chemokine
C-X-C motif receptor 3 (CXCR3), CD122 (IL-2Rp, IL-2 receptor B chain), and LFA-1 (CDl1a)
(Gattinoni et al., 2011; Lugli et al., 2013). Tscm cells are minimally differentiated and capable
of multipotency, incredible self-renewal, and persistence. Thus, they are of great interest to adoptive T-
cell therapies. Tcewm cells represent the next differentiation stage. They are phenotypically similar to Tscm
except for the exchange of CD45RA to the short isoform CD45RO (Mahnke et al., 2013). The Tewm cells
are capable of cytotoxicity to a lower extent than the later effector stages. Nevertheless, their ability
to proliferate and persist outperforms the effectors in anti-tumor response (Sallusto et al., 2004). Further
differentiation of Tcwm cells leads to the Tewm, accompanied by the loss of the expression of lymph node
homing molecules CD62L and CCR7. Therefore, Tewm cells migrate toward the periphery (Masopust
et al.,, 2001). Additionally, Tem stepwise stops expressing costimulatory molecules CD27 and CD28,
which correlates with a gradual increase in cytotoxic functions (Romero et al., 2007). The CXCR3
and IL-7Ra are also downregulated (Mahnke et al., 2013). Finally, under prolonged antigen exposure,
Tewm cells differentiate into the terminal effector stage. These Tre cells re-express the CD45RA isoform,
hence the term Tewmra. Phenotypically, Trg are CD45SRA'CD62L CCR7 CD28 CD27  and have
the shortest telomeres of all the subsets (Romero et al., 2007). Also, they are prone to T-cell exhaustion
and senescence, accompanied by the expression of markers like CD57 and KLRG1 (Mahnke et al.,
2013). They are highly cytotoxic but lack longevity and self-renewal. The vast majority of Ttg or Temra
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cells die as a result of antigen clearance (Stock et al., 2019). T-cell early-memory subsets' enhanced
persistence and proliferative capacity can improve CAR T-cell products to exert better clinical responses

(E1 Marabti & Abdel-Wahab, 2023; Meyran et al., 2021).

0-0-0-0-@

CD45RA + + - - +
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Figure 20. Differentiation of the T-cell memory subsets. Tn — naive T cells, Tscr — stem cell memory T cells, Tcu — central
memory T cells, Tem — effector memory T cells, Tre- terminal effector T cells. A¥Ym — mitochondrial membrane potential.
Figure by Gattinoni et al., 2017.

1.6. T-cell exhaustion and tonic signaling
Long-term antigen exposure, such as during chronic infections, cancer, and autoimmunities, leads
to exhausted T cells (Gallimore et al., 1998; Zander & Cui, 2023). This state is characterized
by progressive loss of effector functions and proliferative capacity. It is accompanied
by the downregulation of perforin/granzyme B, dampening cytokine secretion, altered metabolism,
and epigenetic regulation (Belk et al., 2022; Gumber & Wang, 2022). Exhaustion is additionally marked
by the sustained expression of checkpoint inhibitory receptors like PD-1, CTLA-4, T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3), and LAG-3 (Gumber & Wang, 2022).

Additionally, exhausted T cells have short telomeres and express senescence marker CD57 (Brenchley
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et al., 2003). There is a spectrum of exhaustion stages; an early subset can be “re-invigorated” by PD-1

blockade, while terminally exhausted T cells are insensitive to it (Beltra et al., 2020).

Due to the functional impotence, T-cell exhaustion is one of the occurring mechanisms of CAR T-cell
therapy failure (Fraietta et al., 2018). Besides the general mechanisms of inducing exhaustion, like
immunosuppressive TME and inhibitory receptors, cytokines (IL-10, TGF-p), and cells (Tregs, MDSCs)
(Gumber & Wang, 2022), a CAR-specific mechanism was found to contribute as well. Particularly,
antigen-independent activation, called “tonic CAR signaling”, can lead to exhaustion and AICD.
It is caused by increased CAR clustering and subsequent persistent signaling (Guedan et al., 2018; Long
etal., 2015). The CD28-bearing CAR constructs are more prone to exhaustion than the 4-1BB ones
(Frigaultetal., 2015; Long et al., 2015). The selection of the expression system, particularly using strong
promoters, can cause the overexpression of CAR molecules on the T-cell surface, resulting in tonic
signaling (Frigault et al., 2015; Guedan et al., 2018). Gomes-Silva et al. reported that the choice
of vector for CAR T-cell manufacturing could influence tonic signaling (Gomes-Silva et al., 2017).
In their study, the LTR in a non-self-inactivating y-RV vector caused a positive feedback loop
and enhanced CAR expression, which, in turn, enhanced tonic signaling. Using a self-inactivating LV
vector mitigated the tonic signaling (Gomes-Silva et al., 2017). Next, the type and length of the hinge
region affected tonic signaling (Watanabe et al., 2016). Another strategy that minimized the tonic
signaling was positioning the 4-1BB domain farther away from the cell membrane in a 3"-generation
CAR (Guedan et al.,, 2018). Additionally, targeting the CAR gene tothe TRAC locus using
CRISPR/Cas9 averted the tonic signaling by ensuring the optimal CAR expression levels (Eyquem et
al., 2017).

1.7. Registered CAR T-cell products

Developing a CAR T-cell product from a preclinical model to clinical trials and finally to a registered
product is a highly complex process. Even though the number of clinical trials with CAR T cells against
various cancers is enormous and growing yearly, the only registered products are against hematological
malignancies. There are six FDA-approved commercial products, all of which are 2"-generation CAR
designs (Figure 21). Four are targeting CD19 — tisagenlecleucel (tisa-cel, Kymriah™ by Novartis),
axicabtagene ciloleucel (axi-cel, Yescarta™ by Kite Pharma/Gilead), brexucabtagene autoleucel (brexu-
cel, Tecartus™ by Kite Pharma/Gilead), lisocabtagene maraleucel (liso-cel, Breyanzi™
by Juno Therapeutics / BMS); and two are against B-cell maturation antigen (BCMA) — idecabtagene
vicleucel (ide-cel, Abcema™ by Bluebird Bio / BMS), and ciltacabtagene autoleucel (cilta-cel,
Carvykti™ by Janssen / J&J). All of them are manufactured from autologous T cells transduced

by RV/LV vectors.
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All four CD19 CAR T products, tisa-cel, axi-cel, brexu-cel, and liso-cel, have their scFv derived
from the exact mouse mAb clone FMC63 (Cappell & Kochenderfer, 2023). Axi-cel* and brexu-cel®
designs are identical, incorporating the CD28 hinge, transmembrane, and costimulatory domains; they
vary intheir production methods. In brexu-cel manufacturing, malignant cells are eliminated
from the patient leukapheresis before transduction (M. Wang et al., 2020). Tisa-cel® includes CD8a
hinge and transmembrane regions and the 4-1BB costimulatory domain. Liso-cel” employs IgG4 hinge,
CD28 transmembrane, and 4-1BB costimulatory domains. Besides, it further contains separate truncated
EGFR as a safety switch® (Ogasawara et al., 2022). Additionally, in liso-cel manufacturing, the CD4"
and CD8" T-cells are separated, and then processed independently, and finally, the CAR T-cell product
is administrated at a defined CD4"/CD8" ratio (Teoh & Brown, 2022). I'-RV vectors in axi-cel
and brexu-cel achieve the transduction of the CAR gene, while in the case of tisa-cel and liso-cel,

LV vectors are used (Cappell & Kochenderfer, 2023).

The BCMA CAR T product ide-cel’, during development known as bb2121, derives its scFv from
amouse mAb clone 11D5-3 (Friedman et al., 2018). The BCMA-binding domain of cilta-cel'
is composed of two connected camelid heavy-chain-only variable (VHH) fragments against two distinct
BCMA epitopes (Chekol Abebe et al., 2022). Both products contain CD8a hinge and transmembrane
regions and the 4-1BB costimulatory domain. Likewise, both products are manufactured
via LV transduction. They are both indicated for the treatment of adult relapsed refractory multiple
myeloma (RRMM) (Anderson, 2022; Chekol Abebe et al., 2022). Axi-cel, tisa-cel, and liso-cel are
indicated for treating recurrent large B-cell lymphoma (LBL). Axi-cel and tisa-cel are additionally used
for follicular lymphoma (FL). Tisa-cel and brexu-cel have been further approved for recurrent B-cell
acute lymphoblastic leukemia (B-ALL), and brexu-cel is mainly indicated for recurrent mantle cell

lymphoma (MCL).

4 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/yescarta

3 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/tecartus-brexucabtagene-
autoleucel

6 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/kymriah-tisagenlecleucel
7 https://www .fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/breyanzi-lisocabtagene-
maraleucel

8 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/breyanzi-lisocabtagene-
maraleucel

? https://www.fda.gov/vaccines-blood-biologics/abecma-idecabtagene-vicleucel

19 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/carvykti
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Product Structure of CAR construct FDA approval (year)
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Figure 21. Overview of commercial CAR T-cell products. LBCL — large B cell lymphoma, FL — follicular lymphoma, MCL —
mantle cell lymphoma, B-ALL — B-cell acute lymphoblastic leukemia, RRMM — relapsed refractory multiple myeloma. Figure
by Cappell & Kochenderfer, 2023.
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2. AIMS

The aims of this thesis revolve around CAR T-cell manufacturing and how their phenotype affects anti-

tumor functions.
Specific aims were:

1) Determination of the influence of cultivation in IL-4 + IL-7 + IL-21 on the phenotype
of CAR T cells

2) Verification of the 4™-generation CAR construct with inducible secretion of IL-21
and characterization of the effect of IL-21 on CAR T-cell immunophenotype and effector
functions

3) Implementation of the CAR T-cell production method with transposon vector using
electroporation of linear DNA and mRNA

4) Measurement and analysis of the immunophenotype of CAR T cells in a group of patients

treated with the product tisagenlecleucel
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3. MATERIAL AND METHODS

The material, methods, and flow cytometry panels are described in each publication or their

supplementary materials.

3.1. Instruments

Flow cytometer BD LSRFortessa™ (BD Biosciences, San Diego, CA, USA)

Laser Name |Wavelength (Detector Mirror Filter Parameter
uv 355]A 690 LP 74035BP__|BUV737
B S70LP 585/15BP__|BUV563
C 450/50 BP  |Indo-1 (Violet)
405]A 750LP___ |780/60 BV786
B 690 LP 710/50 BV711
C 630 LP 67030 BP__|BV650
D 600 LP 61020 BP__|[BV605
E 505 LP 525/50 BP |AmCyan
F 450/50 BP  [Pacific Blue
[Bue | 438]A 685 LP 710/50 BP__|PerCP-Cy5-5
B 505 LP 53030 BP__[FITC
C 488/10 BP__|SSC
YG 561]A 750 LP 780/60 BP__|PE-Cy7
B 635 LP 67030 BP__|PE-Cy5
C 600 LP 61020 BP  [PE-Texas Red
D 585/15BP__|PE
[Red | 640]A 750 LP 780/60 B> __|APC-Cy7
B 690 LP 730/45 BP__|Alexa Fluor 700
C 670/14BP__|APC

Table 2. Configuration of the flow cytometer BD LSRFortessa.
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Abstract

Background aims. Clinical-grade chimeric antigenic receptor (CAR)19 T cells are routinely manufactured by lentiviral/
retroviral (LV/RV) transduction of an anti-CD3/CD28 activated T cells, which are then propagated in a culture medium
supplemented with interleukin (IL)-2. The use of LV/RVs for T-cell modification represents a manufacturing challenge due
to the complexity of the transduction approach and the necessity of thorough quality control. Methods. We present here a
significantly improved protocol for CAR19 T-cell manufacture that is based on the electroporation of peripheral blood mono-
nuclear cells with plasmid DNA encoding the piggyBac transposon/transposase vectors and their cultivation in the presence
of cytokines IL-4, IL-7 and IL-21. Results. We found that activation of the CAR receptor by either its cognate ligand (i.e.,
CD19 expressed on the surface of B cells) or anti-CAR antibody, followed by cultivation in the presence of cytokines IL-4
and IL-7, enables strong and highly selective expansion of functional CAR19 T cells, resulting in >90% CAR" T cells. Ad-
dition of cytokine IL-21 to the mixture of IL.-4 and IL-7 supported development of immature CAR19 T cells with central
memory and stem cell memory phenotypes and expressing very low amounts of inhibitory receptors PD-1, LAG-3 and
TIM-3. Conclusions. Our protocol provides a simple and cost-effective method for engineering high-quality T cells for adop-
tive therapies.

KeyWords: CART cells, cancer immunotherapy, IL-4, IL-7, IL-21, piggyBac transposon

Introduction however, considered less efficient than LV/RV because

of poor cell growth after electroporation and lower
Current manufacture of clinical-grade CART cells is transduction efficiency compared with LV/RV.
primarily based on lentiviral/retroviral (LV/RV) trans- However, the use of transposons significantly reduces
duction of T cells followed by anti-CD3/CD28 the overall costs of the manufacturing process and
activation, which enables generation of large numbers reduces the biological risks associated with the use of
of transduced T cells. However, the use of viral vectors LV/RV [3]. Additionally, the maximum size of LV/
for clinical grade manufacturing has to follow a com- RV is limited to approximately 10kB base pairs between
plicated set of rules to minimize biohazards associated LTRs, whereas transposons such as piggyBac can easily
with their use. Such a high level of manufacturing com- integrate far larger constructs, and their effective-
plexity leads to high costs and limits the availability ness is basically limited only by decreasing efficiency
of the technology itself. Thus, there is a general need of electroporation of larger DNA molecules [4]. Recent
for an easier method of CAR-T manufacture. One such discoveries in the CAR field suggest that there is a
approach is based on the electroporation of transposon need to transfer multiple transgenes simultaneously,
vectors such as Sleeping Beauty or piggyBac in the such as suicide genes, cytokines, decoy receptors,
form of plasmid DNA [1,2]. These methods are, dominant negative receptors or multiple CARs [5].

*These authors contributed equally to this work.
Correspondence: Pavel Otahal, MD, PhD, U nemocnice 1, Institute of Hematology and Blood Transfusion, 128 02, Prague, Czech Republic. E-mail:
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Transfer of such large DNA sequences via LV/RV is
impossible, which thus justifies the effort to improve
transposon-based techniques of T-cell gene engineering.

The manufacture of CART cells is usually achieved
by anti-CD3/CD28 activation followed by cultiva-
tion in the presence of exogenous interleukin (IL)-2
[6]; proliferating T cells are then infected with LV/
RV to express the CARs. This is a well-established
approach but one that has several limitations (in ad-
dition to low capacity of LV/RV); for example, it also
induces an expansion of non-transduced T cells, and
the anti-CD3/CD28 activation in combination with
exogenous IL.-2 drives T cells toward terminal effec-
tor differentiation at the expense of memory cell
formation [7]. Currently, several alternative methods
for T-cell expansion have been described; these
protocols substituted IL-2 for other cytokines, such
as IL-4, IL-7, IL-15 or IL-21, or activators of the Wnt
pathway, such as glycogen synthase-3p inhibitor
TWS119 [8], which increased the proportion of less-
differentiated T cells with central memory/stem cell
memory features. Some of these protocols were orig-
inally developed for the manufacture of multivirus-
specific T cells [9], and they are based on T-cell
stimulation with antigenic peptides derived from viral
antigens, followed by cultivation in the presence of
cytokines IL-4 and IL.-7. This cytokine mix supports
the retention of a central memory phenotype by T cells
and promotes T-cell survival by up-regulating anti-
apoptotic molecules. This procedure has been used to
manufacture Good Manufacturing Practice (GMP)-
grade multivirus-specific T cells, which were then
successfully used for the treatment of viral infections
such as cytomegalovirus, Epstein-Barr virus and ad-
enovirus in patients after allogeneic bone marrow
transplantation [10]. Similar protocols based on IL-7
and IL-21 were also developed for the manufacture
of CAR T cells [8,11-13]. These results thus indi-
cate that the differentiation of CAR'T cells toward the
terminal effector stage can be reduced by cytokines
IL-7 and IL-21.

The quality of the manufactured product depends
not only on the functional properties of CART cells
but also on their frequency, which is the result of the
transduction efficiency. Because the transduction of
larger DNA constructs using LV/RV is inefficient,
certain methods have been developed to enrich for
transduced T cells. A nice example of this that was
tested clinically is a procedure based on the co-
transduction of a chimeric IL-4/I1.-2 receptor, which
delivers a selective mitogenic signal to transduced T
cells by culturing them in IL-4 instead of IL-2 [14].
Although this approach works, it prevents the use of
alternative cytokine combinations and requires mod-
ification with another chimeric cytokine receptor. We
present in this article an easier technique that is based
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on a selective activation of transduced T cells with anti-
CAR antibody or through recognition of the CAR-
specific ligand (i.e., CD19 in the case of CAR19 T
cells). We show that the activation of CAR either by
recognition of CD19* B cells or by anti-CAR anti-
body in the presence of exogenous IL-4 and IL-7
enables selective proliferation of transduced T cell.
Next, we show that I1-21 (in combination with IL.-4
and IL-7) prevents terminal differentiation of CAR19
T cells and reduces expression of inhibitory recep-
tors TIM-3 and PD-1 by CAR19T cells. Our method
represents a substantial improvement of currently used
electroporation/transposon-based methods of CAR19
manufacturing because it does not require special
feeder cells and enables reliable and simple genera-
tion of clinical doses of CAR19 T cells.

Methods
Cell source

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy-coats obtained from blood donors or
from fresh whole blood samples obtained from lym-
phoma patients. The use of all human materials was
approved by the institutional review boards, and all
donors signed an informed consent with the study.

DNA plasmids and sequences

As has been previously described [15], CAR19 con-
tains 4-1BB costimulatory domain and T-cell receptor
zeta domain. Prostate specific membrane antigen
(PSMA) CAR has been prepared by cloning Vh and
VI chains from antibody J591 followed by Myc epitope
into the 4-1BB-zeta CAR backbone via InFusion
cloning. Both CARs were cloned into the piggyBac
vector behind the UBC promoter via BamHI/EcoRI
[1] to generate pPB CAR19 and pPB PSMA CAR.
Hyperactive piggyBac transposase is driven by the cy-
tomegalovirus promoter [1]. Plasmids were purified
by standard techniques using EndoFree kits (Qiagen).

The amino acid sequence of CARI19 is:
MAILPVTALLILPLAIITHAARPTREVQLQQSGPE
LVKPGASVKMSCKASGYTFTSYVMWVKQKPG
QGLEWIGYVNPYNDGTKYNEKFKGKATLTSD
KSSSTAYMELSSLTSEDSAVYYCARGPYYYGSSP
FDYWGQGTTVTVSGGGGSGGGGSGGGGSGG
GGSDIVMTQSPLSLPVSLGDQASISCRSSQSLEN
SNGNTYLNWYLQKPGQSPQLLIYRVSNRFSGVL
DRFSGSGSGTDFTLKISRVEAEDLGVYFCLQVT
HVPPTFGAGTKLEIKRTSPTTTPAPRPPTPAPTIA
SQPLSLRPEACRPAAGGAVHTRGLDFACDIYTWA
PLAGTCGVLLLSLVITLYCNHRNRRRVKRGRKK
LLYTFKQPFMRPVQTTQEEDGCSCRFPEEEEGG
CELRVKFSRSADAPAYQQGQNQLYNELNLGRRE
EYDVLDKRRGRDPEMGGKPQRRKNPQEGLYN
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ELQKDKMAEAYSEIGMKGERRRGKGHDGLYQ
GLSTATKDTYDALHMQALPPR

The amino acid sequence of PSMA CAR is
MALPVTALILI PLATITHAARPTREVQLQQSGPE
LVKPGTSVRISCKTSGYTFTEYTIHWVKQSHGK
SLEWIGNINPNNGGTTYNQKFEDKATLTVDKS
SSTAYMELRSLTSEDSAVYYCAAGWNFDYWGQ
GTTVTVSGGGGSGGGGSGGGGSGGGGSDIVM
TQSHKFMSTSVGDRVSIICKASQDVGTAVDWYQ
QKPGQSPKLLIYWASTRHTGVPDRFTGSGSGTD
FILTITNVQSEDLADYFCQQYNSYPLTFGAGTM
LEIKREQKILISEEDINGTTSPTTTPAPRPPTPAPT
TASQPLSLRPEACRPAAGGAVHTRGLDFACDIYI
WAPLAGTCGVLLLSILVITLYCNHRNRRRVKRGR
KKLLYIFKQPFMRPVQTTQEEDGCSCRFPEEEE
GGCELRVKESRSADAPAYQQGQNQLYNEILNLG
RREEYDVLDKRRGRDPEMGGKPQRRKNPQEG
LYNELQKDKMAEAYSEIGMKGERRRGKGHDG
LYQGLSTATKDTYDALHMQALPPR

Cell culture, transfections and magnetic bead isolation

For all experiments, we used CellGro medium
(CellGenix) supplemented with 10% heat-inactivated
10% fetal calf serum (Gibco) and penicillin/
streptomycin (Gibco).

PBMCs were prepared from buffy coats or fresh
blood samples by gradient centrifugation using
Ficoll-Paque Premium (GE Healthcare) after sepa-
ration cells were rested overnight in cell medium.
The next day, cells were transfected with Neon
electroporator (Thermo Fisher Scientific) similarly to
the description by Ramanayake et al. [3]: 4 x 10° cells
were resuspended in 100 puL buffer T and mixed
with 5 pg plasmid DNA (2:1 mixture of piggyBac
vector expressing the CAR and a plasmid expressing
a hyperactive piggyBac transposase) and were
electroporated 1 x 20 ms/2300V using 100-uL tips (in
some experiments, 10-pL tips were used as well). Af-
terward, cells rested again overnight and were
stimulated the next day.

To stimulate T cells with antibodies, anti-CD3 and
anti-CD28 mouse mAb (Miltenyi Biotec) or mouse
anti-Myc tag Ab (Cell Signaling) were diluted in
phosphate-buffered saline (PBS) at a concentration
1 ug/mL and adhered onto a cell culture plastic for
1 h at 37°C; they were then washed with PBS and used
for cell activation.

Cell medium was supplemented with cytokines:
1000 U/mL of IL-2 (Proleukin, Roche), 20 ng/mL IL-
4, 10 ng/mL IL-7 and 20 ng/mL IL.-21 (all Miltenyi
Biotec). Cells were fed with fresh medium every 3—4
days according to the growth rate.

HEK293 (ATCC CRL-1573) cells were kept in
Dulbecco’s Modified Eagle’s Medium and trans-
fected with cDNA encoding CD19 (Origene cDNA
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clone SC127938) using Metafectene Pro reagent
(Biontex). Ramos is a CD 19" Burkitt lymphoma cell
line (ATCC CRIL-1596), PC3 is prostate carcinoma
cell line negative for PSMA (ATCC CRL-1435) and
LNCap is prostate carcinoma cell line positive for
PSMA (ATCC CRL-1740).

To isolate CAR' T cells, we stained CAR19T cells
with fluorescein isothiocyanate (FITC)-labeled goat
anti-mouse antibody (Jackson ImmunoResearch), fol-
lowed by labeling with anti-FITC magnetic beads
(Miltenyi Biotec), and positive cells were isolated on
an LS column. To deplete B cells, PBMCs were labeled
with biotinylated anti-CD19 antibody. Cells were then
incubated with anti-biotin magnetic beads (Miltenyi
Biotec) and separated on an LS magnetic column.
Negative fraction depleted from B cells was then
electroporated with CAR19 transposon using 10-pL
tips (4 x 10° cells).

Antibodies, fluorescence-activated cell sorting and
Sfunctional assays

Mouse anti-human CD3 APC-Cy7, CD45RA Alexa
Fluor 488, CD45R0O BV786, CCR7 BV605, CD95
PeCy5 and PD1 Pe-Dazzle 594 were obtained from
BioLegend. CD4-Pacific Blue, CD8 Alexa Fluor 700
were purchased form Exbio. Live cells were identi-
fied using LIVE/DEAD stain kit (Thermo Fisher
Scientific).

To detect CAR transgene, cells were stained with
Alexa-647, or FITC-labeled FAB, fragment of Goat
anti-Mouse IgG (Jackson ImmunoResearch), this
polyclonal antibody reacts with mouse anti-CID19 scFv
in the CD19 CAR.To detect PSMA CAR, cells were
labeled with unlabeled rabbit anti-Myc tag antibody
(Cell Signaling) followed by Alexa 647-labeled goat
anti-rabbit IgG (Jackson ImmunoResearch). If CAR
T cells were stained for additional surface antigens,
cells were first labeled with goat anti-mouse anti-
body, washed twice and blocked with 10% mouse
serum, then were stained with fluorescently labeled
mouse mADb. The specificity of staining was exten-
sively tested to rule out possible binding of mouse
antibodies to cells via goat anti-mouse Ab used to
detect CAR.

To measure cytokine production, HEK293 cells
were transfected with CD19 ¢cDNA or control plasmid
DNA (empty vector). The next day, CART cells were
added into the wells with transfected HEK cells, and
after 4 h of co-incubation, GolgiPlug (eBiosciences)
was added at a concentration of 1 pg/mL. Cell were
then left overnight in the incubator (~12 h). After the
incubation period was over, cells were fixed and
permeabilized using Cytofix/Cytoperm kit (BD Bio-
sciences) and stained with fluorescently labeled mouse
mAb antibodies to surface antigens, and cytokines
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interferon (IFN)-yamma, tumor necrosis factor
(TNF)-o and IL-4 (all eBiosciences).

Cytotoxic test was performed as follows: Ramos
cells were labeled with 5 umol/L carboxyfluorescein
succinimidyl ester (Sigma) in cell medium for 5 min
at room temperature, washed and mixed with effec-
tor T cells in 96-well flat bottom plate. After overnight
incubation, DAPI at a concentration of 100 ng/mL
(Sigma) was added to cells, and the number of dead
Ramos cells was determined by fluorescence-activated
cell sorting (FACS).

To visualize cytotoxicity of PSMA CAR T cells,
monolayers of PC3 or LNCap cells were incubated
with CART cells, and after 3 days, cells were imaged
with phase-contrast microscope with digital camera
(Olympus).

To determine the degranulation of CART cells,
cells were incubated with or without Ramos B cells
at ration of 1:1 for 4 h, phycoerythrin-labeled anti-
CD107a Antibody (Exbio) was added to the cell
medium at the beginning of co-incubation. After 4 h,
cells were harvested and labeled with anti-CD8 and
anti-CD4 antibodies and analyzed by FACS.

FACS samples were analyzed with BD Fortessa
instrument, and FACS data were processed by Flow]Jo
software. Statistical analysis was performed with
GraphPad Prism software using unpaired -test.

Results

Our experience with the manufacture of antiviral T
cells shows that a supplementation of cell medium with
IL-4 + IL-7 efficiently supports the in vitro expan-
sion of antiviral T cells after stimulation with antigen
[9]. Thus, we tested this approach to produce CD19-
specific CAR'T cells. First, PBMCs were electroporated
using the Neon device with piggyBac transposon
vectors encoding the CAR19 transgene and hyperac-
tive piggyBac transposase (i.e., CARI19 transposon).
The next day, cells were stimulated with immobi-
lized anti-CD3+anti-CD28 mAbs or left unstimulated.
Next, both stimulated and unstimulated cell cul-
tures were supplemented with cytokines IL.-2 or
IL-4 + IL-7. After 7 days, cells were analyzed for the
expression of CAR19 by staining with goat anti-
mouse Ab, which reacts with the scFv portion of
CARI19 (Figure 1A). After 14 days, we compared the
expansion of non-stimulated cells grown in IL-2 or
IL-4 + IL-7 (Figure 1B). The results in Figure 1A show,
that the stimulation with anti-CD3+anti-CD28 mAbs
induced a polyclonal expansion of T cells, while the
cultivation in the presence of cytokines only (i.e.
without anti-CD3+anti-CD28 mAbs) resulted in much
higher frequency of CAR19" T cells among cultured
cells (32% vs. 90%). However, we found that cells
grown in IL-4 + IL-7 expanded at later time points
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significantly more than cells grown in IL-2 (Figure 1B).
This experiment suggested to us that signaling via the
CARI19 transgene in the presence of exogenously added
I1-4 and IL-7 enables selective expansion of trans-
duced T cells.

To verify this hypothesis, PBMCs were depleted
from B cells via anti-CD19 magnetic beads before
electroporation with CAR19 transposon. Electroporated
T cells were then grown alone in IL-4 + I1.-7 or were
mixed back with sorted B cells, and then further cul-
tured for 12 days. The data in Figure 1C show that
electroporated PBMCs depleted from B cells did not
grow significantly, whereas the same cells stimulated
with anti-CD3/CD28 efficiently expanded, demon-
strating their viability. When we mixed electroporated
T cells with sorted autologous B cells, we observed
a selective expansion of CAR19 T cells. This experi-
ment thus demonstrates that recognition of B cells by
CARI19T cells in the presence of Il -4 and I1.-7 enables
their priming and expansion.

We have then determined the proliferation capac-
ity of CAR19 T cells grown in various cytokine
combinations: IL-2, IL-4 + IL-7, IL-4 + IL-7 + IL-2
and IL.-4 + I1.-7 + IL.-21 and compared the growth
after 24 days with the widely used type of cultivation
anti-CD3/CD28 plus I1.-2. The data in Figure 2 show
that (i) IL-2 alone was not sufficient to initiate good
and sustained proliferation of CAR19 T cells, which
had to be pre-activated with anti-CD3/28 antibodies
to expand; (ii) IL-4 + IL-7 enabled proliferation of
CARI19 T cells, and additional cytokine stimulation
with IL-2 or IL-21 (or IL-15, data not shown) did
not result in significant enhancement of the cell growth;
and (iii) CARI19 T cells treated with anti-CD3/
CD28 plus IL-2 grew to similar numbers as cells grown
in IL-4 + IL-7.

The next key question was to determine the per-
centage of CAR19T cells in cultures generated under
these conditions. We found that polyclonal activa-
tion of electroporated T cells (i.e., anti-CD3/CD28
plus IL-2) resulted in a significantly lower percent-
age of CAR19 T cells (~30%) than cells grown in
IL-4 + IL-7 (~90%), IL-4 + IL-7 + IL.-2 (~90%) or
IL-4 + IL-7 + IL-21 (>95% of all cells were CAR pos-
itive; Figure 3A). The composition of the cytokine
cocktails, however, had a significant effect on the
ratio of CD4" to CD8*T cells (Figure 3B). We found
that the cultivation in the presence of exogenous
IL-4 + IL-7 or IL-4 + IL-7 + IL-21 favored the ex-
pansion of CD4T cells (none of them were regulatory
T cells; data not shown), whereas expansion induced
by anti-CD3/CD28 plus IL-2 treatment resulted in
the majority (>80%) of all CAR19 T cells being of
CD8" type (Figure 3B). Next, we compared the ef-
fector functions of CAR19T cells prepared under these
conditions. The experiment shown in Figure 3C and
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Figure 1. Recognition of CD19" B cells by CAR19 T cells enables their selective expansion in the presence of IL-4 + IL-7. (A) Human PBMCs were electroporated with CAR19 transposon
and stimulated with anti-CD3/CD28 Abs or left unstimulated. Cells were then were cultivated in the presence of IL-2 or IL.-4 + IL-7. Seven days later, the expression of CAR19 transgene was
determined with anti-CAR antibody. The numbers show the percentage of CAR" cells out of all live cells. Negative controls are untransduced cells. (B) The level of expansion of cells from (A)
was analyzed after 14 days. (C) To determine whether endogenous B cells initiate CAR19 T-cell priming, PBMCs were first depleted from CD19" cells by magnetic beads and then were electroporated
with CAR19 transposon (4 x 10° cells in 10-uL tips). Cells were split into three groups and cultivated in the presence of IL-4 + [L-7: (i) with anti-CD19-sorted B cells, (ii) alone (iii) alone but
activated with anti-CD3/28 Abs. After 12 days, live cells were counted, and FACS was performed to identify CAR19 T cells. (C) The graph shows the number of all cells and CAR19 T cells,
n = 3. In (A), one representative donor is shown.
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Figure 2. Anti-CD3/CD28 activation is not required for expansion of CAR19 T cells in the presence of IL-4 + IL-7. PBMCs were electroporated
with CAR19 transposon (4 x 10° cells in 100-uL tips per sample) and then incubated in the presence of the cytokines as indicated in the
legend. The graph shows the total number of cells at indicated time points. The non-activated cells (i.e., without any exogenous cytokines)
and cells grown only in the presence of IL-2 did not expand. The differences in the expansion among the samples in the first four groups

were not significant (NS), n = 5.

3D demonstrates that all groups of CAR19T cells were
equally cytolytic (Figure 3D) and degranulated to
similar levels (Figure 3C) after co-incubation with the
Ramos B cell line. These results thus demonstrate that
the activation of CAR19 T cells through recognition
of CD19 on B cells in the presence of IL~4 + IL-7 leads
to an almost pure population of cytotoxic CAR19
T cells.

Next, we determined the production of effector
cytokines TNF-alpha and IFN-gamma by CAR19T
cells (Figure 4).To do that, we transfected the HEK293
cell line with cDNA encoding antigen CD19 and used
the transfected HEK cells as stimulators for CAR19
T cells, whereas non-transfected HEK cells served as
a negative control. The presented data (two out of five
representative donors are depicted) show that (1) the
response of CAR19T cells is specific to antigen CD19
because no cytokine production was detected after
incubation with HEK cells were transfected with
control DNA and (ii) CD4* CAR19T cells grown in
IL-4 + IL.-7 produced more TNF-alpha than CAR19
T cells grown under anti-CD3/CD28+IL-2 conditions

and CD8" CARI19 T cells grown under anti-CD3/
CD28+IL-2 conditions produced more IFN-gamma
than cells from remaining groups. Further, we did not
detect any significant production of IL.-4 in any group
(data not shown). These results further demonstrate
acquisition of effector functions by CAR19 T cells.

The experiments presented thus far were done with
PBMUC:s obtained from healthy donors, and therefore
we wished to determine whether this technique would
also be functional with PBMCs obtained from pa-
tients undergoing chemotherapy for B-cell lymphoma.
We tested PBMCs from six patients; each patient had
a normal complete blood cell count at the time of the
experiment, but because of previous treatment with
rituximab, they had very low numbers of B cells in
the peripheral blood. The data in Figure 5 show that
we were able to induce expansion of CAR19 T cells
in four of six patients similarly to healthy donors. These
cells were also cytotoxic against Ramos cells (results
not shown) However, the efficiency of the expansion
depends on the presence of B cells in the blood of the
donors.
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Figure 3. Cultivation in the presence of IL-4 + IL-7 results in almost pure population of cytotoxic CAR19 T cells. Cells prepared in Figure 2
were further analyzed to determine the percentage of CAR19 T cells and their functionality. The graphs show the percentage of CAR19*
cells (A) and the percentage of CD4" CARI19 T cells (B) out of all live cells. The effector functions of CAR19 T cells were determined by
cytotoxic assay against Ramos B cell line (C). Effector to target ratio (E:T) is 3 and 1. (D) The graph shows the level of degranulation of
both CD4" and CD8" subtypes of CAR19 T cells after co-incubation with Ramos B cells. Before these two assays, CAR" T cells from
anti-CD3/CD28+IL-2 group were sorted with magnetic beads to obtain a homogenous population of pure CAR19 T cells (>90%). Non-
transfected control cells are anti-CID3/28 activated T cells grown in the presence of IL-2, n = 5.

Supplementation of culture medium with cytokines
such as IL-2, IL-7,IL-15 and IL-21 has been shown
to influence the phenotype and expansion of CART
cells [16,17]. Similarly, we have performed a com-
prehensive FACS analysis to determine variations in
the differentiation status of CAR19 T cells. The central
memory T cells (Tcm) were identified as CD45RA™
CD45RO"CCRT, the effector memory T cells (Tem)
were CD45RACD45R0O" CCRT7, the memory stem
cell T cells (Tscm) were CD45RA+CD45R0O
CCR7°'CD95'CD27'CD28" and the effector T cells
were CD45RA+CD45R0O CCR7-CD95+, (naive
CD45RA*CDO95 T cells were not detected; data not
shown). Additionally, we determined the expression
of inhibitory receptors TIM-3, LAG-3 and PD-1 on
CARI19 T cells.

We found that CD8" CARI19 T cells cultivated in
the presence of IL-4 + IL-7 + IL.-21 were mostly of
Tecm phenotype. In addition, they contained more
Tscm and fewer Tem than cells grown under other ex-
perimental conditions (Figure 6). When we analyzed
the expression of antigens CD27 and CD28 (Figure 7),
we found that approximately 75-80% of CD8+CAR19
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T cells generated in the presence of IL~4 + I1-7 + TL-21
were highly positive for both antigens, whereas 10-
fold fewer cells were similarly positive in cultures
generated under anti-CD3/CD28+IL-2 conditions.
Most interestingly, we observed (Figure 8) that both
CD4" and CD8+CARI19 T cells in cultures supple-
mented with IL-21 expressed undetectable amounts
of TIM-3, whereas CAR19 T cells grown under
anti-CD3/CD28+IL-2 conditions had approximate-
ly 40% TIM-3 positive CD8+CAR19 and 20% TIM-3
positive CD4* CAR19T cells. A similar, albeit less pro-
nounced, effect was observed for PD-1, but no
significant effect was found for LAG-3. We did not
detect any CTLA-4" cells (data not shown).

I1.-21 prevents terminal differentiation of CAR19
T cells in vitro, helps them maintain an immature
phenotype and prevents upregulation of inhibitory re-
ceptors TIM-3 and PD-1.

We have demonstrated that CAR19 T cells expand
in the presence of autologous B cells. To further analyze
the mechanisms of CART activation in vitro, we have
transduced T cells with a CAR specific for an antigen
that is not expressed by PBMCs to eliminate the
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Figure 4. CARI19 T cells produce effector cytokines IFN-y and TNF-o following activation through CAR. HEK293 cells were transfected
with CD19 ¢DNA and used as stimulators for CAR19 T cells manufactured in the presence of cytokines as indicated in the figure. After
overnight incubation in the presence of brefeldin A, cells were stained for CAR, fixed and stained for cytokines CD4 and CD8. HEK293
cells transfected with a control plasmid served as a negative control. The numbers in each quadrant indicate the percentage out of CD4"
or CD8" CAR19 T cells. Two of five representative donors are shown.
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Figure 5. CAR19 T cells can be generated from PBMCs ob-
tained from patients undergoing chemotherapy for non-Hodgkin
lymphoma. Fresh blood samples (5 mL) were subjected to a Ficoll
gradient centrifugation and electroporated (4 x 10° cells in 10-uL
tips) with CAR19 transposon. After electroporation, cells were cul-
tivated in the presence of IL-4 + IL-7 for 24 days. The graph shows
the fold expansion of each sample. Two of six samples did not
expand, possibly due to the low number B cells due to previous
rituximab (anti-CD20 Ab) therapy.
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priming by endogenously expressed target cells. We se-
lected the PSMA CAR [18], which is not expressed
on the surface of PBMCs. The structure of the PSMA
CAR is identical to CAR19 except for the extracel-
lular part encoding the anti-PSMA scFv and a Myc
tag located after the scFv. The amino acid sequence
of both CARs is provided earlier in the Methods
section.

The data in Figure 9 show the results of an ex-
periment in which the PBMCs were electroporated
with PSMA CAR transposon followed by activation
with immobilized anti-Myc tag antibody that
reacts with extracellular part of PSMA CAR or were
activated polyclonally with anti-CD3/28 antibodies.
After activation, cells were cultivated in the presence
of IL-4 + IL-7 for 24 days. We found that anti-Myc-
treated cells expanded to significantly higher numbers
than anti-CD3/28-treated cells, whereas no signifi-
cant expansion was detected in the third group of anti-
Myc treated cells grown in the absence of exogenous
cytokines (Figure 9A). Next, we found that anti-Myc-
treated cells contained >95% of PSMA CAR'T cells,
while the anti-CD3/28 treated cells contained only
~10% of PSMA CAR'T cells (Figure 9B). Both types
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Figure 6. Combination of cytokines IL-4 + IL-7 + [L-21 enhances the expansion of a less differentiated CAR19 T cells with Tcm and Tscm
phenotypes. Cells were grown in the presence of indicated cytokines for 24 days and then were analyzed by FACS to determine the dif-
ferentiation status of CD4" CARI19 T cells and CD8" CAR19 T cells. The central Tcm were identified as CD45RA CD45R0O*CCR77; the
Tem were CD45RACD45R0O" CCR7; the Tsem) were CD45RA'CD45ROCCR7Y CD95'CD27'CD28", the effector T cells were
CD45RA"CD45R0O CCR7 CD95%, naive CD45RA'CD95 T cells were not detected (data not shown), n = 5.

of PSMA CART cells specifically killed PSMA™ target
cell line LnCAP (Figure 9C,D) at similar levels.
We thus provide evidence that signaling via the
CAR transgene in the presence of IL-4 and IL-7
enables efficient and selective expansion of trans-
duced T cells and their differentiation into cytotoxic
CAR T cells. The addition of IL.-21 helps maintain
their immature phenotype and reduces the expression
of inhibitory receptors TIM-3 and PD-1 without neg-
ative effects on the cytotoxic functions of CART cells.

Discussion

Significant improvements of electroporation-based
genetic modification of T cells was achieved in the past
through the use of genetically modified feeder cell lines
expressing various co-stimulatory and cytokine ligands
[2]. The expansion of CART in the presence of modi-
fied K562 cells expressing CD19, 4-1BB ligand and
I1-15 was effective but required many days of culture
[2]. For GMP-grade manufacturing, the master cell
banks of the artificial antigen presenting cells had to
be prepared and extensively characterized, which
increases costs and limits the widespread use of the
this technique. In contrast, we found that the
electroporation of CAR19 transposon triggers a spon-
taneous activation of transfected T cells through
recognition of B cells and results in their proliferation
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in the presence of cytokines IL.-4 and IL-7. If
IL-21 is added with IL-4 + IL-7 to the cell medium,
proliferating CAR19 T cells maintain their early
memory phenotype and express low amounts of in-
hibitory receptors TIM-3 and PD-1 compared with
cells generated under anti-CD3/28 + IL-2 condi-
tions. This mechanism also works using an anti-CAR
antibody to initiate CAR T activation, which makes
this technique universally applicable to CARs specif-
ic to other antigens. We successfully generated
approximately 100-150 x 10° CART cells from one
electroporation of 4 x 10° PBMCs after 24 days i vitro
and this process can be easily scaled up to produce a
clinical dose of about 1 x 10° CART cells.

There are several approaches to specifically expand
transduced CAR'T cells without any additional ma-
nipulation, such as magnetic bead sorting. An elegant
method developed by Ramanayake ez al. [3] is based
on a repeated re-stimulation of CAR19 T cells with
irradiated autologous PBMCs, and it most likely works
through stimulation of CAR19T cell through B cells
similarly as we have observed. Another nice molecu-
lar trick described by Wilkie er al. uses a chimeric
cytokine receptor composed of extracellular IL-4 fused
with the intracellular IL-2 chain that is co-expressed
with CAR. This artificial receptor delivers an IL.-2—
specific mitogenic signal upon culture in IL.-4, resulting
in expansion of a pure population of CART cells [19].
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Figure 7. Cultvation of CAR19T cells in the presence of IL-4 + IL-7 + IL-21 supports the expansion of immature CD27(high) CD28(high)
population of CAR19T cells. The numbers in each dot plot indicate the percentage of cells within the gate out of all CD4* or CD8" CARI19

T cells. Two of five representative donors are shown.

Our data show that similar results can be achieved
through a simple step that is based on a TCR-like ac-
tivation of transduced CAR'T cells via ligation of the
CAR. We constructed a PSMA CAR that can be easily
activated with anti-Myc tag antibody and is not spon-
taneously activated after electroporation into PBMCs.
Similar to experiments shown in Figure 1B, we found
that anti-Myc tag antibody induces activation of
PSMA CARTT cells and their intensive proliferation
in the presence of IL-4 + IL-7. Thus, our approach,
based on a selective activation of transduced CART
cells with anti-CAR antibody or, with a physiologi-
cal ligand (i.e., B cells) in the case of CARI19, also
effectively induces expansion of CAR T cells. Inter-
estingly, however, this method works only if CART
cells are cultivated in the presence of IL-4 + IL-7;
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supplementation of cell medium with only IL-2 was
insufficient (Figure 2).

The combination of cytokines I1.-4 and IL.-7 was
shown to be superior to IL-2 to manufacture clinical-
grade antiviral T cells [9]. IL-7 is mainly produced
by non-hematopoietic cells such as specialized
lymphoid stromal subsets in lymphoid organs. It is
absolutely required for the development of second-
ary lymphoid tissues and for the development of
T cells in the thymus [20]. In addition to its role in
lymphoid development, it also promotes the mainte-
nance of activated T cells recruited into the secondary
lymphoid organs and has strong pro-survival effects
on T cells in vitro [21]. IL-4 is produced by T cells,
mast cells and basophils and primarily shapes the
immune response by inducing Th2 type differentiation
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Figure 8. Cultivation in the presence of I1-4 + IL-7 + IL-21 reduces the expression of inhibitory receptors PD-1 and TIM-3 on CD4'CAR19

T cells (left) and CD8" CARI9 T cells (right), n = 5.

of T cells. In addition to T-cell effects, it stimulates
the proliferation of activated B cells accompanied by
immunoglobulin class switching and production of
immunoglobulin E and G1. Besides its well-known
TH2-polarizing ability, IL-4 also delivers a strong pro-
survival signal to T cells and can inhibit apoptosis of
activated T cells similarly to cytokines IL-7, IL.-15
and IL-2 [21,22]. IL-21 does not have such well-
defined effects on T cells; it is mainly produced by
activated T cells but targets a broad range of lym-
phoid and myeloid cells of the immune system and
therefore is able to regulate innate and acquired
immune responses [23]. In contrast to IL-2, it is not
a T-cell-specific growth factor, but it seems that IL-
21 can block terminal differentiation of T cells (similarly
to Wnt pathway activation) and also support T-cell
proliferation [8]. The addition of IL-21 to the cocktail
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of IL-4 and IL-7 thus inhibits terminal differentia-
tion of rapidly proliferating CART cells. In agreement
with these observations, our analysis of the pheno-
types of CAR19 T cells revealed that cultivation in
the presence of IL-4 + IL-7 + IL-21 favors the ex-
pansion of Tem and T'sem and increases the proportion
of CD4+CARI19 T cells. The majority of CAR19 T
cells generated under these conditions was also highly
positive for CD27 and CD28, which suggests that
they were of immature phenotype. Similar findings
were reported by Kaartinen et al. [11], who demon-
strated that low IL.-2 concentration in combination
with anti-CID3/28-based activation favored the devel-
opment of early memory CAR T cells. This suggest
that high IL-2 concentrations drive T cells toward
the terminal developmental stages. In accordance with
that study, we similarly found that high concentrations
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Figure 9. Signaling via CAR in the presence of IL-4 + IL-7 enables selective expansion of PSMA CAR T cells and acquisition of their
effector functions. PBMCs were electroporated with PSMA CAR (4 x 10° cells in 100-pL tips per sample) and activated with immobi-
lized anti-Myc or anti-CD3/28 antibodies, followed by cultivation in media supplemented with IL-4 + IL-7, or were activated with anti-
Myc antibody but without addition of exogenous cytokines. The graphs show cell number (A) after 24 days of culture and the percentage
(B) of PSMA CARTT cells determined by staining with anti-Myc antibody. (C) Cytotoxicity of PSMA CAR'T cells was determined against
PSMA" cell line LnCap using carboxyfluorescein succinimidyl ester-based FACS assay, PC3 are PSMA™ cells. (D) Cytotoxicity was sim-
ilarly determined by a 3-day co-culture with LNCap or PC3 cells. CAR19 T cells were used as a negative control. (D) The images show
that PSMA CAR'T cells destroyed monolayers of LNCap cells, whereas PC3 cells remained intact (one representative donor is shown),

n=4.

of IL-2 supported terminal differentiation of CART
cells (Figure 7).

Tscm are thought to better repopulate recipi-
ents, survive longer i vive and be less susceptible to
tumor suppression mechanisms; therefore, it is be-
lieved that adoptive T-cell therapy will be more effective
with this T-cell subtype. Singh ez al. [13] showed that
exogenous IL.-21 helps to generate CART cells with
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a less differentiated phenotype. Similarly, a recent report
[8] showed that the Wnt signaling pathway, in com-
bination with IT-21, is important for Tscm generation.
The addition of the glycogen synthase-3f inhibitor
TWS119 into in virro cultures of CAR19 T cells to-
gether with IL-21 and IL-7 resulted in expansion of
Tscm CAR'T cells. Our data show that CAR19 T cells
generated under I1.-4 + IL-7 + IL-21 conditions
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contained approximately 10% of CD8" Tscm CARI19
T cells, while CAR19 T cells generated under
IL-4 + IL-7 + IL-2 contained none. Our data thus show
similar effects of IL-21 on T-cell development as those
described by Sabatino ez al. We are currently study-
ing the effects of TWS119 on CART-cell differentiation
using our experimental system. The ability of I11.-21
to block differentiation of CART cells toward terminal
phenotypes is certainly a unique feature of IL-21, and
this cytokine will be most likely included in future ex-
pansion protocols.

We also found that that the cultivation of CAR19
T cells in the presence of IL.-4 and IL-7 supports ex-
pansion of CD4+ CAR19 T cells (Figure 3B). The anti-
tumor role of CD4" CAR T has not been clearly
determined yet, but it has been shown that CD4*
CAR T cells are cytotoxic [24], and the existence
of cytolytic CD4* T cells is also a well-known fact
because they play important role in antiviral cyto-
toxic T-cell responses. Our data show that both CD4*
and CD8" CAR19 T cells were cytotoxi.c because they
degranulated (Figure 3D) and produced IFN-gamma
and TNF-alpha after stimulation with CD19" target
cells. It is believed that CAR T cells should contain
both CD4" and CD8" subsets because there are reports
suggesting that CD4" CART cells might provide help
and support the antitumor functions of CD8" CAR
T cells [25].

In conclusion, we have developed a simple method
for manufacturing CAR19 T cells based on the
electroporation of piggyBac transposon vector and cul-
tivation in the presence of cytokines IL.-4, IL-7 and
IL.-21. The manufacturing process does not require
special feeder cells and was specifically designed to be
compatible with current GMP rules. We are now pre-
paring a clinical trial to test the efficiency of CARI19
T cells prepared via this protocol.
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Background: The efficiency of chimeric antigen receptor (CAR) T-cell-based therapies depends on a sufficient
expansion of CAR T cells in vivo and can be weakened by intra-tumoral suppression of CAR T cell functions,
leading to a failure of therapy. For example, certain B-cell malignancies such as chronic lymphocytic leukemia
are weakly sensitive to treatment with CAR T cells. Co-expression of proinflamatory cytokines such as IL-12
and IL-18 by CAR T cells have been shown to enhance their antitumor function. We similarly engineered CAR
T cell to co-express IL-21 and studied the effects of IL-21 on CAR T cells specific to CD19 and prostate-specific
membrane antigens using an in vitro co-culture model and NSG mice transplanted with B-cell tumors.
Results: IL-21 enhanced the expansion of CAR T cells after antigenic stimulation, reduced the level of apopto-
sis of CAR T cells during co-culture with tumor cells and prevented differentiation of CAR T cells toward late
memory phenotypes. In addition, induced secretion of IL-21 by CAR T cells promoted tumor infiltration by
CD19-specific CAR (CAR19) T cells in NSG mice, resulting in reduced tumor growth. By co-culturing CAR19 T
cells with bone-marrow fragments infiltrated with CLL cells we demonstrate that IL-21 reduces the immuno-
supressive activity of CLL cells against CAR19 T cells,
Conclusions: CAR19 T cells armed with IL-21 exhibited enhanced antitumor functions. IL-21 promoted their
proliferation and cytotoxicity against chronic lymphocytic leukemia (CLL). The results suggest that arming
CART cells with IL-21 could boost the effectiveness of CAR T-mediated therapies.

© 2020 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
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Introduction

Various strategies are currently being explored to improve the func-
tionality of chimeric antigen receptor (CAR) T cells and enhance their
survival in vive. In addition to T-cell receptor engagement and co-stimu-
latory signaling, cytokines play a critical role in modulating T-cell func-
tion. Therefore, an appealing strategy is to engineer CAR T cells to
produce cytokines that enhance anti-tumor responses by acting on
tumor stroma or influence CAR T cells directly in a paracrine/autocrine
manner. Several pro-inflammatory cytokines, including IL-12, [L-15 and
IL-18, that are co-expressed by CAR T cells have been shown to modu-
late their anti-tumor functions [1-3], supporting this strategy. The
authors studied another relevant cytokine as a potential enhancer of
CART cells, IL-21. IL-21 is a pleiotropic cytokine that acts on many lym-
phocyte subsets but in natural T cells and CAR T cells promotes
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expansion and the maintenance of the early memory phenotype [4].
Interestingly, the effects of IL-21 are counteracted by high concentra-
tions of IL-2, which directs CAR T cells toward terminal memory pheno-
types and, eventually, activation-induced cell death (AICD) [5]. It is
thought that such early memory CAR T cells (CD62L+/CCR7+/CD45RA
+/CD28+/CD27+/CD95+/PD-1-) have enhanced in vivo persistence and
provide greater anti-tumor effects than the more differentiated T-cell
subsets [6,7]. These experimental observations were further verified by
the outcomes of clinical studies with CD19-specific CAR (CAR19) T cells
in patients with B-cell acute lymphoblastic leukemia (B-ALL), showing
that more efficient treatment correlated with an increased number of
less differentiated CAR T cells with early memory phenotype [8].
Although CAR19 T cells have been shown to be highly effective against
B-ALL, their efficiency against indolent B-cell lymphoproliferative dis-
eases, such as chronic lymphocytic leukemia (CLL), is significantly
weaker [9]. Recently, CLL cells were shown to directly inhibit prolifera-
tion of CAR19 T cells [10] and impede their functions. The efficiency of
CAR T cells against solid tumors is even worse, as solid tumors induce

1465-3249/© 2020 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
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abortive activation and apoptosis of infiltrating lymphocytes, which pre-
vents their long-term expansion [11].

These facts led the authors to further study the effects of IL-21 on
memory differentiation of CAR T cells. The authors hypothesized that
the efficiency of CAR T cells can be augmented by modulating their
memory differentiation by inducing the expression of IL-21. The
authors constructed an artificial nuclear factor of activated T cells
(NFAT) promoter, as described for IL-12 or IL-18 [1,3,12], which
becomes activated upon anti-genic stimulation of CAR T cells. The
authors prepared human CAR T cells to react to prostate-specific
membrane antigen (PSMA) and CD19 antigen co-expressing NFAT-
regulated IL-21 (NFAT IL-21). CAR T cells were manufactured via elec-
troporation of piggyBac transposon vector, followed by in vitro
expansion in a cocktail of cytokines containing IL-4, IL-7 and IL-21, as
the authors described previously [6], resulting in a homogeneous
population of >90% CAR+ T cells with an early memory phenotype.
CAR T cells were then repeatedly restimulated with tumor cells in
vitro or analyzed in NSG mice transplanted with B-cell lymphoma
cells. To study the effects of CAR19 T cells against CLL, the authors
developed an in vitro model based on co-cultivation of CAR19 T cells
with bone marrow (BM) fragments obtained from patients with CLL
that were infiltrated by CLL cells.

The authors found that IL-21 inhibited terminal differentiation of
CAR T cells after anti-genic restimulation with tumor cells and pro-
moted their expansion and the development of effector functions. By
contrast, IL-2 enhanced the expansion of CAR T cells to lower levels,
with opposite effects on memory differentiation, producing termi-
nally differentiated CAR T cells expressing significantly more PD-1.
CART cells engineered with induced secretion of IL-21 had increased
anti-tumor effects against B-cell tumors transplanted in NSG mice
and enhanced activity against CLL cells compared with non-armed
CAR19 T cells. In summary, the authors’ results show that IL-21 is an
important regulator of T-cell memory development and suggest that
modification of CAR19 T cells to secrete IL-21 upon their activation
could be another way to enhance their therapeutic potency—for
example, against weakly sensitive B-cell malignancies, such as CLL.

Methods
Cell source

Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats obtained from blood donors. The use of all human materi-
als was approved by the institutional review board, and all donors
signed informed consent for the use of biological materials. Ramos is
a CD19+ Burkitt lymphoma cell line (American Type Culture Collec-
tion CRL-1596). LNCaP is a prostate carcinoma cell line positive for
PSMA (American Type Culture Collection CRL-1740). BM fragments
were obtained by trephine biopsy from donors with newly diagnosed
CLL, and 20-90% infiltration of the BM was verified by fluorescence-
activated cell sorting (FACS) and immunohistochemistry.

DNA plasmids and sequences

CAR19 and PSMA CAR constructs have been described previously
[6,13]. Both CARs have the same design and contain a 4-1BB co-stim-
ulatory domain and T-cell receptor zeta domain. The hyperactive pig-
gyBac transposase is driven by a cytomegalovirus promoter [14]. To
construct the NFAT IL-21 vector, the promoter was synthesized con-
taining x6 NFAT binding motif, minimal IL-2 promoter, human full-
length IL-21 and SV40 polyA. This segment was cloned behind the
CAR sequence in the same direction as the CAR gene into CAR19 and
PSMA CAR vectors via Xhol-Sall. All CAR constructs were cloned into
the piggyBac vector behind the ubiquitin C promoter. For fluorescent
labeling of T cells, green fluorescent protein (GFP) was cloned into a
piggyBac vector in a manner similar to that used for the CAR

constructs. Plasmids were purified by standard techniques using
EndoFree kits (Qiagen, Germany). The sequences of PSMA CAR and
NFAT promoter are provided in the supplementary material. The
sequence of CAR19 has been published previously [13].

Cell culture, electroporation and antibody stimulation

For all experiments, the authors used CellGro media (CellGenix,
Germany) supplemented with 10% heat-inactivated fetal calf serum
(Gibco, USA) and the antibiotics penicillin and streptomycin (Gibco,
USA). PBMCs were isolated from buffy coats or fresh blood samples
by gradient centrifugation using Ficoll-Paque premium (GE Health-
care). After separation, cells were transfected with a Neon electropo-
rator (Thermo Fisher Scientific, USA); 1 x 10e7 cells were
resuspended in 100 pL buffer T and mixed with 5 pg plasmid DNA
(2:1 mixture of piggyBac vector expressing CAR and a plasmid
expressing a hyperactive piggyBac transposase) and electroporated
for 20 ms at 2300 V using 100-xL tips. Cells then rested overnight in
cell media with cytokines. The next day, the cells were stimulated
with immobilized antibodies or left unstimulated. To manufacture
GFP+ CAR T cells, a 2-ug GFP pPB vector was added to a mixture of
plasmids. Virtually all GFP+ cells were positive for CAR and GFP— cells
negative for CAR (data not shown).

To stimulate T cells with antibodies, both anti-CD3 and anti-CD28
mouse monoclonal antibodies (Miltenyi Biotec, Germany) and mouse
anti-myc-tag antibody clone 9E10 (Exbio, Czech Republic) were
diluted in phosphate-buffered saline at a concentration of 1 mg/mL
and adhered onto a cell culture plate for 1 h at 37°C. The cells were
washed with phosphate-buffered saline and used for cell activation.
After 3 days of stimulation, cells were replated onto new culture
plates.

Cell media were supplemented with cytokines as follows:
1000 U/mL IL-2 (Proleukin; Roche), 20 ng/mL IL-4 (Miltenyi Biotec),
10 ng/mL IL-7 (Miltenyi Biotec) and 40 ng/mL IL-21 (Miltenyi Biotec).
Cells were fed with fresh media containing cytokines every 3—4 days
according to growth rate. To sort cells by FACS, the authors used fluo-
rescently labeled antibodies and isolated on a FACSAria instrument
(BD Biosciences, USA).

Antibodies, FACS and enzyme-linked immunosorbent assay

Mouse anti-human CD3 APC-Cy7, CD45RA Alexa Fluor 488, CCR7
BV605, CD45RA-BUV737 (clone HI100), CD62L-BV650 (clone DREG-
56), CD56-BUV563 (clone NCAM16.2), CD244-APC (clone 2-69),
BTLA-BV421 (clone ]168-540), CD3-BV786 (clone UCHT1), Tim3-
BV480 (clone 7D3), CD160-PE (clone B455), PD1-BB700 (clone
EH12.1), TIGIT-BV421 (clone 741182) and LAG3-PE (clone T47-530)
were purchased from BD Biosciences (USA). LAG3-PE-eFluor610
(clone 3DS223H) and LAG3-APC (clone 3DS223H) were purchased
from eBioscience (USA). TIGIT-PE-Cy7 (clone A151536), CD4-
qDOT605 (clone S3.5), CD28-PE-Cy7 (clone CD28.2) and PD1-PE
(clone EH12.2H7) were purchased from BioLegend (USA). CD8-AF700
(clone MEM-31), CD27-PE-Dy590 (clone LT27), Myc-FITC (clone
9E10), CD107a-PE (clone H4A3) and Annexin V-Phycoerythrin were
purchased from Exbio. CD57-APC-Vio7701 (130-104-197), Myc-FITC
(120-003-159), CD28 (clone 15E8) and CD3 (130-093-387) were pur-
chased from Miltenyi Biotec. CD4-PB (clone RPA-T4) was obtained
from Sony (USA). Live cells were identified using a fixable blue dead
cell stain kit (Thermo Fisher Scientific, USA).

To detect the CAR transgene, cells were stained with Alexa-647-
or Alexa-488-labeled Fab2 fragment from goat anti-mouse 1gG (Jack-
son ImmunoResearch, UK). This polyclonal antibody reacts with
mouse anti-CD19 scFv in CAR19. To detect PSMA CAR, cells were
labeled with anti-myc-tag antibody clone 9E10 (Exbio). Cells were
labeled with goat anti-mouse antibody, washed twice and blocked
with 10% mouse serum and then stained with fluorescently labeled
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mouse monoclonal antibodies. The specificity of staining was exten-
sively tested to rule out possible binding of mouse antibodies to cells
due to the goat anti-mouse antibodies used to detect CAR.

To visualize in situ proliferation of CAR19 T cells, Ramos cells were
adhered onto polylysine-coated (Merck, USA) chambered glass cover-
slips (Labtek, USA), and adherent LNCaP cells were directly grown on
glass slides. Next, cells were briefly co-incubated with CAR T cells at a
low E:T ratio and then overlaid with 0.5% agarose prepared in cell
media. Cells were imaged using a fluorescent microscope with a digi-
tal camera (Olympus, Japan).

To determine the degranulation of CAR T cells, cells were incu-
bated with or without Ramos B cells at a 1:1 ratio for 4 h. Phycoery-
thrin-labeled anti-CD107a antibody (Exbio) was added to the cell
media at the beginning of the co-incubation. After 4 h, cells were har-
vested and labeled with anti-CD8 and anti-CD4 antibodies and ana-
lyzed by FACS on a FACS LSRFortessa instrument (BD Biosciences). To
detect apoptotic cells, fluorescent caspase-3/7 substrate (Life Scien-
ces, USA) was added to the cells for 30 min before FACS analysis.

To detect IL-21, CAR T NFAT 21 cells were stimulated overnight
with anti-CD3 antibody or Ramos cells. After incubation, cells were
freeze-thawed twice and the supernatants centrifuged to remove cell
debris. The samples were then analyzed using an IL-21 enzyme-
linked immunosorbent assay kit (BioLegend, USA). Absorbances were
determined on an enzyme-linked immunosorbent assay plate reader
and concentrations of IL-21 calculated against IL-21 standards pro-
vided with the kit using an Excel spreadsheet.

The production of interferon gamma was determined using a
cytokine capture kit (Miltenyi Biotec) according to the manufacturer’s
instructions. Briefly, T cells cultured in the presence of CLL cells for
7 days were restimulated with Ramos B cells for 4 h in the presence
of an interferon gamma labeling reagent. The cells were then washed
and labeled with an interferon gamma detection reagent and mono-
clonal antibodies. FACS samples were analyzed using the LSRFortessa
instrument (BD Biosciences) and FACS data processed using FlowJo
software. Statistical analysis was performed using Prism software
(GraphPad). The gating strategy for the phenotype analysis is pro-
vided in supplementary Figure 1.

In vitro co-cultivation assays

CAR T cells were cultured together with their tumor target cells at
a 1:5 E:T ratio without cytokines or with the addition of IL-2 or IL-21.
Ramos cells were used for CAR19 and LNCaP cells for PSMA CAR. The
CAR T cells were restimulated with cells two to three times every
3—4 days depending on the experiment. To restimulate CAR T cells
with BM fragments, a BM specimen obtained by trephine biopsy was
cut with a blade into several pieces approximately 2 mm in size, BM
fragments were cultured in a suspension of CAR19 T cells (1 million/
mL) for 24 h and then gently washed with fresh media and cultured
for 12 days in media without cytokines. Microscopic images of GFP+
cells were taken during the culture using a confocal microscope to
asses infiltration of the BM. At the end of the experiments, BM frag-
ments were washed with media and dissociated by pipetting and
then used for functional assays and FACS analysis. The differences
between groups were analyzed by a two-tailed unpaired t-test using
Prism software (GraphPad).

In vivo experiments and statistical analysis

In vivo studies were approved by the Institutional Animal Care
and Use Committee. Immunodeficient NOD.Cg-Prkdescid
[12rgtm1Wijl/Sz], or NSG, mice (Jackson Laboratory) were maintained
in individually ventilated cages under specific pathogen-free condi-
tions. Groups of five or six mice aged 6-12 weeks and of the same
sex were injected subcutaneously with 5 x 10e6 Ramos B cells. After
12 days, when large macroscopic tumors had formed, the mice

received one intravenous dose of 5 x 10e6 CAR T cells. Both CAR19
NFAT IL-21 and control CAR19 T cells were grown in [L-4, [L-7 and IL-
21. After another 18 days, the mice were killed, tumors excised and
weighed and tumor tissues mechanically dissociated by pipetting
and analyzed by flow cytometry for the presence of human CD4 and
CD8 T cells. The differences between groups were analyzed by a two-
tailed unpaired t-test. Mice were also analyzed by one-way analysis
of variance with Dunnett’s multiple comparison post-test using Prism
software (GraphPad). All animal work was performed under
approved ethical guidelines.

Results

To characterize the prepared cells, the authors determined the
percentage of CAR19 T cells with early memory phenotype or a stem
cell memory-like (Tscm-like) phenotype, characterized by expression
of antigens CD45RA, CD62L, CD27 and CD28 [7]. The data in
Figure 1A show that the majority of CAR19 T cells cultivated in the
presence of IL-4, IL-7 and IL-21 were mostly of the early memory
phenotype. Both cultivation methods produced CAR19 T cells with an
activated phenotype, as the authors detected upregulation of antigen
CD95 (Figure 1F). The expansion of CAR19 T cells did not require
anti-CD3/CD28 stimulation because the transduced T cells were acti-
vated by B cells, which were present in the mixture of electroporated
PBMCs. Omitting anti-CD3/CD28 activation enabled selective expan-
sion of the modified T cells, yielding >90% CAR+ T cells [6], and did
not significantly influence the phenotype of CAR19 T cells. By con-
trast, cultivation in the presence of IL-2 plus activation with anti-
CD3/CD28 antibodies yielded a population with a very low number of
Tscm-like CAR19 T cells (Figure 1A).

CAR19 T cells grown in [L-4, IL-7 and IL-21 had significantly better
viability than CAR19 T cells grown in the presence of IL-2 with anti-
CD3/CD28 after anti-genic restimulation with Ramos B cells
(Figure 1B). The addition of IL-2 or IL-21 during co-cultivation with
Ramos B cells improved their expansion, but the effects of IL-21 were
stronger (Figure 1C). The authors noted minimal expansion of CAR19
T cells grown in the presence of IL-2 with anti-CD3/CD28 in the
absence of exogenously added cytokines. Subsequently, the authors
determined the memory phenotype (Figure 1D) and expression of
exhaustion marker PD-1 (Figure 1E) on CAR19 T cells after restimula-
tion with Ramos B cells. The addition of IL-21 maintained the Tscm-
like phenotype of proliferating cells, whereas the addition of IL-2
induced the expansion of more differentiated CAR19 T cells express-
ing high levels of PD-1 compared with non-restimulated CAR19 T
cells (Figure 1E). These results suggest that IL-21 promotes not only
the expansion of CAR19 T cells but also the maintenance of early
memory phenotype and improves their survival after anti-genic
restimulation with tumor cells.

In the next experiment, the authors sorted CD8+ CAR19 T cells
expressing CD62L+ and CD45RA+ (Figure 2A) and restimulated them
twice with Ramos B cells in the presence of IL-2 or IL-21. Similar to
previous experiments, the addition of IL-21 significantly enhanced
expansion more than the addition of IL-2 (Figure 2B), and the CAR19
T cells restimulated in the presence of IL-21 retained their immature
phenotype (>90% of cells were CD27+CD28+CD62L+) (Figure 2C). By
contrast, the addition of IL-2 during restimulation resulted in a signif-
icant loss of expression of CD62L, CD27 and CD28, indicating that
although IL-2 promotes the expansion of CAR19 T cells, it induces
their differentiation toward effector CD8+ T cells.

Next, the authors assessed the effects of IL-21 on CAR19 T cells
grown in the presence of IL-2 and vice versa. Unsorted CAR19 T cells
grown in the presence of IL-2 with anti-CD3/CD28 were co-cultured
with Ramos B cells in the presence of IL-21, and CAR19 T cells grown
in the presence of IL-4, IL-7 and IL-21 were co-cultured with Ramos B
cells in the presence of IL-2 (Figure 2D). IL-21 enhanced the expan-
sion of Tscm-like CAR T cells during co-culture, but the upregulation
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Figure 1. IL-21 promotes expansion of CAR19 T cells and maintenance of early memory phenotype after anti-genic restimulation. (A) Percentage of Tscm-like (CD45RA+/— CD62L+
CD27++ CD28++) CAR19 T cells in the product obtained by cultivating in a mixture of [L-4, IL-7 and [L-21 or a mixture of [L-4, IL-7 and [L-21 plus activation with anti-CD3/28 antibod-
ies or CAR19 T cells manufactured by cultivation in IL-2 activated with anti-CD3/28 antibodies. (B) Percentage of viable (non-apoptotic) CAR T cells after co-cultivation with Ramos
cells for 5 days. No exogenous cytokines were added to the cells in this experiment. The viability was determined with fluorescent caspase-3/7 substrate and a DNA dye (DAPI). (C)
The fold expansion after two rounds of restimulation with Ramos cells in the presence or absence of IL-2 or IL-21. (D) Percentage of Tscm-like CD8+ CAR T cells after two rounds of
restimulation with Ramos cells in the presence of IL-2 or IL-21. (E) Percentage of PD-1+CD8+ CAR T cells after two rounds of restimulation with Ramos cells in the presence or
absence of IL-2 or IL-21. The white bar shows the expression of PD-1 on the product without restimulation with Ramos cells. N = 3; error bars indicate SEM. Significance was deter-
mined by unpaired t-test. (F) Histogram of the expression of CD95 on non-co-cultivated CD4+ and CD8+ CAR T cells in one representative donor compared with CD4+ and CD8+ T
cells from a healthy donor. ns (not significant) P> 0.05,* P < 0.05, *** P < 0.001. DAPI, 4',6-diamidino-2-phenylindole; ns, not significant; SEM, standard error of the mean; wjo,

without.

of PD-1 depended on the presence of IL-2. If IL-2 was added during
the co-culture of CAR T cells prepared in IL-4+IL-7+IL-21, it induced
the downregulation of CD62L, CD27 and CD28 but did not induce the
upregulation of PD-1 (Figure 2D, middle panel). By contrast, the addi-
tion of IL-21 during the co-culture of CAR T cells prepared in IL-2 did
not prevent upregulation of PD-1 but enabled expansion and mainte-
nance of the early memory phenotype (CD62L+CD27+CD28+)
(Figure 2D, bottom panel). Thus, the upregulation of PD-1 depends
on previous exposure of CAR T cells to IL-2.

The authors decided to investigate whether the effects of IL-21
were also observed using CAR T cells targeting tumor cells of non-
hematological origin. The authors tested CAR T cells specific for anti-
gen PSMA, which specifically recognizes the LNCaP carcinoma cell
line. The PSMA CAR construct contains a myc-tag epitope between
scFv and a transmembrane domain, and activation of transduced T
cells with immobilized myc-tag-specific antibody (clone 9E10) leads
to selective expansion of PSMA CAR T cells. Total T-cell expansion
was equal regardless of whether cells were activated via anti-myc
antibody or anti-CD3/CD28 antibodies or whether IL-2 or a cocktail of
IL-4, IL-7 and IL-21 was used during in vitro culture (Figure 3A). How-
ever, anti-myc activation produced >90% CAR+ cells, whereas poly-
clonal activation with anti-CD3/CD28 antibodies produced only
about 15% CAR+ T cells (Figure 3C). The phenotype of PSMA CAR T
cells also depended on the cytokines used for the expansion, as the
authors have shown in previous experiments [6]. Cultivation in IL-2
yielded approximately 5% Tscm-like CD8+ PSMA CAR T cells (CD45RA

+/—CDG2L+CD27++CD28++), whereas cultivation in the presence of
IL-4, IL-7 and IL-21 yielded approximately 60—70% Tscm-like PSMA
CAR T cells after anti-myc activation and approximately 85% Tscm-
like CD8+ PSMA CAR T cells after anti-CD3/CD28 activation
(Figure 3B). The authors noted a slightly higher number of Tscm-like
cells after anti-CD3/CD28 activation in the presence of IL-4, IL-7 and
IL-21, similar to what was observed with CAR19 T cells (Figure 1A).
Next, the authors hypothesized that IL-21 may enable the expan-
sion of Tscm-like PSMA CAR T cells after restimulation with LNCaP
cells, similar to what has been observed in previous experiments.
Instead of using PSMA CAR T cells expanded in IL-4, IL-7 and IL-21,
the authors tested whether the small number of Tscm-like cells
detected after expansion in IL-2+ anti-myc (Figure 3B) could be “res-
cued” by IL-21. Thus, the authors determined the phenotype
(Figure 3D) and level of expansion (Figure 3E) of PSMA CAR T cells
(prepared in IL-2) after two rounds of restimulation with LNCaP in
the presence of IL-21 or IL-2 or without any exogenous cytokines.
PSMA CAR T cells expanded roughly 2.5 times more in the presence
of IL-21 than in the presence of IL-2 (Figure 3E), whereas no expan-
sion was observed in the absence of exogenous cytokines; therefore,
it was not possible to reliably determine the phenotype of remaining
cells. FACS analysis showed (Figure 3D) that CD8+ PSMA CAR T cells
expanded in the presence of IL-2 were late-stage T cells, the majority
of which were Temra (CD62L—-CD45RA+CD27-CD28-) cells. By
contrast, co-cultivation in the presence of IL-21 led to a stronger
expansion of PSMA CAR T cells, and a significant proportion of
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these expanded cells were CD62L+CD28+; some were also posi-
tive for CD27. Notably, the initial population contained very low
numbers of Tscm-like CD8+ T cells because PSMA CAR T cells
were cultured in IL-2.

Next, the authors analyzed the sensitivity of differently
expanded PSMA CAR T cells to apoptosis after restimulation with
LNCaP cells (Figure 3F). Apoptotic cells were identified by staining
cells with a fluorescent caspase-3/7 substrate after 1 day, 2 days
or 3 days of restimulation. The data show that the least sensitive
cells to apoptosis were PSMA CAR T cells expanded in IL-4, IL-7
and IL-21 and restimulated with LNCaP cells in the presence of
exogenous IL-21. Thus, PSMA CAR T cells with Tscm-like pheno-
type are significantly more resistant to AICD than the more differ-
entiated cells, and exogenous IL-21 can improve their survival.
These findings are in agreement with similar data presented in
Figure 1B,C.

As the authors’ data suggested a positive effect of IL-21 on the via-
bility and expansion of CAR T cells, CAR T cells were engineered to
secrete IL-21 after T-cell activation using an NFAT-regulated artificial
promoter [3] to drive the expression of IL-21. In T cells, the antigen
receptor stimulation activates the Ca>** -calmodulin pathway, result-
ing in dephosphorylation of NFAT family transcription factors via
phosphatase calcineurin, inducing them to translocate to the nucleus,
where they bind NFAT response elements and modulate gene expres-
sion [15]. Artificial promoters containing NFAT response elements
activate transcription similar to endogenous NFAT promoters and are
commonly used to regulate gene expression in an activation-depen-
dent manner [3]. The promoter DNA sequence is provided in supple-
mentary Figure 1C,D.

To characterize the functionality of the NFAT IL-21 gene, the
authors determined the production of IL-21 by CAR19 NFAT IL-21 T
cells after activation via anti-CD3 antibody or Ramos B cells
(Figure 4A). IL-21 was produced after anti-CD3 activation and at
lower amounts after activation with Ramos cells. The functionality of
PSMA CAR NFAT IL-21 T cells was similarly verified by measuring the
production of IL-21 after activation (data not shown). To determine
whether transgenic production of IL-21 enhances the expansion of
CAR T cells, the authors prepared GFP-labeled CAR19 T cells and
restimulated them with Ramos cells in a soft agar matrix. The growth
of the CAR19 T cells was then monitored under a fluorescent micro-
scope by measuring the size of proliferating cell clusters. The images
in Figure 4B show an example of representative GFP+ clusters after
7 days. Estimation of the cell number per cluster shows that the
majority of clusters in the CAR19 NFAT IL-21 sample were composed
of more than five cells, whereas the clusters in the CAR19 T cell
sample were small, with one or two cells per cluster (Figure 4C).
The authors performed a similar experiment with GFP-labeled
PSMA CAR NFAT IL-21 T cells (see supplementary Figure 2AB),
which similarly showed that expansion was stimulated by endog-
enously secreted IL-21.

Next, the authors determined the effect of induced IL-21 secretion
on the phenotype of CAR19 T cells after restimulation with Ramos B
cells (Figure 4D). FACS analysis showed that majority of CAR19 NFAT
1L-21 T cells were CD62L+CD27++CD28++ compared with non-armed
CAR19 T cells (~56% versus 13%). Repeated anti-genic restimulation
may result in inhibition of effector functions; therefore, the authors
tested the functionality of co-cultivated CAR19 NFAT IL21 cells via
degranulation assay (see supplementary Figure 3B). This experiment
revealed that CAR19 NFAT-21 cells were functional. In addition, the
authors tested the production of pro-inflammatory cytokines by
CAR19 NFAT IL-21 T cells and non-armed CAR19 T cells before and

after co-cultivation with Ramos cells using a Bio-Plex assay (see sup-
plementary Figure 4). These results indicate that CAR19 NFAT IL-21
remained functional and retained the ability to secrete pro-inflam-
matory cytokines upon repeated anti-genic challenge. Thus, the
authors demonstrated that induced secretion of IL-21 is biologically
active and enhances the expansion of functional early memory CAR T
cells.

Next, the authors determined whether CAR19 NFAT IL-21 T cells
have enhanced anti-tumor functions using NSG mice transplanted
with Ramos B cells (Figure 5A). Transgenic expression of IL-21
enhanced the anti-tumor activity of CAR19 NFAT IL-21 cells
(Figure 5B) and significantly enhanced the infiltration of tumors by
CD8+ CAR19 NFAT IL-21 (Figure 5D) compared with non-armed
CAR19 T cells. The infiltration by CD4+ CAR T cells was approximately
10-fold lower than the infiltration by CD8+ CAR T cells (Figure 5C,E).
Analysis of the immunophenotype of T cells recovered from tumors
revealed that CAR19 NFAT IL-21 maintained the early memory phe-
notype (see supplementary Figure 5). These results further demon-
strate the enhancement of CAR T-cell functions by induced secretion
of IL-21.

The authors’ next goal was to try to assess CAR19 NFAT IL-21
T-cell functions in a more physiological manner against directly
isolated malignant human B cells. The microscopy images in
Figure G6A show the representative samples after 3 days and
10 days of cultivation. The graph in Figure 6B shows the percent-
age of GFP+ cells in paired samples (the same PBMC donors
tested against the same CLL patients). Both the microscopic
images and the FACS results show that CAR19 NFAT IL-21 T cells
infiltrated the BM to much higher levels than non-armed CAR19
T cells. The FACS analysis of cells recovered from BM fragments
showed that induced secretion of IL-21 promoted maintenance of
the Tscm-like phenotype (Figure 6C). However, no changes in the
CD8:CD4 ratio between CAR19 and CAR19 NFAT IL-21 T cells
were detected in these samples (Figure GF). Interestingly, when
testing the functionality of infiltrating CAR19 T cells in degranula-
tion assays, the authors found that the non-armed CAR19 T cells
had reduced degranulation, whereas CAR19 NFAT IL-21 T cells
efficiently degranulated after challenge with Ramos cells
(Figure 6E). In addition, the cytotoxic test against Ramos cells
revealed that NFAT IL-21 CAR T cells recovered from BM frag-
ments were functional (Figure 6D), similar to control CAR19 NFAT
IL-21 T cells cultivated in media without BM fragments. To fur-
ther demonstrate the ability of IL-21 to counteract the immuno-
suppressive effects of CLL cells, the authors determined the
production of interferon gamma by CAR T cells co-cultured with
CLL cells. CAR19 NFAT IL-21 T cells produced significantly more
interferon gamma than CAR19 T cells not armed with IL-21 after
anti-genic restimulation (0% versus 53%) (Figure 6G). The basis of
this inhibition is not yet known, but the suppressed CAR19 T cells
did not express inhibitory receptors PD-1, TIM-3 or LAG-3, and
they were not senescent, as they did not express CD57 (data not
shown). These data suggest that IL-21 enhances the activity of
CAR19 T cells against CLL by stimulating their proliferation.

In conclusion, the data show that IL-21 augments the anti-tumor
functions of CAR T cells via modification of their memory differentia-
tion. IL-21 promotes maintenance of the early memory phenotype
(CD62L+CD27++CD28++PD-1-) after anti-genic restimulation, which
supports the survival and expansion of functional CAR T cells. These
findings suggest that arming CAR T cells with inducible secretion of
IL-21 could be a reasonable strategy for boosting the effectiveness of
CAR T cell-mediated therapies.

21 or in IL-2 plus activation with anti-CD3/28 antibodies. The dot plots show the memory phenotype and expression of PD-1 antigen by CD8+ CAR19 T cells before co-culture with
Ramos B cells (top two rows), after co-culture with Ramos B cells in the presence of IL-2 (middle two rows) or in the presence of IL-21 (bottom two rows). Two representative donors
are shown. The experiment was repeated once with similar results. *P < 0.05. SEM, standard error of the mean; wfo, without. (Color version of figure is available online).
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Figure 3. IL-21 enhances expansion of Tscm-like PSMA CAR T cells and reduces their apoptosis after anti-genic restimulation. (A-C) Characterization of manufactured PSMA CAR T
cells. PBMCs were electroporated with DNA plasmids and activated with anti-CD3/CD28 antibodies or anti-Myc antibody, followed by expansion in the presence of IL-4, IL-7, IL-21
or IL-2. The expansion of all cells (A), percentage of CD8+ PSMA CAR T cells with Tscm-like phenotype after 21 days (B) and percentage of transduced T cells after 21 days (C) are
shown. N =3, (D) PSMA CAR T cells generated with anti-CD3/28 and IL-2 were co-cultured for 7 days with LNCaP cells in the presence of exogenous IL-2 or IL-21. Two representative
donors are shown. The experiment was performed twice with similar outcomes. Importantly, PSMA CART cells before co-cultivation were manufactured in IL-2 and contained <10%
Tscm-like T cells, as shown in (B). The image shows the memory phenotype. (E) Expansion of PSMA CAR T cells in the presence of IL-2 or IL-21 compared with PSMA CAR T cells co-
cultivated with LNCaP without any exogenously added cytokines. N = 3; error bars indicate SEM. Significance was determined by unpaired t-test. (F) PSMA CAR T cells were manu-
factured under various indicated conditions and then restimulated with LNCaP cells in the presence of IL-2, IL-21 or no cytokines. The graph shows the percentage of apoptotic
PSMA CART cells at the indicated time points. N = 3; error bars indicate SEM. Significance was determined by unpaired t-test. ns (not significant) P> 0.05,* P = 0.05, **P < 0.01;
SEM, standard error of the mean. (Color version of figure is available online).
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Figure 4. Inducible secretion of IL-21 stimulates the proliferation of CAR T cells after co-culture with tumor cells. (A) CAR19 T cells expressing IL-21 as a transgene under an artificial
NFAT promoter produce IL-21 upon T-cell activation by anti-CD3 antibody or after co-cultivation with Ramos B cells. (B) CAR19 T cells and CAR19 NFAT IL-21 T cells were stably
transduced with GFP-expressing transposon. CAR T cells were then co-incubated with Ramos B cells immobilized on the coverslip via polylysine and overlaid with soft agarose to
immobilize cell clusters. After 7 days, the cell clusters were visualized by microscopy and their size determined by calculating the number of cells per cluster. The image shows
examples of three areas containing the largest clusters. (C) The number of clusters containing two to four, five to 10 or more than 10 cells was calculated per bright field, and approx-
imately 50 clusters were analyzed for each CAR19 construct. One representative donor is shown. The experiment was performed twice with similar results. (D) CAR19 T cells were
restimulated twice at day 0 and day 4) with Ramos B cells to determine the effect of induced IL-21 on the phenotype of CAR19 T cells. The dot plots show the immunophenotype of
CAR19T cells or CAR19 NFAT IL-21 T cells at day 7. No exogenous cytokines were added to the cells in this experiment. Two representative donors are shown. The experiment was

repeated twice with similar results. wfo, without. (Color version of figure is available online).

Discussion

Except for B-cell tumors treated with CD19 CAR T cells, a major
limitation of current CAR T-cell approaches is insufficient expansion
and persistence of infused T cells [11,16]. IL-21 has been shown to
regulate T-cell homeostasis by promoting the proliferation and main-
tenance of the early memory phenotype of T cells. The rationale for
the authors’ study is to enhance CAR T-cell proliferation and utilize
IL-21 as a growth-promoting cytokine to boost anti-tumor effects
toward cancer cells that suppress the activity of CAR T cells.

The significance of the memory phenotype of CAR T cells in thera-
peutic efficiency is demonstrated by the results of recent clinical
studies showing that an increased number of CAR T cells with a Tscm
phenotype (CCR7+, CD62L+, CD27+, CD28+, CD45RA+ and PD-1-)
correlates with greater persistence and expansion in vivo and better
efficiency [8]. Various cytokine cocktails containing IL-2, IL-7, IL-15
and IL-21, or the addition of signaling pathway modulators, such as
PI3K inhibitor or GSK3-beta inhibitor [7,17], have been shown to
increase the number of Tscm CAR T cells during culture. By contrast,
cultivation of CAR T cells in a high concentration of IL-2 promotes ter-
minal memory differentiation of CAR T cells [18]. These findings led
the authors to optimize the composition of the cytokine cocktail used
during in vitro expansion, and it was found that a mixture of cytokines (i.
e, IL-4, IL-7 and IL-21) enables efficient expansion of early memory CAR

T cells [6]. The authors also found that activation of transduced T cells
with antigen (or anti-CAR antibody) instead of polyclonal activation with
anti-CD3/CD28 antibodies selectively expands only the transduced T
cells, yielding almost a pure population of CAR T cells. A similar approach
has been described previously [19].

Because the authors used alternative methods of T-cell activation
(via natural antigen or anti-CAR antibodies), as opposed to the com-
monly used anti-CD3/CD28 Dynabeads, the nature of CAR
T-cell activation may influence their function and yield different
results than activation via anti-CD3/CD28. The authors’ data show
that stimulation of PSMA CAR T cells via anti-myc or anti-CD3/
CD28 antibodies produced functional CAR T cells with similar
immunophenotypes and growth rates (Figure 3B,E). The authors
did not detect any significant differences in regard to their cyto-
toxic functions, and similar findings were observed for CAR19
T cells (Figure 1). However, the authors found that CAR T cells
cultivated in the presence of IL-2 performed poorly after anti-
genic restimulation compared with cells prepared in IL-4, IL-7
and IL-21, most likely because they had a more differentiated
memory phenotype (Figures 1A, 3B).

Several published studies have shown similar effects of IL-21. For
example, Singh et al.[20] showed that IL-21 enhances the develop-
ment of less differentiated CAR T cells in vitro, but the effects were
much weaker than those seen in the current study because Singh
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Figure 5. CAR19 T cells armed with IL-21 have enhanced anti-tumor efficacy in vivo. (A) Immunodeficient NSG mice were transplanted subcutaneously with 5 million Ramos cells.
After 12 days, when macroscopic tumors had formed, mice received 5 million CAR T cells intravenously. (B) The treatment response was assessed by measuring the tumor weight at
the end of the experiment and comparing it with a control group. N = 6; error bars indicate SEM. Significance was determined by unpaired t-test. (C—D) Level of infiltration of
tumors by CD4+ T cells and CD8+ T cells. (E) Representative dot plot of tumors stained for CD4 and CD8. N = 6; error bars indicate SEM. Significance was determined by unpaired t-
test. *P < 0.05, **P < 0.01, nis (not significant) P > 0.05 i.v,, intravenously; s.c., subcutaneously; SEM, standard error of the mean. (Color version of figure is available online).

et al.cultured CAR T cells in IL-21 and IL-2, which may have had
antagonistic effects. Furthermore, IL-2 and IL-21 have been shown to
confer opposing differentiation programs on CD8+ T cells for adoptive
immunotherapy, and IL-21 plays a key role in the development and
maintenance of central memory T cells by inducing an early differen-
tiation phenotype [5]. Markley et al. [21] found that CAR19 T cells
co-expressing [L-21 have an enhanced anti-tumor effect in mice com-
pared with CART cells co-expressing IL-2, but they accumulated very
poorly in vitro upon repeated anti-genic stimulation. The major dif-
ference between this study and the authors' observations is that
Markley et al. used CAR19 T cells with a CD28 zeta signaling motif
that secreted IL-21 constitutively, whereas the authors’ CAR T cells

contained the 4-1BB zeta signaling motif, and IL-21 was inducible
after anti-genic stimulation.

The authors compared the effects of IL-2 and IL-21 on sorted CD8+
CAR19 T cells with the Tscm phenotype (CD45RA+CD62L+) after stim-
ulation with CD19+ cells. IL-2 induced downregulation of CDG62L,
CD27 and CD28, which is consistent with their differentiation toward
effector memory T cells. Conversely, IL-21 enabled their expansion,
as well as maintenance of the Tscm phenotype, which suggests that
IL-21 can block the transition from early to late memory subtypes.

Next, the authors hypothesized that the results of anti-genic stim-
ulation of CAR T cells may depend on the phenotype and origin of the
tumor cells. Therefore, several experiments were performed with
PSMA CAR T cells challenged with LNCaP cells because this is a
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Figure 6. CAR19 T cells armed with IL-21 are resistant to immunosuppression induced by CLL cells. (A) GFP-expressing CAR19 T cells were co-cultivated with BM fragments
obtained from CLL patients. The images show infiltration by GFP+ cells after 3 days and 10 days in one representative sample. The images are taken from different areas of the bone
fragments x200 magnification. (B) The level of infiltration by GFP+ CAR T cells in each sample was analyzed by FACS. N = 8; error bars indicate SEM. Significance was determined by
paired t-test. (C) Percentage of CD8+ CAR T cells with Tscm-like phenotype (CD45RA+/—CD62L+CD27++CD28++). N = 8; error bars indicate SEM. Significance was determined by
paired t-test. (D) Cytotoxicity of CART cells against Ramos cells and comparison of CAR T cells co-cultivated with BM to control CAR T cells grown in vitro in the presence of cytokines
without BM. N = 3. (E) Histograms showing the level of degranulation of CAR T cells recovered from BM fragments after 10 days. Control BM is a sample obtained from an otherwise
healthy patient without significant pathology in the BM. Red histograms indicate results after challenging with Ramos cells. Blue histograms represent non-challenged CAR T cells
(negative control). This experiment was repeated once with similar results. (F) CD8:CD4 ratio among CAR19 T cells infiltrating BM fragments. N = 8. (G) CAR19 T cells were co-culti-
vated with CLL cells and analyzed for the production of I[FNy by cytokine capture assay after anti-genic restimulation with Ramos B cells. The graph shows the percentage of IFNy+
CAR19T cells. N = 6; error bars indicate SEM, Significance was determined by paired t-test. ns (not significant) P > 0.05,* P < 0.05, *** P < 0.001, IFNy, interferon gamma; ns, not
significant; SEM, standard error of the mean; w/o, without. (Color version of figure is available online).

significantly more sensitive to apoptosis after anti-genic restimula-
tion than PSMA CAR T cells with a Tscm-like immunophenotype

common CAR T cell model [22]. Furthermore, LNCaP is an adherent
carcinoma cell line that does not express any co-stimulatory mole-

cules [23]. Gargett et al. [11] similarly studied GD2-specific CAR T
cells co-cultured with GD2-positive neuroblastoma cells and
observed significant AICD of CAR T cells after repeated antigen stimu-
lation with tumor cells. Natural antigen-specific effector T cells are
more prone to apoptosis than memory T cells because of elevated lev-
els of caspase 3, which indicates that sensitivity to apoptosis after
anti-genic stimulation differs among various T-cell memory subsets
[21]. Accordingly, the authors found that PSMA CAR T cells with effec-
tor phenotype (i.e., cultivated in the presence of IL-2) were

grown in the presence of IL-4, [L-7 and IL-21 (Figure 3F). The benefi-
cial effects of IL-21 on CAR T-cell survival and expansion are further
demonstrated by the findings that CAR19 NFAT IL-21 T cells were
superior to non-armed CAR19 T cells in NSG mice bearing established
human lymphoma tumors.

The authors developed an in vitro model of CLL, which was
selected mainly because of good availability of tumor tissues and
because all patients with lymphocytosis in the blood have highly
infiltrated BM. In addition, CLL is far more resistant to CAR19-based
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therapies than B-ALL. Recent studies have shown that CLL cells can
directly inhibit the proliferation and effector functions of CAR19 T
cells [10] and initiate abortive activation of CAR T cells, resulting in
very low proliferation upon in vitre restimulation with CLL cells [23].
However, the molecular mechanism has not been clearly determined
and is currently being studied by several groups, including the
authors’. This in vitro co-cultivation model using directly isolated
human primary CLL cells is a useful biological model for studying
CAR19 T-cell functions. The authors’ opinion is that it may provide
interesting data that are useful for better understanding tumor-
induced immunosuppression of CAR T cells, especially when target-
ing solid tumors, which are mostly refractory to CAR T cells. More-
over, IL-21 potentiated the activity of CAR19 T cells against CLL B
cells and significantly enhanced their expansion compared with non-
armed CAR19 T cells. In conclusion, the authors’ data suggest that
arming CAR T cells with inducible IL-21 could be another possible
strategy to counteract tolerance mechanisms by which tumor cells
evade CAR T-cell therapies.
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The piggyBac transposon system provides a non-viral alterna-
tive for cost-efficient and simple chimeric antigen receptor
(CAR) T cell production. The generation of clinical-grade
CAR T cells requires strict adherence to current good
manufacturing practice (cGMP) standards. Unfortunately,
the high costs of commonly used lentiviral or retroviral vectors
limit the manufacturing of clinical-grade CAR T cells in many
non-commercial academic institutions. Here, we present a
manufacturing platform for highly efficient generation of
CD19-specific CAR T cells (CAR19 T cells) based on co-electro-
poration of linear DNA transposon and mRNA encoding the
piggyBac transposase. The transposon is prepared enzymati-
cally in vitro by PCR and contains the CAR transgene flanked
by piggyBac 3’ and 5’ arms. The mRNA is similarly prepared
via in vitro transcription. CAR19 T cells are expanded in the
combination of cytokines interleukin (IL)-4, IL-7, and IL-21
to prevent terminal differentiation of CAR T cells. The accurate
control of vector copy number (VCN) is achieved by decreasing
the concentration of the transposon DNA, and the procedure
yields up to 1 x 10° CAR19 T cells per one electroporation of
1 x 107 peripheral blood mononuclear cells (PBMCs) after
21 days of in vitro culture. Produced cells contain >60%
CAR+ cells with VCN < 3. In summary, the described
manufacturing platform enables a straightforward cGMP certi-
fication, since the transposon and transposase are produced
abiotically in vitro via enzymatic synthesis. It is suitable for
the cost-effective production of highly experimental, early-
phase CAR T cell products.

INTRODUCTION

Chimeric antigen receptors (CARs) are artificial proteins that can
redirect the specificity of T cells to any surface antigen. One of these
antigens is the B cell antigen CD19, a well-validated target of already
commercially available CD19-specific CAR (CAR19) T cells
approved against refractory B cell malignancies. The CAR consists
of a single-chain antibody segment (scFv) that defines the specificity,
a short linker sequence, a transmembrane domain, and an intracel-
lular signaling domain. Upon recognizing the antigen, the CAR ini-
tiates a T cell activation and expansion similarly as an endogenous

i
:

i

T cell receptor and subsequent elimination of tumor cells." The
development of novel and experimental CAR-T cell therapies re-
quires a cost-effective and rapid production chain.”> The most
complicated step in the manufacture of good manufacturing practice
(GMP)-grade CAR T cells is the transfection of T cells, in a majority
of cases performed via recombinant lentiviral or retroviral vectors
(LV/RV). To meet the current quality standards, these viral vectors
must be similarly produced at GMP quality, which is expensive
and very slow.” Several alternative non-viral approaches were thus
developed, including transposons such as piggyBac (PB) or Sleeping
Beauty (SB) or genome editing via CRISPR-Cas9.” ® Transposons
are usually used as two plasmids; the first one encodes the CAR19
transgene, and the second one encodes the PB transposase. Both
plasmids are electroporated into T cells; the transposase excises the
transposon from the first plasmid and randomly integrates it into
the genome.” Notably, the transposase can be introduced into
T cells as mRNA to reduce the risk of random integration of the sec-
ond plasmid.” Several clinical trials demonstrated the efficiency of
both PB and SB transposons for generating CAR T cells and vali-
dated this approach as safe and feasible.” Other non-viral gene engi-
neering techniques such as CRISPR-Cas9-based DNA editing enable
transgenesis into a precise DNA locus within the genome. However,
this unique feature is impaired by a highly increased risk of chromo-
somal translocations resulting from the off-target effect of the
CRISPR-Cas9 enzyme complex.” In contrast, PB transposon inte-
grates its cargo randomly within the genome without producing
such severe genomic mutations.”

It will be of value to develop a universal and straightforward T cell
transfection technology to overcome such barriers. Here, we show
that abiogenically (i.e., by in vitro enzymatic synthesis) prepared PB
transposon/transposase can be used in this manner to manufacture
CD19-specific CAR T cells efficiently. The transposon was prepared
by preparative PCR as a linear dsDNA containing the CAR19
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transgene flanked with PB 3’ and 5’ arms. The PB transposase is en-
coded by mRNA and was prepared by in vitro transcription. Accord-
ing to the already established protocol, the transposon/transposase
were co-electroporated into T cells, followed by in vitro expansion.'’
By titrating down the amount of transposon DNA, it was possible to
efficiently produce >60% CAR+ T cells containing less than three
copies of CAR19 transgene per transduced cell. Generated CAR19
T cells were of early memory immunophenotype and displayed effi-
cient effector functions. This manufacturing platform reduces the
complexity of currently used viral-based gene transfection techniques
and supports novel immunotherapeutic product development and
rapid clinical testing.

RESULTS

CAR19 T cells can be generated with enzymatically in vitro
prepared linear DNA transposon and mRNA transposase

A second-generation CAR19 construct previously generated by us''p
was used as a template for the amplification of the transposon by pre-
parative PCR (Figure 1A). The CAR19 construct contains anti-CD19
scFv derived from hybridoma B-D3 and has the following structure:
CD8 leader sequence, anti-CD19 scFv, CD8 hinge domain, CD8
transmembrane domain, 4-1BB intracellular domain, TCR zeta intra-
cellular domain; its full sequence is provided in Materials and
methods. The manufacturing of the transposon DNA was performed
commercially as described in Materials and methods, the purity of
DNA was >99%, and there were no mutations within the coding
sequence. Next, to manufacture the transposase mRNA, a plasmid
pST containing a hyperactive PB transposase (hyPBase) under the
T7 promoter was used as a template for the mRNA production by

15 ug
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Figure 1. The design of linear DNA transposon
encoding the CAR19 and optimization of mRNA
electroporation

(A) The image shows the scheme of the DNA transposon.
M13F and M13R primers were used to generate amplicon
3,780 bp in length by PCR as described in Materials and
methods. (B) To determine the efficiency of electropora-
tion with various amounts of mRNA, the PBMCs were
electroporated with the increasing amounts of mRNA
encading EGFP. The number in each dot plot indicates
the percentage of transduced (GFP+) PBMCs after
3 days. One representative experiment is shown.
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in vitro transcription. As a control reagent for initial experiments,
an mRNA encoding GFP was similarly produced. First, we deter-
mined the electroporation efficiency of mRNA in T cells under con-
ditions (voltage and pulse length) optimized for the electroporation of
DNA by electroporating increasing amounts of GFP mRNA. The re-
sults in Figure 1B show that an amount between 10 and 15 pg of
mRNA per electroporation should transduce a sufficient number of
cells. Based on this estimate, we decided always to use 12 pg of trans-
posase mRNA per one electroporation of 1 x 107 peripheral blood
mononuclear cells (PBMCs) in a volume of 100 pL, since our goal
was to transduce a sufficient number of cells with a lesser amount
of transposase to ensure that hyPBase remains active intracellularly
only for a short time.

To determine the optimal concentration of the transposon, PBMCs
were electroporated with decreasing amounts of DNA (from 9 to
0.1 pg/100 uL). The transfection efficiency was compared to the pro-
cedure based on the electroporation of plasmids encoding the trans-
poson/transposase. The data in Figure 2A show that the viability at
day 1 and day 4 post electroporation was slightly higher upon elec-
troporation of PCR CAR19 + mRNA hyPBase than the control
PBMC:s electroporated with plasmids (4 pg transposon plasmid +
2 pg transposase plasmid). As expected, the transfection efficiency
depended on the DNA concentration (Figure 2B). The percentage
of CAR+ T cells was initially low at day 7 post electroporation,
but at later time points (day 14, day 21), we observed an increase
in CAR+ cells reaching ~60%-70%. The efficient generation of
CARI9 T cells was possible in the range of 3-0.3 ng of DNA per
one (100 pL) electroporation. A further decrease below 0.3 pg/

A B Figure 2. The transduction efficiency of PBMCs with
100 * PCR DNA/mRNA
a0 e g i 100 S 3?,. (A) Viability after electroporation with decreasing amounts
- N . D21 of linear transposon or after electroporation with trans-
% 60 %é poson/transposase plasmids. (B) Percentage of CAR19
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100 pL resulted in a substantial reduction of the percentage of trans-
fected cells.

Low VCN can be achieved by transfection with minimal amount
of transposon DNA using both PCR DNA/mRNA and plasmid/
plasmid approach

The vector copy number (VCN) is a critical parameter for the produc-
tion of clinical-grade CAR T cells. Thus, we quantified the number of
integrated CAR19 transposons (i.e., VCN) per cell by digital PCR
(ddPCR) and corrected the value to the percentage of CAR+ cells
within the sample, which was determined by fluorescence-activated
cell sorting (FACS). The data in Figure 3A show that the VCN of
CARI19 transposon correlated with the decreasing amount of electro-
porated PCR CAR19 (the amount of mRNA was constant for all
samples). Importantly, the generation of CAR19 T cells with as low
as 1-3 copies of transgene was possible by reducing the PCR
CARIS9 concentration to 0.3 pg/100 pL. In contrast, control electro-
poration with a high amount of transposon/transposase plasmids
(4 png CARI19 + 2 pug PBASE) produced CAR19 T cells with approx-
imately VCN = 23.

Next, we determined the maximal number of CAR19 T cells gener-
ated by this protocol by large-scale cultivations in G-Rex bottles
(Figure 3B). Electroporation of DNA in the range 3-0.3 pg, which
yields CAR T cells with an acceptable VCN (<10), produced equal
numbers of CAR T cells compared to electroporation of plasmids.
At day 14 the CARIS T cell yield was ~1 x 10" CAR+ cells per
one electroporation, and at day 21 the CAR-T yield was ~1 x
10® CAR+ cells per one electroporation. Control PBMCs electropo-
rated with the transposon DNA without transposase mRNA did
not expand in vitro and therefore were not further analyzed
(data not shown). These data demonstrate that such a transposon
dilution technique enables accurate titration of transposon DNA
and reliably generates high numbers of CD19-specific CAR T cells
with VCN < 5.

Similarly to the manufacturing of CAR19 T cells via PCR-made
transposon DNA, we also used this transposon dilution technique
to generate CAR19 T cells via electroporation of transposon/transpo-
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Figure 3. PCR DNA/mRNA approach enables
efficient generation of CAR19 T cells with low VCN
ns (A) The integration efficiency of the transposon was
determined by quantifying the number of integrated
CAR19 transgenes per transduced T cell by digital PCR.
The graph shows the correlation of VCN with the amount

Ol 3ug of electroporated transposon. The control group included

g ;:Q CAR19 T cells prepared via a plasmid approach and
3 ug

. Flssmids mock-transduced T cells. The bar indicates the mean

value. (B) The efficiency of generation of CAR19 T cells
with decreasing amounts of transposon was determined
by calculating the vield of produced CAR19 T cells 7, 14,
and 21 days post-electroporation and was compared to
the CAR19 T cells generated via plasmids. n = 4. ns, Not
significant.

D21

sase plasmids. PBMCs were electroporated with a constant amount
of transposase plasmid (1 pg) plus decreasing amounts of CAR19
transposon plasmids. The transfection and CAR19 T cell yield effi-
ciency decreased with the reduced concentration of transposon
plasmid, similarly to the PCR DNA/mRNA approach (Figure 4A).
The optimal amount of transposon plasmid that enabled an efficient
generation of CAR19 T cells with approximately VCN = 2-5 was in
the range of 0.125-0.25 pg DNA per electroporation (Figure 4B).
Interestingly, the comparison of the plasmid/plasmid approach
with the PCR DNA/mRNA approach (Figure 3A versus Figure 4B)
showed that the transfection with 1 pg of plasmid transposon pro-
duced CAR19 T cells with ~9 copies of transgene per cell and the
transfection with PCR DNA/mRNA produced CARI19 T cells with
~3 copies of transgene per cell, while the overall yield of cultivation
was similar under both conditions. This finding suggests that the
transposition via the plasmid/plasmid approach is more efficient.
Next, to determine any possible changes of VCN during the
in vitro expansion, CAR-T cells were generated using 1 pg of trans-
poson/transposase plasmids per electroporation and VCN was
measured on day 14 and at the end (day 21) of in vitro expansion.
The results presented in (Figure 4C) show that VCN did not signif-
icantly change between day 14 and day 21, since ~7 versus 6 copies
per cell were detected.

Functional assays of CAR T cells and immunophenotype of
CAR19 T cells

To examine the effector functions of CAR19 T cells engineered with
PCR DNA/mRNA, their cytotoxic activity and interferon-gamma
(IFEN-v) production was measured after antigenic challenge with
CD19+ B cell line Ramos and compared to CAR19 T cells generated
via DNA plasmids. The amount of transposon used for transfection
was the lowest concentration that effectively produced CAR19
T cells with VCN < 5, ie., 0.3 ng PCR DNA/12 pg mRNA and
0.25 pg transposon plasmid/1 pg transposase plasmid. Both
methods produced CAR19 T cells with similar effector functions,
as the cytotoxicity (Figure 5A) and the production of IFN-v (Figure
5B) were not significantly different. Next, we determined the
immunophenotype of generated CAR19 T cells via flow cytometry.
The representative dot plots in (Figure 5D) demonstrate that
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Figure 4. Generation of CAR19 T cells with low
copies of the transgene using plasmid DNA

(A) PBMCs were electroporated with decreasing amounts
of PB19 plasmids, shown as pg per one electroporation,
while the amount of the transposase plasmid was the
same in all groups (1 pg). The values on the left y-axis
indicate the number of generated CAR+T cells per one
electroporation after 21 days of in vitro expansion. The
values on the right y-axis indicate the percentage of
transduced T cells at the same time. n = 2. (B) The graphs

- show the CAR transgene copy number in the same cell

—v cultures. ns, Not significant. (C) To determine the changes

Vector copy number
s

D14 D21

both methods produced CAR T cells with very similar immuno-
phenotype, characterized by the high level of expression of early
memory antigens CD62L, CD27, and CD28 and absence of
expression of the exhaustion marker PD-1. The graph in (Figure
5C) shows the immunophenotype of all donors analyzed. In sum-
mary, we found no significant differences in immunophenotype
or the cytotoxic activity of CAR19 T cells prepared by these two
approaches.

DISCUSSION

The manufacturing of clinical-grade CAR T cells via transfection by
LV/RV is a complicated multi-step process with high costs. Addition-
ally, difficulties in obtaining commercially produced GMP-grade viral
vectors within a reasonable time window create challenging obstacles,
especially for academic centers not equipped with virus production
facilities.' >"*

The presented work demonstrates as proof of principle that CAR19
cells can be efficiently manufactured via transfection with abiogeni-
cally prepared transposon/transposase vectors. The described
procedure enables accurate control of VCN per cell while providing
sufficient yield of CAR19 T cells for therapeutic purposes. The control
of VCN is achieved by a “transposon dilution technique” that enables
CARI19 T cell generation with VCN below 3, not only after modifica-
tion via PCR DNA/mRNA but also after traditional modification with
plasmids encoding the transposon and transposase. The in vitro
expansion of CAR19 T cells is performed in cytokines interleukin
(IL)-4, IL-7, and IL-21, similarly, as we have already described'"'*

of CAR transgene copies over time, the quantification was
performed 14 and 21 days post-electroporation. n = 3. ns,
& Not significant.

to preserve an early memory phenotype to
enable cultivation for up to 21 days. The use of
PCR DNA/mRNA has no significant adverse ef-
fects on the CAR T cell memory phenotype or
effector activity compared to the transfection
with plasmids. Notably, the generation of trans-
poson DNA by preparative PCR and the gener-
ation of transposase mRNA are both rapid and
straightforward procedures with no relevant
biohazard issues. The simplicity and the speed
of vector preparation via this method might enable faster clinical
testing of novel types of CAR T cells.

A similar method of T cell transfection was tested by Bishop et al."
The authors attempted to generate CAR T cells by electroporation
of in vitro-amplified “doggy bone” DNA (dbDNA) combined with
dbDNA encoding the PB transposase. Our data similarly demonstrate
that enzymatically prepared genetic vectors represent a feasible alter-
native. The transposon copy number can be accurately controlled by a
simple dilution of the PCR DNA without adverse effects on the culti-
vation yield.

Another experimental non-viral technique used to produce CAR
T cells is based on CRISPR-Cas9 genome editing. CRISPR-Cas9 en-
ables the integration of the transgene into a precise locus within the
genome. It has been shown that the insertion of CAR transgene
into the TCR locus disrupts the expression of endogenous TCR,
which leads to improved function of CAR T cells by reducing the
tonic TCR signaling.'® However, CRISPR-Cas9 has significant off-
target effects and produces chromosomal translocations.” Addition-
ally, the procedure for T cell editing via CRISPR-Cas9 is far more
complex than a modification via transposons and cannot be as
quickly GMP certified.'”

Lentiviral vectors are currently the gold standard for genetic engineer-
ing of T cells, and their safety was reliably proven in thousands of
patients. This type of vector is especially suited for large-scale phar-
maceutical processes where costs, biohazard, and time are not an
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issue. However, their use for small-scale generation of experimental
phase 1 products is problematic. The presented technique might fill
this gap and provide a rapid methodology for clinical testing of novel
types of CAR constructs with unproven medical efficiency. Undeni-
ably, the clinical experience with transposon vectors is insufficient,
and thus the likelihood of oncogenesis induced by transposons
cannot be reliably determined at this moment.

Moreover, animal studies can hardly answer such complex ques-
tions. On the other hand, mature T cells are inherently resistant to
malignant transformation, compared to, for example, undifferenti-
ated hematopoietic precursors, or B cells. In our experience, pharma-
ceutical regulatory agencies require additional quality control (QC)
tests such as mapping of integration sites and monitoring of T cell
clonality for approval of clinical trials with transposon-engineered
T cells.

In summary, the manufacture of clinical-grade CAR T cells via lenti-
viral or retroviral transfection is a complicated and expensive task pri-
marily resulting from GMP rules regulating the preparation of viral
vectors. Currently, the major bottleneck is the difficulty in obtaining
the GMP-grade viral vectors within a reasonable time. Enzymatically
prepared transposon vectors are surprisingly highly efficient for
small-scale manufacturing of this type of therapeutical product. In
our opinion, the development of an easily certifiable GMP-grade
method of T cell transfection is critical for the rapid development
of T cell-based therapies in the future.

MATERIALS AND METHODS

Preparation of DNA and mRNA amplicons and plasmid cloning
The mRNA encoding the hyperactive PB transposase (hyPbase) was
prepared by in vitro transcription with the HiScribe T7 High Yield
RNA Synthesis Kit (New England Biolabs). To increase the stability
of mRNA, we used 3'-O-Me-m7G (5') PPP(5') G RNA cap structure
analog at a concentration of 8 mM (New England Biolabs). Before an
in vitro transcription, the pSTI plasmid template encoding the hy-
PBase, or GFP, was linearized via BspQI (New England Biolabs)
and gel-purified. The reaction was carried out for 3 h at 37°C using
1 pg of linearized plasmid template per 50-uL reaction. Prepared
mRNA was purified with the MEGAclear Transcription Clean-Up
Kit (Thermo Fisher Scientific) and analyzed with the Experion Auto-
mated Electrophoresis System (Bio-Rad Laboratories). The yield was
~100 pg per one 50-uL reaction.

The transposon containing the CARI19 transgene was prepared
commercially by preparative PCR (LinearX, USA) using M13 fwd
and M13 rev primers and a Taq DNA polymerase, followed by a pu-
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rification step on a chromatographic column. The declared purity of
the PCR product was >99%. Furthermore, no mutations in the coding
sequence were detected by Sanger sequencing. Plasmids were ampli-

fied in E. coli and purified by QIAGEN plasmid kits.

T cell cultivation and electroporation

PBMCs were separated from buffy coats obtained from healthy do-
nors with Ficoll density gradient centrifugation (Ficoll-Paque, GE
Healthcare). All donors gave written informed consent in accordance
with Helsinki ethical guidelines. Cells were cultivated at 37°C in 5%
CO; in CellGenix GMP DC medium (CellGenix) supplemented
with heat-inactivated 10% fetal bovine serum (Thermo Fisher Scien-
tific), penicillin/streptomycin 100 U/mL (Thermo Fisher Scientific),
and cytokines IL-4 (20 ng/mL), IL-7 (10 ng/mL), and IL-21
(40 ng/ml), all from Miltenyi Biotec. For large-scale expansion, we
used G-Rex10 flasks (Wilson Wolf). For electroporations, 1 x 107
PBMCs were resuspended in 100 pL of buffer T containing plasmid
DNA or linear transposon+ mRNA. Cells were then electroporated
with the Neon Electroporation System (Thermo Fisher Scientific,
USA) by a single 20-ms/2,300-V pulse and then were transferred to
complete cell media. Next day, cells were polyclonally stimulated
with TransAct reagent (anti-CD3/CD28, Miltenyi Biotec, Germany)
and expanded for 21 days in the presence of IL-4, IL-7, and IL-21,
identically as already described.”

Functional assays and flow cytometry

The functionality of CAR19 T cells was tested by FACS-based cyto-
toxic assay against Ramos B cellsp. Briefly, Ramos cells were labeled
with 0.5 pM CFSE (Thermo Fisher Scientific) in PBS for 10 min at
room temperature, washed in CellGenix medium, and mixed with
target cells at a ratio of 3:1 and 1:1. After 24-h incubation, cells
were harvested, labeled with DAPL, and analyzed by FACS to deter-
mine the percentage of dead Ramos cells.

To determine the production of IFN-v, we similarly co-cultivated
CARI9 T cells with Ramos B cells at a 1:1 ratio overnight. The pro-
duction of IFN-y was determined in supernatants with the ELISA
MAX Deluxe Set Kit (BioLegend). The absorbance at 450 nm was
measured on an ELISA reader (Tecan Infinite 200 Microplate
Reader). The IFN-y concentration was calculated according to the
diluted IFN-y standard calibration curve in the GraphPad Prism
software.

To determine the immunophenotype of CAR19 T cells, the cells were
washed in 1x PBS, stained with fluorochrome-conjugated mono-
clonal antibodies (mAbs) in FACS buffer (1% BSA, 0.1% sodium
azide, 1x PBS) for 30 min on ice, washed with PBS, and resuspended

Figure 5. Generated CAR19 T cells are functional and express early memory surface antigens

The graph shows the cytotoxicity of CAR19 T cells generated with PCR DNA/mRNA or with plasmids against target Ramos cells at ratios of 1:1 and 3:1; black bars show the
cytotoxicity of control non-transduced T cells. n= 4. (B) The production of IFN-y was measured after restimulation of CAR19 T cells with Ramos cells at 1:1 ratio after 24 h.n =
4, ns, Not significant. (C) The immunophenotype of generated CAR19 T cells was determined by multiparameter flow cytometry. The graphs show the percentages of
individual T cell memory subsets among CAR+ T cells. n = 5. ns, Not significant. (D) The dotplots show the expression of antigens CD4, CD8, CD45RA, CD62L, CD27, CD28,
and PD-1 on either CD4+ or CD8+ CAR19 T cells. One representative matched sample out of five donors is shown.
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Table 1. The sequences of primers and probes

CAR19 forward 5' atcggatatcgtgatgacac 3’

reverse 5' gactagacctgcaagagatg 3’

probe 5' FAM-ctctecctgectgteagtettgga-BHQ1 3
5' CCCTGAACATCGTGAGAA 3/

5" ATCTCGTCGGTGAAGAAC 3

PBASE forward

reverse

5' FAM-CCCACCAGGATG
TGCAGGAACATCT-BHQI 3

5' TGAAACATACGTTCCCAAAGAGTTT 3
5 CTCTCCTTCTCAGAAAGTGTGCATAT 3

probe

Albumin forward

reverse

5" HEX-TGCTGAAAC-ZEN-

probe ATTCACCTTCCATGCAGAT-TABKEQ 3/

in FACS buffer containing DAPI 100 ng/mL (Merck). In the case
of indirect labeling, the primary antibody was washed out with
PBS, and cells were then stained with fluorochrome-conjugated sec-
ondary antibody for 30 min on ice. The expression of CARI9 trans-
gene was determined with Alexa Fluor 647-conjugated F(ab')2
fragment of Goat Anti-Mouse immunoglobulin G (IgG) (Jackson
ImmunoResearch). This polyclonal antibody reacts with mouse
anti-CD19 scFv. The immunophenotype of CAR T cell was deter-
mined similarly as already described.'” First, cells were stained either
with Alexa Fluor 647- or Alexa Fluor 488-labeled F(ab')2 fragment of
Goat Anti-Mouse IgG (Jackson ImmunoResearch, UK) to detect the
CAR transgene. Cells were then washed twice and blocked with 10%
mouse serum, followed by staining with fluorescently labeled mouse
mAbs specific to human antigens: CD45RA-BUV737 (clone HI100),
CD62L-BV650 (clone DREG-56), and CD3-BV786 (clone UCHT1)
were purchased from BD Biosciences (USA). CD4-gDOT605 (clone
$3.5) and CD28-PE-Cy7 (clone CD28.2) were from BioLegend
(USA). CD8-AF700 (clone MEM-31) and CD27-PE-Dy590 (clone
LT27) were from EXBIO. Live cells were identified with the Fixable
Blue Dead Cell Stain Kit (Thermo Fischer Scientific, USA). Staining
specificity was extensively tested to rule out possible binding of mouse
antibodies to cells via goat anti-mouse Ab used to detect CAR. Cells
were analyzed with BD LSRFortessa (BD Biosciences), and the data
were processed with FlowJo software.

Duplex digital droplet PCR

To determine the copy number of CAR19 transgene, the genomic
DNA was isolated with the QIAamp DNA Mini Kit (QIAGEN).
The PrimerQuest Tool online software (ITD, USA) was used to
design primers and probes listed in Table 1. Sequences of primers
and double-quenched probes for the human albumin gene that
served as a reference gene were previously described.” Duplex
PCR reactions contained ddPCR Supermix for Probes (no dUTP)
(cat. no. 186-3024, Bio-Rad Laboratories, USA), 900 nM of each
primer pair, 250 nM of each FAM- and HEX-labeled probe, and
30-40 ng of DNA template. The reaction mix was split into
~20,000 droplets with a QX200 Droplet Generator (Bio-Rad Labo-
ratories). The PCR was performed on a C1000 Touch Thermal
Cycler (Bio-Rad) using the following amplification conditions:

10 min at 95°C, 45 cycles of a two-step of 30 s at 94°C and 60 s
at 54°C, ending with a final hold of 10 min at 98°C for droplet sta-
bilization and cooling to 4°C. Droplets were counted on/divided by
a QX200 droplet reader based on their fluorescence amplitude into
positive or negative. Data were analyzed with QuantaSoft Analysis
Pro version 1.0.596 software (Bio-Rad), including automatic Poisson
distribution. The VCN was determined as the ratio of CAR copies/
albumin copies x 2 and divided by the fraction of CAR+ T cells in
the sample.

DNA sequence of the CAR19 transposon
(M13F)GTAAAACGACGGCCAGTGAGCGCGCGTAATACGAC
TCACTATAGGGCGAATTGGGGCGCGCCATTCTAGATTAAC
CCTAGAAAGATAGTCTGCGTAAAATTGACGCATGCATTCT
TGAAATATTGCTCTCTCTTTCTAAATAGCGCGAATCCGTCG
CTGTGCATTTAGGACATCTCAGTCGCCGCTTGGAGCTCCCG
TGAGGCGTGCTTGTCAATGCGGTAAGTGTCACTGATTTTGA
ACTATAACGACCGCGTGAGTCAAAATGACGCATGATTATC
TTTTACGTGACTTTTAAGATTTAACTCATACGATAATTATA
TTGTTATTTCATGTTCTACTTACGTGATAACTTATTATATAT
ATATTTTCTTGTTATAGATATCAACTAGAATGCTAGCCTCG
AGGGCCTCCGCGCCGGGTTTTGGCGCCTCCCGCGGGCGCC
CCCCTCCTCACGGCGAGCGCTGCCACGTCAGACGAAGGGC
GCAGCGAGCGTCCTGATCCTTCCGCCCGGACGCTCAGGAC
AGCGGCCCGCTGCTCATAAGACTCGGCCTTAGAACCCCAG
TATCAGCAGAAGGACATTTTAGGACGGGACTTGGGTGACT
CTAGGGCACTGGTTTTCTTTCCAGAGAGCGGAACAGGCGA
GGAAAAGTAGTCCCTTCTCGGCGATTCTGCGGAGGGATCT
CCGTGGGGCGGTGAACGCCGATGATTATATAAGGACGCGC
CGGGTGTGGCACAGCTAGTTCCGTCGCAGCCGGGATTTGG
GTCGCAGTTCTTGTTTGTGGATCGCTGTGATCGTCACTTGG
TGAGTAGCGGGCTGCTGGGCTGGCCGGGGCTTTCGTGGCC
GCCGGGCCGCTCGGTGGGACGGAGGCGTGTGGAGAGACCG
CCAAGGGCTGTAGTCTGGGTCCGCGAGCAAGGTTGCCCTG
AACTGGGGGTTGGGGGGAGCGCAGCAAAATGGCGGCTGTT
CCCGAGTCTTGAATGGAAGACGCTTGTGAGGCGGGCTGTG
AGGTCGTTGAAACAAGGTGGGGGGCATGGTGGGCGGCAAG
AACCCAAGGTCTTGAGGCCTTCGCTAATGCGGGAAAGCTC
TTATTCGGGTGAGATGGGCTGGGGCACCATCTGGGGACCC
TGACGTGAAGTTTGTCACTGACTGGAGAACTCGGTTTGTCG
TCTGTTGCGGGGGCGGCAGTTATGGCGGTGCCGTTGGGCA
GTGCACCCGTACCTTTGGGAGCGCGCGCCCTCGTCGTGTC
GTGACGTCACCCGTTCTGTTGGCTTATAATGCAGGGTGGG
GCCACCTGCCGGTAGGTGTGCGGTAGGCTTTTCTCCGTCG
CAGGACGCAGGGTTCGGGCCTAGGGTAGGCTCTCCTGAAT
CGACAGGCGCCGGACCTCTGGTGAGGGGAGGGATAAGTGA
GGCGTCAGTTTCTCTGGTCGGTTTTATGTACCTATCTTCTT
AAGTAGCTGAAGCTCCGGTTTTGAACTATGCGCTCGGGGTT
GGCGAGTGTGTTTTGTGAAGTTTTTTAGGCACCTTTTGAAA
TGTAATCATTTGGGTCAATATGTAATTTTCAGTGTTAGACT
AGTAAATTGTCCGCTAAATTCTGGCCGTTTTTGGCTTTTTT
GTTAGACGGATCCATGAATTCGCCAGCatggeectgectgtgacagece
tgctgetgectetggcetetgetgetgeatgecgetagacccacgegtgaagtgeagcetgeageagte
tggacctgagctggtaaagectggggcttcagtgaagatgtectgeaaggettctggatacacattc
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actagctatgttatgcactgggtgaagcagaagectgggeagggectigagtggattggatatgtta
atccttacaatgatggtactaagtacaatgagaagttcaaaggcaaggccacactgacttcagaca
aatcctccagceacagectacatggagetcageagectgacctctgaggactctgeggtctattactg
tgcaagagggccttattactacggtagtageeecttigactactggggccaagggaccacggtcac
cgtcteeggaggtggeggttcaggeggtggeggatecggeggtageggateeggeggtagcgga
teggatatcgtgatgacacagtctceactcetecctgectgteagtettggagatcaagectecatcte
ttgcaggtctagtcagagecttgaaaacagtaatggaaacacctatttgaactggtacctccagaaa
ccaggcecagtctccacagetectgatctacagggtttccaaccgattttctggggtectagacaggt
tcagtggtagtggatcagggacagatttcacactgaaaatcagcagagtggagactgaggatttgg
gagtttatttctgectccaagttacacatgteecteccacgttcggtgctgggaccaagetcgagate
aaacgtactagtcecacaaccacccctgeccctagacctecaacacccgeecctacaategecage
cagcctctgtctctgaggoccgaggettgtagacctgetgeaggeggageegtgeacaccagagg
actggatttcgectgegacatctacatctgggeccctetggecggcacatgeggagtgetgetgetg
agectegtgatcaccctgtactgeaaccaccggaaccggeggagagtgaagegggacagaaaga
agctgcetgtacatcttcaageageccttcatgeggeccgtgeagaccacccaggaagaggacgge
tgctectgeagattccecgaggaagaagaaggeggctgegagcetgagagtgaaattcageagate
cgeegacgeecctgectaccageagggacagaaccagetgtacaacgagetgaacctgggeaga
cgggaagagtacgacgtgctggacaageggagaggcagggaccctgagatgggcggaaagecc
cagcggagaaagaacceccaggaaggectgtataacgaactgeagaaagacaagatggecgag
gectacagegagatcggaatgaagggcgageggagaagaggcaaggoccacgatggactgtat
cagggectgageaccgecaccaaggacacctatgacgecctgeacatgeaggeectgecceeca
gatgaTGAGAATTCCGACTGTGCCTTCTAGTTGCCAGCCATCT
GTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGG
TGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTG
CATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGT
GGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGAC
AATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGGTC
GACATACTAGTTAAAAGTTTTGTTACTTTATAGAAGAAATT
TTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAAT
AAATTGTTTGTTGAATTTATTATTAGTATGTAAGTGTAAAT
ATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCT
CGATATACAGACCGATAAAACACATGCGTCAATTTTACGC
ATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCT
AGGGTTAATCTAGTATACGCGTATGCGGCCGCTTAATTAAT
CCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTG
GCGTAATCATGGTCATAGCTGTTTCCTG (MI13R)

Amino acid sequence of CAR19 construct
MALPVTALLLPLALLLHAARPTREVQLQQSGPELVKPGASVKM
SCKASGYTFTSYVMHWVKQKPGQGLEWIGYVNPYNDGTKYN
EKFKGKATLTSDKSSSTAYMELSSLTSEDSAVYYCARGPYYYGSS
PFDYWGQGTTVTVSGGGGSGGGGSGGGGSGGGGSDIVMTQS
PLSLPVSLGDQASISCRSSQSLENSNGNTYLNWYLQKPGQSPQL
LIYRVSNRESGVLDRFSGSGSGTDFTLKISRVEAEDLGVYFCLQV
THVPPTFGAGTKLEIKRTSPTTTPAPRPPTPAPTIASQPLSLRPEA
CRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYC
NHRNRRRVKRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRFPEE
EEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVL
DKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIG
MKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPR*
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Tisagenlecleucel (tisa-cel) is a CD19 specific CAR-T cell product approved for
the treatment of relapsed/refractory (r/r) DLBCL or B-ALL. We have followed a
group of patients diagnosed with childhood B-ALL (n = 5), adult B-ALL (n = 2),
and DLBCL (n = 25) who were treated with tisa-cel under non-clinical trial
conditions. The goal was to determine how the intensive pretreatment of
patients affects the produced CAR-T cells, their in vivo expansion, and the
outcome of the therapy. Multiparametric flow cytometry was used to analyze
the material used for manufacturing CAR-T cells (apheresis), the CAR-T cell
product itself, and blood samples obtained at three timepoints after
administration. We present the analysis of memory phenotype of CD4/
CD8 CAR-T lymphocytes (CD45RA, CD62L, CD27, CD28) and the expression
of inhibitory receptors (PD-1, TIGIT). In addition, we show its relation to the
patients’ clinical characteristics, such as tumor burden and sensitivity to prior
therapies. Patients who responded to therapy had a higher percentage of
CD8*CD45RATCD27* T cells in the apheresis, although not in the produced
CAR-Ts. Patients with primary refractory aggressive B-cell lymphomas had the
poorest outcomes which was characterized by undetectable CAR-T cell
expansion in vivo. No clear correlation of the outcome with the
immunophenotypes of CAR-Ts was observed. Our results suggest that an
important parameter predicting therapy efficacy is CAR-Ts' level of
expansion in vivo but not the immunophenotype. After CAR-T cells’
administration, measurements at several timepoints accurately detect their
proliferation intensity in vivo. The outcome of CAR-T cell therapy largely
depends on biological characteristics of the tumors rather than on the
immunophenotype of produced CAR-Ts.
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Introduction

Tisagenlecleucel (tisa-cel, Kymriah®) is CD19 specific
CAR-T-cell product approved for the treatment of
relapsed/refractory (r/r) DLBCL or B-ALL. First, an input
material is obtained via apheresis from individual patients to
CAR-T blood
mononuclear cells (PBMCs) are then cryopreserved and

produce cells. Collected peripheral
supplied to the manufacturer. Followingly, PBMCs are
transduced with lentiviral vector, expanded in vitro, and
cryopreserved. The generated CAR-T cells are usually
within a month supplied back to the hospital site. However,
such a highly complex process utilizes materials obtained
from patients who received multiple lines of intensive
chemotherapeutic regimens and have active disease.
Additionally, the variability within differentiation/memory
subsets of T cells in the apheresis might affect the quality
of produced CAR-T cells and subsequently limit the efficacy of
the treatment (1, 2).

Treatment of DLBCL with CD19 specific CAR-T cells such
as tisa-cel is slightly less effective than identical approach to
patients with B-ALL (2-6). Generally, two types of treatment
first type

responsiveness—the patients do not achieve even a partial

failure are encountered. The is non-
remission (PR) within 2-3 months post-treatment. The
second type is late relapse after achievement of good
clinical response following CAR-T cell treatment (7).
Detailed analysis of the input material and the produced
CAR-T cells could help identify factors responsible for
these types of treatment failures (8-10).

The first goal of our study was to perform a detailed FACS
analysis of the apheretic material used for CAR-T cells’
production to determine present leukocyte subsets and the
immunophenotype of T cells. Secondly, the manufactured
product was analyzed to determine the percentage of CAR"
cells and their memory phenotype. Thirdly, CAR-T cells’
expansion kinetics and their differentiation status were
measured in samples of peripheral blood after treatment.
Collected measurements were compared with the treatment
efficiency and patients’ survival.

In summary, this study describes the analysis of apheresis,
manufactured CAR-T cells and samples of patients treated with
tisa-cel. Based on obtained measurements and clinical data, our
results suggest that a specific phenotype of starting material
(i.e., apheresis) influences possible success of the therapy. The
results also show that undetectable CAR-T cell expansion at
D+14 is linked to early treatment failure (p < 0.05) which might
provide a chance to effectively indicate the patient enrollment
into clinical trials.
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Results

Detection of CAR-T cells and gating
strategy for their phenotyping

To identify CAR-T cells, we used recombinant PE-
conjugated CD19 protein for the first eight patients due to the
unavailability of anti-FMC63 antibody, which was then used for
the remaining patients. Example of staining is presented in
Supplementary Figure S1. CAR-T cells were further stained
with a multicolor antibody panel to determine their
differentiation immunophenotype using antibodies against
antigens CD3, CD4, CD8, CD14, CD45RA, CDé62L, CD27,
CD28, PD-1, and TIGIT (11). Additionally, samples were
analyzed with a second antibody panel to determine the
composition of all significant leukocyte subsets using
antibodies against antigens CD3, CD4, CD8, CD14, CD1ls,
CD19, CD45, CD56, and TCRgd. Figure 1 shows an example
of typical CAR detection. Gating strategy of CAR-T memory
subsets is similarly presented in Figure 2. Pre-gating on CD3*
cells is shown in Supplementary Figure S2. Controls for CAR
staining (healthy donor) and immunophenotype staining
(FMOs, healthy donor) are presented in Supplementary
Figures S3, S4, respectively. Threshold for the detection of
CAR" cells was set at 0.1% out of CD3 T cells, and the
percentage of CAR-T cells was further converted to the
absolute counts per microliter using the total white blood cell
count values obtained from hematology analyzer. The antibody
panels are presented in Supplementary Table S1.

Analysis of apheresis and CAR-T cell
products

The first goal was to characterize patients’ apheresis and to
determine whether differences in their T cell memory subsets are
associated with stronger in vivo expansion of CAR-T cells and
improved clinical outcome. For each patient, the apheretic
product samples were cryopreserved, as well as from five
healthy donors functioning as control samples. Prior to flow
cytometry analysis, the cells were thawed and let to rest in media
overnight. We have found out that 27 out of 32 subjects had
undetectable B-cells in apheresis due to preceding treatment by
rituximab (Figure 3A, Supplementary Figure 52). To characterize
the T cells, we determined their immunophenotype with the
differentiation antibody panel (omitting the anti-FMC63
antibody). The patients’ T cells were characterized by highly
variable numbers of Tem/Tcm/Temra CD8" and CD4" memory
subsets, similarly to what was detected in healthy donors
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FIGURE 2

Gating strategy for immunophenotyping of CD4*/CD8* CAR-T cells using antibodies against antigens CD45RA, CD62L, CD27, CD28, PD-1and
TIGIT. Memory subsets were defined as: SCM, stem cell memory (CD45RA*CD62L*); CM, central memory (CD45RACD62L7); EM, effector memory
(CD45RACD62L7); EMRA, terminally differentiated effector memory (CD45RA*CD62L7). One representative patient is shown. Percentages of
populations of CD4*CAR* or CD8*CAR* shown in respective quadrants. Gates were set based on measurements of healthy donor control and

FMO controls.

(Figure 3B, Supplementary Figure S6). Nevertheless, the patients’
T cells contained more exhausted T cells expressing PD-1
receptor compared to healthy donors—50% vs. 12% CD4"
(p = <0.001) and 35% vs. 14% CD8" (p = 0.046). In addition,
the non-responders were characterized by significantly reduced
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numbers of CD8" CD45RA* CD27* T cells (Figure 3C) in the

apheresis, in agreement with report by Fraietta et al. (12).
Subsequently, the manufactured CAR-T cells were analyzed

using aforementioned antibody panel with added anti-FMC63

antibody. The samples for measurements were obtained from
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FIGURE 3

Analysis of apheresis. (A) Composition of individual leukocyte
subsets in the apheresis. (B) Immunophenotype of CD4* and CD8*
T cells in apheresis of responders, non-responders and healthy
donors. SCM, stem cell memory; CM, central memory; EM,
effector memory; EMRA, terminally differentiated effector
memory. (C) Representative immunophenotypes of T cells
(CD8'CD27'DC45RA") as percentages of CD8" cells in four
subjects: CR, complete response; PR, partial response; NR, non-
responder; HD, healthy donor. Unpaired t-test *p < 0.05, ns-not
significant
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FIGURE 4

Analysis of the product. (A) Manufactured products cells were
analyzed to determine the percentage of CAR* in CD4* and CD8"
T cells out of all CD3* T cells. ND, not done; N*, product not
meeting specifications. (B) Statistical analysis of the

percentages of CD4*CAR" (left) and CD8*CAR™" (right) in product
of responders and non-responders. (C) Immunophenotypes of
CD4*CAR* and CDB8"CAR™ cells in product of responders and
non-responders. SCM, stem cell memory; CM, central memory;
EM, effector memory; EMRA, terminally differentiated effector
memory. Unpaired t-test; ns, not significant, *p < 0.05.
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FIGURE 5
Expansion of CAR-T cells in vivo. (A) The level of expansion of CAR-T ce

lls was determined in peripheral blood samples at three timepoints after

administration: early after infusion (day 2—4), at the expected peak of expansion (days 10-14), and at the predicted contraction phase (days 30-60).
The left panels show the expansion kinetics of CD4*CAR* cells and right panels shows CD8*CAR* cells as a percentage of CD3* T cells. (B) Statistical
analysis of the level of expansion in respenders (n = 13) vs. non-responders (n = 10) at indicated timepoints shown as a total number of CAR-T

cells in the blood and as a fold expansion of absolute CAR-T cell count
*p < 0.05, **p < 0.005.

discarded infusion bags after administration to the patients. The
infusion bags and their filters were thoroughly washed with PBS
to acquire the remaining cells. In some cases, we were unable to
measure administered products for technical reasons. We

Pathology & Oncology Research

s in the blood between timepoint 1 (T1) and timepoint 2 (T2). Unpaired t-test

observed that the products contained a highly variable
percentage of CAR' cells (range 1%-40%) and that the
majority of CAR-T cells were CD4 positive (Figure 4A). There
was no significant difference of percentage of CD4* or CD8"
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TABLE 1 Patients’ characteristics.

Patient
ID

[ - Y T SO TC R R

—
5]

Age Dg
25 ALL

27 ALL

69 DLBCL
67 DLBCL
43 DLBCL
53 DLBCL
74 DLBCL
77 DLBCL
34 DLBCL
61 DLBCL
72 DLBCL
39 DLBCL
57 DLBCL
41 FL/DLBCL
54 DLBCL
49 DLBCL
10 ALL

15 ALL

5 ALL

3 ALL

74 DLBCL
72 DLBCL
71 FL/DLBCL
70 DLBCL
10 ALL

44 DLBCL
76 DLBCL
23 DLBCL
49 DLBCL
64 DLBCL
56 DLBCL
70 FL/DLBCL

Primary
refractory
dissease

Yes

No

Sensitivity to
bridge
treatment
before CAR-T

Yes
Yes
Yes

Clinical
stage
before
CAR-T

CR
CR
CR

2
1
4
1
4
4
4

(bulky)
CR

I N N L " N Ny &)

4
4 (bulky)
4 (bulky)
3

Response to
CAR-T at
3 m/6 m

CR/CR
CR/relapse
CR/CR
progression
CR/CR
PR/CR
CR/CR
CR/CR
PR/progression
progression
CR/CR
CR/CR
progression
CR/CR
progression
progression
CR/CR
CR/CR
CR/CR
CR/CR
progression
CR/CR
CR/CR
progression
CR/CR
progression
progression
PR/-—
CR/CR
progression
PR/progression

progression

Lymphodepletion
regimen

Flu/Cy

Flu/Cy

Flu/Cy

None

Flu/Cy
bendamustine
Flu/Cy

Flu/Cy

Flu/Cy

Flu/Cy
bendamustine
Flu/Cy
bendamustine
bendamustine
bendamustine
bendamustine
Flu/Cy

Flu/Cy

Flu/Cy

Flu/Cy

Flu/Cy
bendamustine
bendamustine
bendamustine
Flu/Cy

None
bendamustine
pixantron+ benda
Flu/Cy

Flu/Cy

Flu/Cy

Flu/Cy

113

Number of
lines of

treatment
before CAR-T

3+alloSCT
5+alloSCT
4+ASCT
4+ASCT

4

4

5+ASCT

3

3+ASCT

4

3+ASCT
3+ASCT

4

3+ASCT
3+ASCT

2

1

4+ASCT

T1 %
CD4*CAR*

311

1.15
1.39
0.35
2.87
1.46
0.3
ND
ND

1.65
0.56
0.18
ND
0.18

ND
0.10
1110
1.49
0.22
0.45

0.36
0.12
0.49
0.13
0.10

T2%
CD4

1.06
0.15
4.85
113
3.47
0.16
2.95
3.68

T1
%
CD8

0
0.21
0.81
0.35
0.4
0
1.13
0.55
0.59
ND
ND
0.16

ND
1.79
0.36
ND

1.43
0.27

0.10

0.22

0.14

T2
%
CD8

6.17
0.36
5.14

8.25
0.22
1.32
0.62
1.07
0.35
0.14
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Immunophenotype of CAR-T cells in vivo. (A) Expanded CD4" and CD8" CAR™ T cells were analyzed for each patient by multiparameter flow
cytometry to determine the expression of major surface antigens reflecting their differentiation status. Phenotypes with significant difference

(CD45RA-CD62LY). Mann-Whitney test; ns, not significant, *p < 0.05. (B) Cluster analysis of detected CAR* T cells at the first timepoint for
indicated antigens, all identified CAR-T cells from all responders and non-responders at the first timepoint were analyzed together. EmbedSOM
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TABLE 2 Characteristics of DLBCL patients.

Expansion of Primary refractory

CAR-T disease
Responders 87.5% (12/14) 7.1% (1/14)
Non- 27.3% (3/11) 54.5% (6/11)
responders

CAR-T cells in product between responders and non-responders
(Figure 4B). The immunophenotype of CAR-T cells was likewise
highly variable between individual patients in regards to the
proportion of Tscm/Tcm/Tem/Temra, and CD27/CD28/PD-1/
TIGIT positive cells (Figure 4C, Supplementary Figure S7). There
was a slightly higher PD1+TIGIT— percentage of CD4'CAR"
T cells in responders (p = 0.039, Figure 4C). CAR" T cells in the
product had almost identical immunophenotype as the CAR™
population (data not shown), suggesting that their differentiation
during manufacturing was driven more by polyclonal anti-CD3/
CD28 activation than by CAR signaling. One product (P31) did
not meet the entry specifications since it contained only 1% of
CAR-T cells. Despite such a low percentage of CAR-T cells, this
patient responded to the therapy and achieved PR by PET/CT
(nonetheless relapsed later). Conversely to apheresis, we did not
detect a significant difference in the numbers of CD8" CD45RA*
CD27" T cells in the product (Figure 4C).

Fate of CAR-T cells in vivo

Expansion and immunophenotype of CAR-T cells were
determined in the patients’ blood samples after administration
at three timepoints—between days 2-4 (T1), days 10-14 (T2),
and days 30-60 (T3). Since the study was performed in a non-
clinical trial setting, the samples could be obtained only during
regular medical examinations including signing of the informed
consent form by the patient. To determine the kinetics of CAR-T
cells” expansion, we measured percentage of CD4*/CD8* CAR-T
out of CD3" T cells and calculated their absolute counts in blood.
The CAR-T cell percentages were compared between T1 and
T2 to assess CAR-T cells’ expansion kinetics. If the percentage of
either CD4" or CD8" CAR" at T2 was higher than their
percentage at T1, the patient was categorized as showing a
detectable expansion. Figure 5A shows the kinetics of CAR-T
cell expansion for each patient. In addition, we calculated the
absolute number of CAR-T cells per pl of blood in the responders
and the non-responders at T1 and T2 (Figure 5B). Table 1 shows
the measured values of CAR-T cells in blood for each patient and
demonstrates that only 27% (3/11) of non-responders had a
detectable expansion of CAR-T cells and that 90% (19/21) of
responders had detectable expansion (Table 2). Out of 25 patients
with DLBCL, 10 subjects had no expansion of CAR-T cells (all
patients with B-ALL were responders with detectable CAR-T cell
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Response to bridge treatment before Median clinical stage before
CAR-T

CAR-T

expansion). 80% of these “non-expanders” were also non-
responders, but only 40% of them had primary refractory
disease. Following this, we determined the immunophenotype
of detected CAR-T cells in the blood similarly as was done for the
product (Supplementary Figure S8). Threshold for the detection
of CAR-T cells was set at 0.1% of CD3* T cells, samples with
CAR" percentage below this value were not analyzed. Significant
differences between responders and non-responders are
presented in Figure 6A. At time point 2, responders had
higher numbers of CD8"CAR* Tem (p 0.030) and
PD1-TIGIT- than non-responders (p = 0.048). At time point
3, CD28'CD27" percentage was higher in non-responders (p =

0.025), although only 3 samples were used for the analysis.
Clustering by EmbedSOM algorithm (13) shows relative
distribution of memory subsets of CAR-T cells for time point
1 (Figure 6B).

Non-blood samples and second dose
administration

In addition to blood samples, we analyzed samples obtained
from bone marrow and in three subjects with lung infiltration
also from the malignant pleural effusion. Figure 7A shows
percentages of CAR-T cells detected at a single time point in
blood with corresponding bone marrow or pleural effusion
(lung) sample. Interestingly, we observed effective migration
of CAR-T cells into the tumor sites, demonstrated by high
CAR-T percentage in the pleural effusion. We also detected
long-term persisting CAR-T cells in the bone marrow of
several subjects.

Immunophenotype of CAR-T cells in bone marrow was
compared to paired blood samples (Figure 7B). CD8" CAR-T
cells in blood had elevated Tcm (p = 0.038), Temra (p = 0.046),
and CD45RA*CD27" (p = 0.032) phenotypes compared to bone
marrow. CD8" CAR-T cells in bone marrow had slightly higher
percentage of PDI+TIGIT+ (p = 0.003), PD1+TIGIT- (p =
0.028) populations, and lower PDI-TIGIT+ (p = 0.004)
percentage. Phenotype of CAR-T cells in pleural effusion was
not statistically analyzed due to insufficient number of paired
blood samples with detectable CAR-T cells (Supplementary
Figure S9).

Four patients from the selected study group were administered a
second dose of CAR-T cells after they relapsed; the source of the
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Non-blood samples and second dose administration. The
indicated samples were analyzed by multiparametric flow
cytometry to determine the percentage and immunophenotype of
CAR-T cells. (A) Paired percentages of CD3*CAR* cells in
blood/bone marrow or blood/fluidothorax (lung). (B) Comparison
of phenotypes of CAR* cells in blood and bone marrow. SCM, stem
cell memory; CM, central memory,; EM, effector memory; EMRA,
terminally differentiated effector memory. Paired t-test; ns, not
significant, *p < 0.05, **p < 0.005. (C) Percentages of CAR-T cells
in blood for the first and second dose at T2—D+14. Paired t-test;
ns, not significant

CAR-T cells was a remaining cryopreserved bag of the original
product. Subject P09 received the second dose simultaneously with
anti-PD-1 antibody pembrolizumab. Subject P16 received the
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second dose concurrently with lenalidomide treatment. Subjects
P18 and P19 were pediatric B-ALL patients in clinical remission,
although B-cell presence in the peripheral blood was established,
suggesting the therapy’s failure. Therefore, the second CAR-T cells’
dose was used successfully as a bridging therapy before allo-HSCT.
Furthermore, we observed that the subjects P16, P18, and P19 had a
non-detectable expansion of the second CAR-T cells’ dose. In
contrast, in the subject P09, we observed high levels of CAR-T
cells in the pleural effusion even though they were almost
undetectable in the blood sample. Figure 7C shows percentage of
CAR-T cells at D+14 for first and second administration. The
immunophenotype of these CAR-T cells was very similar to the
immunophenotype of CAR-T cells detected in the patient’s blood
sample following the administration of the first dose. Unfortunately,
despite such a very efficient expansion of CAR-T cells, subject
P09 did not achieve complete remission (CR) and the disease
continually progressed.

Discussion

In this report, we analyzed a group of 32 patients diagnosed with
either B-ALL or DLBCL and treated in a real-world setting with tisa-
cel, CD19 specific CAR-T cell product. The high costs of commercial
CAR-T cell therapy and extended production time emphasize the
need to search for clinical and laboratory parameters that will enable
selection of patients with the highest chances to respond to therapy
and determine what prior therapies might adversely affect the
efficiency of the production of CAR-T cells. Thus, the main goals
of our study were to correlate the efficacy of the therapy with the
immunophenotype of input material used for the production of
CAR-T cells (i.e., the apheresis) and with the immunophenotype of
the produced CAR-T cells. Additionally, we observed CAR-T cell
expansion kinetics after administration in the blood and measured
their immunophenotype. The analysis presents a comprehensive
data set from 32 subjects, including detailed clinical parameters such
as prior treatments and complications associated with CAR-T cell
therapy.

‘We observed a similar efficiency of the treatment in comparison
to reported results of other real-world experiences (13). A noticeable
subset of patients were non-responders who were characterized by
continuously progressing disease after CAR-T cell therapy without
achieving even a PR at 3-month restaging by PET/CT or by flow
cytometry. In all cases, these patients were diagnosed with DLBCL
and have shown no detectable expansion of CAR-T cells.
Unfortunately, several patients with promising CR relapsed at
later time points. The highly variable numbers and ratios of CD4*
and CD8" T cells and the depletion of central memory (Tcm)/stem
cell memory T cell (Tscm) subsets due to prior chemotherapies is a
challenging issue for cellular therapy approaches. These subsets are
essential for durable anti-tumor responses in adoptive cell therapy
(14). For example, B-cell lymphoma patients have an increased
percentage of terminal effector memory CD8" T cells (15).
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Comparably to published reports (12), we found that an increased
number of stem-cell-like memory CD45RA*CD27" CD8" T cells in
the apheresis correlated with enhanced efficacy of CAR-T therapy,
suggesting that the quality of the input material influences outcome
of the treatment. However, the responders did not have a significantly
higher number of CD45RA*CD27" CAR-T cells in the product in
comparison to the non-responders.

Next, the product analysis showed an interesting, highly variable
CD4/CD8 ratio of CAR-T cells between products. Moreover, the
percentage of CAR" T cells in the product did not correlate with the
response to the treatment suggesting that out-of-specification
products might be equally efficient and worth administering
(Figure 4B). For example, patient 32 had a bulky tumor and
achieved near CR despite the administered product containing
only 2% of CAR" cells. These findings indicate that an efficient
response probably requires a relatively small number of CAR™ cells
with stem-cell memory phenotype, which can be reliably achieved in
most patients despite significant differences in the T cell subsets
between products.

Immunophenotypic analysis of expanded CAR-T cells in
vivo revealed higher numbers of central memory and
PD1-TIGIT- CD8'CAR" cells in responders at time point 2
(Figure 6A). This might contribute to the hypothesis that early
memory phenotypes are persisting longer, and thus leading to a
better response. However, more data is needed to further support
these findings.

Performed studies analyzing factors associated with
responsiveness to CAR-T cell therapy among patients with
DLBCL showed that one of the most significant negative
factors is tumor mass volume (5, 7). We similarly observed
the lowest efficacy of the treatment among patients with
primary refractory DLBCL who frequently were at clinical
stage IV with a large tumor burden. Furthermore, these
patients continuously undergo intensive chemotherapy,
impacting CAR-T Thus,
combination of these factors might severely impair the

negatively cells’  quality. a
treatment outcome among patients with primary refractory
DLBCL. Any

complicated — for example, such patients could be considered

solution to these problems would be
for clinical trials with enhanced next-generation CAR-T cell
products, which can be rapidly manufactured from the
original apheresis for commercial CAR-T cell products (16).
Hence, patients with primary refractory DLBCL without
detectable CAR-T cell expansion would be such candidates.
Therapeutic options for relapsed patients after CAR-T cell
therapy are purely experimental; a frequently used option is
the second dose of CAR-T cell infusion (17). We have analyzed
four of these subjects. However, we observed, similarly to already
reported data, a significantly reduced expansion of CAR-T cells
compared to the first treatment except for subject P09 (who also
received an anti-PD1 antibody). Analysis of non-blood samples
such as bone marrow and malignant pleural effusion showed

efficient infiltration of CAR-T cells into these compartments
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without apparent differences in their immunophenotype. This
data suggests that undetectable or very low expansion of CAR-T
cells in the blood might falsely indicate a treatment failure as the
majority of expanding CAR-Ts in vivo might be localized in
tumor or other tissues. In summary, our results suggest that the
outcome of CAR-T cell therapy largely depends on the biological
of the than the
immunophenotype of produced CAR-T cells.

characteristics tumors rather on

Methods
Patient samples

Samples were acquired from patients diagnosed with DLBCL
and B-ALL who were treated with tisagenlecleucel at the Institute
of Hematology and Blood Transfusion, General University
Hospital in Prague, and University Hospital in Motol. All
patients (or their parents/guardians) signed informed consent
form. Following samples were collected from each patient: 1)
apheresis used for CAR-T cell manufacturing, 2) CAR-T-cell
product from infusion bag, 3) whole blood sample from patients
following CAR-T infusion at three time points—first early after
administration (days 2-4), second at the time of expected
maximal CAR-T-cell expansion (days 10-14), and third after
the retraction of the immune response (days 30-60). The control
samples were obtained from age-matched healthy volunteers. In
addition to FACS analysis, a total blood cell count was
determined as part of a regular medical examination.
Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood samples by gradient centrifugation using
Ficoll-Paque premium (GE Healthcare). After isolation,
PBMCs were resuspended in PBS and were either stained
CS10  (StemCell
Technologies) for further processing. For unfreezing, cells

immediately or frozen in CryoStor
were thawed and cultivated in cell culture media overnight.
For all experiments, CellGro media (CellGenix, Germany)
supplemented with 10% heat-inactivated fetal calf serum
(Gibco, United States) was used with addition of antibiotics

penicillin and streptomycin (Gibco, United States).

Patients’ characteristics

The study group includes patients with pediatric B-ALL (n =
5, age 3-10), adult B-ALL (n = 2, age 25-27), or with DLBCL (n =
25, age 34-77) who were eligible for treatment with tisa-cel
(Table 1). In total, 32 patients received the treatment under non-
clinical trial settings according to recommended clinical practice.
All patients with B-ALL were in complete remission before
infusion of CAR-T cells. In contrast, 24 out of 25 (96%) of
the remaining patients with DLBCL had active disease with a
significant tumor burden. After administration of CAR-T cells,
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the patients were monitored, and when necessary, treated for
CRS/neurotoxicity symptoms with corticosteroids or tocilizumab
according to recommended CAR-T cells’ medication protocols.
A grade 2 CRS was observed in 5 patients, which required
hemodynamic support. However, no patient required
mechanical ventilation, all rapidly recovered from CRS
symptoms. The effects of CAR-T cell therapy were determined
at three and six-months’ time points via PET/CT (18) and by
flow cytometry. Those patients who either progressed or failed to
achieve at least a PR at 3 months were classified as non-
responders. The remaining individuals were classified as
responders and were further followed. All relevant
pretreatment and post-treatment parameters are presented in
Table 1. Patient P28 had a significant CAR-T expansion, so we
included them as a responder; however, this patient died within a
month due to complications connected with primary disease. In
summary, the patients’ responses to CAR-T cell treatment and
associated complications were similar to the currently known
clinical experience with tisa-cel (19).

Antibody panels and staining

Approximately five million freshly isolated PBMCs per sample
were used for staining, For the first eight patients, we used PE-Labeled
Human CD19 (20-291) Protein (Acro Biosystems). Later, anti-
FMC63-FITC antibody by Acro Biosystems was used. Comparison
of staining with protein CD19 and anti-FMCé3 antibody is shown in
Supplementary Figure S1. Besides detection of CAR-T cells the
samples were stained with antibodies against antigens CD3, CD4,
CD8, CD45RA, CD62L, CD27, CD28, CD57, PD-1, TIM-3, and
TIGIT. A second detection panel against antigens CD3, CD4, CD8,
CD14, CD16, CD19, CD45, CD56, and TCRgd was used to determine
significant leukocyte subsets in the samples. Antibody panels used in
this study were used previously (20) and can be found in
Supplementary Tables S1, S2. All antibodies were titrated before
use, and fluorescence-minus-one controls for selected antibodies
were measured. Firstly, PBMCs were stained using a fixable blue
dead cell stain kit (Thermo Fisher Scientific, United States), washed
with FACS buffer, and then stained with antibody mix in Brilliant
Stain Buffer (BD) at room temperature for 30 min. The samples were
washed with FACS buffer prior to measurement.

Flow cytometry

Sample data were acquired on a five-laser BD LSRFortessa
instrument (BD  Biosciences). All measurements were
standardized using 8-peak Rainbow beads (Spherotech, Lake
Forest, IL). BD CompBeads (BD, anti-rat #552844, and anti-

mouse #552843) were used for compensation.
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Data analysis

Manual analysis of cytometry data was performed using
FlowJo software (TreeStar).

Statistical analysis was carried out using GraphPad Prism
version 9 (GraphPad Software) and MATLAB (R2022b, The
MathWorks Inc.).

Key Clinical Message

Non-responders to therapy with CD19-specific CAR-T
cells (tisagenlecleucel) are characterized by undetectable
expansion of CAR-T cells and in the majority of cases are
diagnosed with primary refractory aggressive B-cell
lymphomas..
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5. DISCUSSION

CAR T cells are becoming a well-established treatment method. They are particularly effective
for hematological B-cell malignancies and are currently approved for use in later lines of treatment.
Despite the indisputable revolutionary accomplishments in the field of cancer immunotherapy, this type
of therapy still suffers from several pitfalls. Namely, there is a need to enhance efficacy, prevent
relapses, increase safety, broaden the target specificity, or decrease its astronomical production costs.
This thesis addresses several of these topics of improvement in CAR T-cell therapy. The first aim was
to test the cultivation of CAR T cells using cytokines IL-4, IL-7, and IL-21 to increase yield and efficacy
by increasing the early-memory phenotype. Second, employing the qualities of IL-21 led us to develop
a 4"-generation CAR construct with inducible IL-21 production. It was further used to investigate
the IL-21 effects on enhancing CAR T-cell functions. The third aim was to implement a transfection
method based on electroporating CAR vector in piggyBac transposon vector as linear DNA
and piggyBac transposase as mRNA to further simplify the manufacturing procedure regarding
regulatory requirements. Fourth, the access to samples of tias-cel-treated patients and their CAR T-cell
products allowed us to study whether there is a link between the parameters of the apheresis or product

and the outcome of the treatment, together with observing the CAR T-cell expansion kinetics in vivo.

5.1. Improving cytokine composition in CAR T-cell manufacturing protocol
Chapter 1.4.5 reviewed the most common cytokines used for CAR T-cell cultivation. All of the effort
is aimed at a better CAR T-cell product in terms of proliferation, efficacy, and persistence, all of which
can be influenced by the T-cell differentiation phenotype. It has been shown that early memory
CAR T cells correlated with better treatment outcomes due to their enhanced persistence
and proliferative capacity (Gattinoni et al., 2005; Klebanoff et al., 2005; Xu et al., 2014). Besides
choosing the costimulatory domain in a CAR construct, the cytokines used in the cell culture
significantly impact these parameters. First, the cytokines used in CAR T-cell cultivation contributing

to this early differentiated phenotype will be discussed.

Our protocol for CAR T-cell cultivation (Ptackova et al., 2018) was based on the study of Gerdemann
et al., who used the cytokine combination IL-4 + IL-7 for multi-virus-specific T cells (Gerdemann et al.,
2012). They tested various anti-apoptotic and pro-proliferative cytokines, and they showed that this
combination outperformed IL-2 in T-cell growth and IL-2 or IL-15 in IFN- y production. The choice
of IL-4 might seem controversial, as it is a prototypic Th2-polarizing or Thl-suppressive cytokine.
Notwithstanding, they reported that the T cells cultivated in the presence of IL-4 + IL-7 produced
signature Thl cytokines — IFN- y, GM-CSF, IL-2, and TNFa. Moreover, the T cells did not produce
a significant amount of Th2-specific cytokines IL-5 and IL-13. Furthermore, the combination of IL-4 +
IL-7 did not stimulate the growth of Tregs (Gerdemann et al., 2012).
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In our study, we first replicated this protocol on our model anti-CD19 CAR (CAR19) T cells (Ptackova
et al., 2018). We confirmed the superior effect of IL-4 + IL-7 on CAR T-cell expansion to IL-2.
In addition, we tested activating the cells with anti-CD3/CD28 mAbs or leaving cells unstimulated.
We observed that without stimulation, CAR19 cells expanded up to 90% of the CAR" population. This
was due to the recognition of endogenous B cells in the electroporated PBMCs, which we verified by B-
cell depletion via cell sorting. This method elegantly and efficiently solves specific CAR T-cell
activation via autologous feeder cells. Nonetheless, the limitations of this method represent pretreated
patients with B-cell aplasia and that this works only against targets available on PBMCs. Irradiated
autologous or donor-derived PBMCs or aAPCs could address this; however, it adds more complexity
to the manufacturing process (chapter 1.4.3.). Another universally applicable solution for any CAR
construct is the stimulation of the transduced cells via CAR-specific mAbs. These could either be anti-
idiotypic or tag-specific. In our case, we engineered the Myc tag into a PSMA-specific CAR. Activation
with anti-Myc mAb led to a selective CAR T cell expansion compared to polyclonal stimulation, where

CAR T cells were a minority (Ptackova et al., 2018).

Then, in our protocol, we have further added IL-21 to this mixture of IL-4 and IL-7 (Ptackova et al.,
2018). Our data showed that CAR T cells cultivated in the cytokine cocktail of IL-4 + IL-7 + IL-21
efficiently expanded, had antigen-specific cytotoxicity, and produced IFN-y and TNFa upon activation.
According to expectations, adding IL-21 resulted in an elevated percentage of Tscum-like and Tewm cells.
In addition, these cells were double positive on costimulatory markers CD27 and CD28, corresponding
to the early differentiated phenotype. Moreover, the expression of inhibitory receptors PD-1, TIM-3,
and LAG-3 was lower than in those cultivated in IL-2. Another difference was the preferential growth
of CD4+ CAR T cells and cultivation in IL-2-supported CD8" CAR T cells. Nonetheless, there was
no difference in cytotoxicity against Ramos cells. We further showed that even CD4" CAR T cells
degranulate, although to a lower extent than CD8" (Ptackova et al., 2018).

The classical method of manufacturing CAR T cells uses polyclonal anti-CD3/CD28 activation,
transduction via RV/LV vectors, and IL-2 supplementation (Duong et al., 2015). IL-2 is a well-known
T-cell growth factor. Nevertheless, the IL-2-mediated expansion is physiologically coupled with effector
differentiation. The effector T-cells are highly cytotoxic but have a limited lifespan (Liao et al., 2013).
However, only high IL-2 concentrations drove T-cells into the effector phenotype (Kaartinen et al.,
2017). Additionally, IL-2 can be responsible for the induction of AICD. The mechanism of this coupling
lies in the IL-2 signaling (Crompton et al., 2014). The IL-2 receptor is comprised of the common y-chain
receptor (yc), which is shared with the yc family cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21),
and the IL-2R subunit (CD122, IL-2Rp) as the low-affinity heterodimer or plus CD25 (IL-2Ra),
the high-affinity non-signaling chain as a heterotrimeric receptor on activated T and B cells. The signal
is transduced by JAK3 associated with the y. and JAK1 associated with the IL-2Rf chain. This activates
the JAK/STAT, PI3K/Akt, and MAPK pathways (Boyman & Sprent, 2012). The effector differentiation
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part is driven by the JAK/STAT and PI3K/Akt ones. These pathways lead to the activation
of corresponding downstream transcription factors, STATS and FOXO01, respectively. Phosphorylated
STATS dimerizes and directly stimulates the expression of effector molecules, while FOX01 stimulates
and inhibits other transcription factors. The proliferation signal is mediated by the RAS/RAF/MAPK
pathway, ending with activation of the cMYC transcription factor. cMYC directly stimulates
the expression of cyclins and represses the expression of anti-apoptotic molecules Bel-2 and cyclin-

dependent kinase inhibitor p21 (Crompton et al., 2014).

IL-4 is a pleiotropic cytokine particularly known for differentiating Th2 T cells, supporting B-cell
expansion and isotype switch, activating mast cells, and supporting M2 macrophage differentiation. IL-
4 is produced by T-cells, eosinophils, NKT cells, basophils, and M2 macrophages (Keegan et al., 2021).
IL-7 is an essential cytokine for the development of the immune system by stimulating the lymphoid
progenitors and lymphoid tissue. It is produced mainly by non-hematopoietic cells such as bone marrow
stroma cells, thymus epithelial cells, liver and gut cells. IL-7 promotes the homeostasis of T, B,
and NK cells. In contrast to [L-2, IL-7 supports T-cell survival without inducing AICD (D. Chen et al.,
2021). The IL-4 and IL-7 receptors contain the yc and their corresponding subunits, IL-4Ra or IL-7Ra.
The signaling pathways activated by IL-4 and IL-7 are PI3K/Akt, MAPK, and IL-4 activates STAT-6
and IL-7 STAT-5 (J. X. Lin & Leonard, 2018). Therefore, both IL-4 and IL-7 strongly support
the proliferation and survival of T cells. This includes the elevation of anti-apoptotic proteins of the Bcl-
2 family, such as Bcl-2, Bcl-XL, and Mcl-1, together with the downregulation of pro-apoptotic proteins
BAX and BAD (Aronica et al., 2000; D. Chen et al., 2021; Keegan et al., 2021; J. X. Lin & Leonard,
2018; Vella et al., 1997).

IL-21 is produced mainly by T cells and NKT cells. IL-21 receptor consists of the y. and IL-21Ra, which
signals via PI3K/Akt, MAPK, and STAT3 (J. X. Lin & Leonard, 2018). STAT3 is crucial to maintaining
memory T cells (Siegel et al., 2011). IL-21 has pleiotropic functions on T and B cells, monocytes, DCs,
and macrophages. In T cells, IL-21 stimulates cytotoxicity, proliferation, anti-tumor activity, Thl7
and follicular helper T-cell (Trn) differentiation, and importantly, prevents the terminal differentiation
of T cells (Hinrichs et al., 2008; Leonard et al., 2016; Moroz et al., 2004; Santegoets et al., 2013; Singh
etal., 2011). Regarding differentiation programs, I[L-21 acts as an IL-2 antagonist (Hinrichs et al., 2008).
This also corresponds to T-cell metabolism; IL-21 supports oxidative phosphorylation
and mitochondrial biogenesis, while IL-2 stimulates glycolysis (Loschinski et al., 2018). Another
important note is that IL-2 supports Treg expansion, while IL-21 inhibits it (Attridge et al., 2012; Peluso
et al., 2007).

It has been described that IL-21 is synergistic with IL-7, IL-15, and IL-18 (Du et al., 2021; Lamers et al.,
2014; S. Liu et al., 2007; Pouw et al., 2010; Strengell et al., 2003; Zeng et al., 2005). Li et al. have shown
that IL-21 and IL-7 together further enhanced the expansion of T cells, production of Thl
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and inflammatory cytokines, cytotoxic and anti-tumor functions of CD8" T cells, and increased
the expression of IL-7Ra (Du et al., 2021; S. Liu et al., 2007; Zeng et al., 2005). The combination of IL-
21 and IL-15 supported the proliferation of CD8" T cells, early-memory phenotype maintenance,
and effector functions such as cytotoxicity, IFN-y production, and anti-tumor effect (Du et al., 2021;
Lamers et al., 2014; Pouw et al., 2010; Zeng et al., 2005). IL-21 and IL-18 enhanced IFN production,
albeit to a lower extent than with IL-15 (Strengell et al., 2003). Finally, IL-21 and IL-2 do not have
a synergistic effect, as they act antagonistically (Du et al., 2021; Hinrichs et al., 2008; Singh et al., 2011;
Zeng et al., 2005).

Other approaches to achieve a high percentage of memory phenotype CAR T cells can vary.
For example, low IL-2 concentrations and shorter cultivation stimulated the retention of the Tscm-like
cells, while high concentrations caused the opposite differentiation (Kaartinen et al., 2017). Next,
Sabatino et al. developed a protocol for generating CAR T cells with Tscm phenotype based on cytokines
IL-7 + IL-21 with glycogen synthase-33 (GSK-3B) inhibitor TWS119 (Sabatino et al., 2016).
The inhibition of GSK-3f activates the WNT/B-catenin pathway, which is crucial for maintaining
stemness. It was also shown to prevent T-cell differentiation from memory into the effector phenotype
(Gattinoni et al., 2009). These Tscm anti-CD19 CAR T cells exhibited enhanced anti-tumor effects
in xenograft ALL models to standard CAR T cells cultivated in IL-2 with Tem (Sabatino et al., 2016).
Another way of successfully increasing the Tscm percentage in CAR T-cell products was by PI3K
inhibitors (Funk et al., 2022; Perkins et al., 2015). The underlying reasoning was that the T cells were
shown to divide asymmetrically, and the one with more PI3K/mTOR signaling differentiated

into effectors and vice versa (W. H. W. Lin et al., 2015; Nish et al., 2017).

Currently, IL-7 + IL-15 is one of the most used combinations of cytokines for CAR T-cell cultivation.
This combination strongly supports T-cell expansion, survival, and retention of the Tscm/cm phenotype
(Cieri et al., 2013; Gargett & Brown, 2015; Kaneko et al., 2009; Xu et al., 2014). The IL-15 receptor
comprises the low-affinity heterodimeric IL-2R (yc and IL-2R) and IL-15Ra subunit. The high-affinity
non-signaling IL-15Ra chain is expressed mainly on monocytes and DCs, which trans-presents IL-15
to IL-15R-bearing cells. Its signaling is mediated via PI3K/Akt, MAPK, and STATS. IL-15 serves
for NK-cell development, maintenance, and proliferation; in T cells, it stimulates proliferation and CD8"
memory development and opposes Th17 differentiation (J. X. Lin & Leonard, 2018). The difference
in signaling between IL-2 and IL-15 is that IL-2 binds the preformed high-affinity receptors, and when
binding IL-2, there is closer interaction between the subunits. Also, IL-15 signaling is mainly mediated
in the context of trans-presenting by APCs (Waldmann, 2006). IL-15 signaling triggers the production
of anti-apoptotic proteins of the Bcl-2 family (Shenoy et al., 2014). In a study by Alizadeh et al., IL-15
alone preserved the Tscm phenotype in CAR T cells by reducing mTORCI activity, similar to the PI3K
inhibitors. Interestingly, the addition of IL-7 or [L-21 reduced this effect (Alizadeh et al., 2019).

123



Strategies to improve the memory phenotype composition of CAR T-cell products are primarily based
on the cytokine composition during the cultivation. Another approach is manufacturing the CAR T cells

directly from the preselected memory T-cell subsets (Meyran et al., 2021).

5.2.Secretory IL-21 for augmenting CAR T-cell functions

The previous chapter discussed the cytokine composition used in CAR T-cell manufacturing. Ideally,
the result would be invincible CAR T cells that eliminate all tumor cells without causing severe adverse
reactions, which would persist in vivo to prevent potential relapses. However, after the CAR T-cell
administration, in vivo, there can be alack of stimulatory cytokines and costimulatory signals,
and the presence of inhibitory ones may result in CAR T-cell dysfunction and therapy failure. The 4™-
generation CAR-T cells are engineered to tackle these problems, as described in the introductory chapter
1.3.4. Here, the focus is on IL-21-armed CAR T cells and their potential against a CAR-resistant
malignancy like chronic lymphocytic leukemia (CLL).

Based on our previous research (Ptackova et al., 2018), we have further investigated the effect of IL-21
on the model CAR19 T cells during co-culture with their target cells. Subsequently, we constructed
an inducibly IL-21-producing CAR (i.e., TRUCK) and tested it in various contexts (Stach et al., 2020).
As described before, IL-21 promotes T-cell proliferation and the retention of early memory phenotype.
Initially, we showed that our cultivation method using IL-4 + IL-7 + IL-21 resulted in the majority
of CD62L'CD27'CD28"CD95™ population, termed Tscwm-like, contrary to using IL-2, where these were
only in the minority (i.e., “effector-like”). By using a simple in vitro co-culture model with Burkitt
lymphoma cell line Ramos, we compared CAR T cells manufactured this way, either without adding
exogenous cytokines or with adding either IL-2 or IL-21. CAR T cells grown in IL-4 + IL-7 + IL-21
survived and expanded more, even without exogenous cytokines. However, the addition of IL-21 caused
much higher CAR T-cell expansion and retainment of the Tscm-like phenotype and much lower
expression of PD-1 in CD8" CAR T cells than the addition of IL-2 to cells initially expanded with IL-2.
Next, we looked at the phenotype of CAR T cells cultivated in IL-4 + IL-7 + IL-21 or IL-2 (i.e., were
Tscm-like or effector-like) after co-culture with Ramos cells and with either IL-2 or IL-21 added.
The addition of IL-2 caused differentiation into effector phenotype in both groups, while IL-21 caused
upregulation of the memory markers in both groups. Therefore, IL-2 differentiated Tscum-like cells into
effectors, and IL-21 reinvigorated effectors into the early memory phenotype. We have thus confirmed
the opposing effect of these cytokines. These experiments were repeated with solid tumor antigen
(PSMA) CART cells with similar results. We have also shown that IL-21 inhibited apoptosis
of CAR T cells during a multiple-day co-culture.

This data persuaded us to construct CAR19 with IL-21 under an inducible NFAT promotor that activates
expression after T-cell activation. These CAR19 NFAT-IL21 T cells could benefit from IL-21 after

recognizing their target. First, we successfully tested the inducible IL-21 expression. Second,
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the functional test in repeated antigenic re-stimulation with Ramos cells proved enhanced proliferation
and retainment of the Tscm-like phenotype in CAR19 NFAT-IL21 T cells. Furthermore, even after three
rounds of re-stimulation, these CAR19 NFAT-IL21 T cells were still found functional by degranulation
assay. Furthermore, in a Ramos cell-induced tumor mouse model, CAR19 NFAT-IL21 T cells infiltrated

tumors and reduced the tumor weight more than CAR19-control cells.

Finally, we tested these IL-21-armed CAR T cells on an in vitro model of a CAR T-cell-resistant
malignancy, CLL. The average complete response (CR) rate of CAR19 treatment of CLL is only about
30% (Todorovic et al., 2022). It has been described that the CLL cells cause T-cell dysfunction
via extracellular vesicles (Cox et al., 2021). Analysis of T cells from CLL patients revealed that they
have impaired metabolism in terms of reduced glucose uptake and mitochondrial fitness (Van Bruggen
et al., 2019). In addition, they have hampered synapse formation (Ramsay et al., 2012). Moreover,
the chronic antigenic stimulation results in an exhausted phenotype of T cells accompanied by high
expression of inhibitory receptors (Vlachonikola et al., 2021). Thus, we have hypothesized that
autologous secretion of IL-21 could overcome this inhibition. We developed a physiological in vitro
model of CLL by cultivating the primary CLL cells within the bone marrow fragments they infiltrated.
In this model, we co-cultured CLL cells with GFP-labeled regular CAR19 and CAR19 NFAT-IL21
T cells via plasmid co-electroporation. This way, we could observe the CAR T-cell infiltration into
the bone marrow fragments, which IL-21 enhanced. After 10 days, at the end of the co-culture, we
measured the percentage of GFP* cells and their immunophenotype. The CAR19 NFAT-IL21 T cells
expanded significantly more than regular CAR19, and IL-21 helped maintain the Tscm-like phenotype.
Then, we tested the functionality of these CAR T cells after the co-culture with CLL cells
by degranulation assay, and interestingly, CAR19 cells did not degranulate. In contrast, the CAR19
NFAT-IL21 T cells degranulated and killed Ramos cells. Moreover, the CAR19 cells did not produce
IFN-y, while in CAR19 NFAT-IL21 T cells, the IFN-y production remained unaffected. Interestingly,
the CAR19 T cells did not express inhibitory receptors PD-1, TIM-3, or LAG-3, or the senescent marker
CD57, which suggests a dysfunction in metabolism or in synapse formation. Overall, we demonstrated
that the production of IL-21 by CAR T cells helped overcome the inhibitive mechanisms of CLL

in vitro.

Other groups have published similar effects of IL-21 on T cells. First, Markley and Sadelain developed
CD19-specific CAR T cells constitutively expressing either IL-2, IL-7, IL-15, or IL-21 and tested them
on eradicating systemic B-cell tumors in mice (Markley & Sadelain, 2010). Expression of each cytokine
increased CAR efficacy but on a different level. CAR T cells producing IL-2 and IL-15 exerted
the highest effector functions in vitro, although IL-7 and IL-21 outclassed them in vivo by providing
the longest tumor-free survival. By repeated antigenic stimulation in vitro, the most expanding
CAR T cells were those producing IL-7, albeit they did not sustain this persistence in vivo. CAR T cells

secreting IL-15 or IL-21 could be detected in the spleen of tumor-free mice even up to 100+ days post-
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infusion (Markley & Sadelain, 2010). Batra et al. studied the effect of secretory IL-15, IL-21, or both
on CAR T cells in a solid tumor HCC model (Batra et al., 2020). They reported that in vivo,
the combination of IL-15 + IL-21 exhibited the highest efficacy in anti-tumor effect, expansion,
and persistence compared to either cytokine expressed alone. A recent study on IL-21-secreting CAR-
iNKT cells reported that IL-21 promoted the memory phenotype of the CAR-iNKT cells, their
persistence in solid tumor-bearing mice model, and overall anti-tumor activity (Y. Liu et al., 2024).
In another recent study, the authors first evaluated the exogenous addition of IL-21 on TCR T cells
in vitro and in vivo for the treatment of HCC (Zhu et al., 2024). As expected, IL-21 increased T-cell
expansion, the percentage of memory phenotype, and downregulated PD-1. Further, they engineered
a novel mutant constitutively active IL-21 receptor, which promotes STAT3 signaling without binding
an exogenous ligand. This receptor is a homodimer of two IL-21Ra chains connected with a disulfide
bond in the transmembrane domain. To allow detection, the extracellular domains were swapped
for those of CD34. TCR T cells with this novel receptor exhibited similar superior functions as with
exogenous IL-21 in vitro after three rounds of co-culture with tumor cells and in vivo in a mouse model.
Moreover, the engineered IL-21 receptor mitigated TCR T apoptosis and exhaustion and stimulated

memory phenotype maintenance after repeated stimulations (Zhu et al., 2024).

Altogether, multiple groups have published very similar results to ours on augmenting the anti-tumor
effects and promoting the memory phenotype of T-cell-based therapies by IL-21. With its unique
properties on T cells, IL-21 seems severely underappreciated in the current CAR T-cell manufacturing
protocols. Thus, this approach seems promising in developing products against resistant diseases

and potentially solid tumors.

5.3. Non-viral vector platform to meet regulatory requirements for CAR T-cell

production
Chapter 1.4.2 described vectors for genetic alteration of T cells. Currently, the most widely used vectors
for manufacturing clinical-grade CAR T cells are based on RV/LV transduction, which is an efficient
and reliable technology (Cappell & Kochenderfer, 2023). However, developing novel and experimental
constructs with GMP certification and their subsequent approval takes a substantial amount of time (1-
3 years) and represents astronomically high expenditures. Moreover, it requires a biosafety level 2
facility (Morgan & Boyerinas, 2016; Poorebrahim et al., 2019). Aside from that, point-of-care CAR T-
cell production in local medical facilities could immensely improve the accessibility of this treatment.
Therefore, there is a need for an easily-approvable and more economical way of genetically modifying

T cells.

Transposon vectors represent only nucleic acids and, thus, do not require special biosafety,
and the generation of new constructs is quick and inexpensive. However, they are considered less

efficacious to RV/LV vectors due to lower transduction rate and high initial cell mortality
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due to electroporation. Additionally, there is a risk of genotoxicity by a more random integration

pattern, and the amount of introduced transgene could be high (Balke-Want et al., 2023).

In our previous work (Ptackova et al., 2018), we have shown that producing CAR T cells with
a piggyBac transposon via electroporation of plasmids is feasible. Later, in 2021, the Czech regulatory
agency SUKL approved this protocol for the GMP-certified manufacture of CARI19-T cells
and a phase I clinical trial (NCT05054257). In our following study (Kastankova et al., 2021), we have
further updated this system tomake it completely plasmid- and bacteria-free, making it easier
for the regulatory agency to approve its use in clinics. Our method is based on the electroporation
of CAR-encoding linear DNA transposon and mRNA encoding the piggyBac transposase. The transient
mRNA expression circumvents even a slight chance of transposase-carrying plasmid integration.
The linear transposon DNA was prepared commercially via preparative PCR by LinearX, USA.

The mRNA was prepared by in vitro transcription using a linearized plasmid as a template.

One of the main requests by regulatory agencies regarding CAR T-cell product quality is a low vector
copy number (VCN). Currently, most agencies in the EU require a VCN below 5. Using our regular
protocol of 4 ug of CAR plasmid and 2 ug of transposase plasmid, the average VCN was about 23.
To reduce the VCN, we titrated the amount of linear DNA per electroporation and assessed the VCN
by digital droplet PCR (ddPCR). We aimed to introduce VCN between 1 and 3, which would stay safely
below the upper maximal limit of 5 copies per cell. We have found that this “transposon dilution”
method works with both linear DNA/mRNA and plasmid/plasmid settings. The optimal concentration
was 0.3 pg DNA per electroporation reaction while still obtaining over 60% CAR" T cells at day
21 post-electroporation. We have also shown that the VCN is stable during the in vitro cultivation. Next,
we compared the functionality, i.e., cytotoxicity and IFN-y production, and differentiation phenotype
of the CAR T cells produced by linear DNA/mRNA and those produced by the classical
plasmid/plasmid method. We have found them both functional and with Tscm-like phenotype,
corresponding to the cytokines used, without any significant differences. Therefore, we present our

protocol as a feasible, easily-approvable alternative to other vectors in CAR T-cell manufacturing.

Bishop et al. shared our goal of removing the bacterial element from piggyBac vector manufacturing
(Bishop et al., 2020). As the transposon vector, they enzymatically synthesized linear covalently closed
DNA termed “doggybone”. After optimizing the flanking regions, this approach allowed the successful
transposition of the CAR gene (Bishop et al., 2020). This illustrates that abiotically produced vectors
can reduce costs and facilitate approval. Minicircle DNA is another possibility of a transposon vector
form containing no bacterial elements. It is created from a plasmid by recombination and works similarly

with a transposase such as SB (Prommersberger et al., 2021, 2022).

Currently, there are many clinical trials on CAR T cells produced by transposon vectors of both

piggyBac (Costello et al., 2021; Nishio et al., 2021; Slovin et al., 2022; Y. Zhang, Zhang, et al., 2021)
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and Sleeping Beauty systems (T. Chan et al., 2020; Kebriaei et al.,, 2016; Magnani et al., 2020;
Prommersberger et al., 2021; Sallman et al., 2021; Singh et al., 2022). Therefore, this technology

is being accepted as a viable alternative to RV/LV vectors.

In one clinical trial with allogeneic donor-derived anti-CD19 CAR T cells produced by piggyBac
(ACTRN12617001579381), the CAR T-cell product developed into a malignant lymphoma
in 2 patients. The malignant CAR T cells had a high transgene copy number (>20 copies/cell), although
the number was similar in non-malignant CAR T cells and with no known oncogenic insertions.
However, changes were found in genomic copy numbers and insertion-unrelated point mutations.
Additionally, due to transgenic promotor-driven readthroughs, CAR-adjacent genes were
overexpressed. The malignant CAR T cells did not expand in vitro after CD19 antigenic stimulation,
indicating that the malignant transformation was CAR-signaling independent. The authors suggest
it was a multifactorial process with no unveiled mechanism (Micklethwaite et al., 2021). Even
as a solitary incident, it raises a precedent in the safety question. Moving forward, there will probably
be a call for more stringent quality control of CAR T-cell production, which may include mapping

of integration sites.

5.4. Characterization of the CAR T cells of tisa-cel-treated patients

Chapter 1.7 describes commercially approved CAR T-cell products. Tisagenlecleucel (tisa-cel,
Kymriah® by Novartis) has been used in the Czech Republic since 2019 as the first commercially
available CAR T-cell product. It is an anti-CD19 CAR T-cell product approved for treating r/r DLBCL
and B-ALL. The product is autologous and is manufactured from intensively pretreated patients’ cells.
Chemotherapy, particularly bendamustine, negatively affects the quality of T cells (Iacoboni et al.,
2024). For an expensive therapy like CAR T cells, there is a desperate search for traits correlating
with the response. Knowing the parameters predicting the treatment outcome could better stratify
the patients into those likely to respond to standard CAR T cells and those eligible for alternative
treatment, such as next-generation CAR T cells. In our study, we have tried to find a connection between
the differentiation phenotype of the (CAR) T cells and the treatment outcome. The early-memory
phenotype was shown to be beneficial for successful CAR T-cell treatment (Gattinoni et al., 2005;
Klebanoff et al., 2005; Xu et al., 2014). Additionally, we monitored the CAR T-cell expansion kinetics
(Sarikonda et al., 2021).

There are two types of CAR T-cell treatment failure. The first is an early failure when the administered
CAR T cells do not cause even a partial response (PR), and the disease continues progressing, so-called
non-responders (NR). The second is a late relapse, which occurs after an initial response and a period

of remission. It is either caused by an escape variant of the tumor or by the extinction of CAR T cells.

Our study followed 32 patients treated with tisa-cel for either B-ALL, DLBCL, or pediatric B-ALL

(Stach et al., 2023). We used multiparametric flow cytometry to assess the differentiation phenotype
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and the percentage of CAR T cells in a set of patient samples. Following the manufacturing protocol,
the first was the starting material, apheresis. Next was the CAR T-cell product obtained
by washing out the discarded effusion bag after the product administration. Finally, samples
of peripheral blood (or bone marrow) were measured at three time points post-infusion: an early time
point (day 2-4), a point of predicted peak CAR T-cell expansion (day 10-14), and a late time point
(day 30+). Then, we compared the results of the patients based on their response state at 3 months post-

infusion — complete response (CR), PR, and NR (evaluated by PET/CT scan).

The T-cell phenotype analysis of apheretic material revealed an elevated percentage
of the CD8"'CD45RA*CD27" in the CR group to the NR. This population corresponds to a non-naive
resting memory population with a high proliferative capacity, which obtains effector functions after
antigen re-exposure (Fraietta et al., 2018; Lécuroux et al., 2009). This is in agreement
with the hypothesis that these memory-like phenotype cells hold greater anti-tumor ability. This
population was similarly described in another CAR T-cell study on CLL patients (Fraietta et al., 2018).
The T cells of patients were generally lower percent in the Tscum-like compartment than those of healthy
donors, corresponding to the effect of disease and chemotherapies. The CAR T-cell product analysis
first showed a variable percentage of CAR"' cells (10-40%) and mostly CD4" CART cells.
Phenotypically, most represented Tcm and Tem cells, with only a few Tscm cells and mostly CD27
negative cells. This more effector-like phenotype could be attributed to IL-2 during cultivation.

However, no major significant differences were found between the CR and NR groups.

Next, the in vivo CAR T-cell expansion kinetics showed the peak expansions at the second time point.
The most evident difference between the CR and NR groups was the fold expansion between the first
two time points. In the peripheral blood of responders, the CAR T cells expanded up to 150-fold, while
there was little to no observable expansion in NRs. This might be a useful tool for clinicians to predict
treatment outcomes. The differences in immunophenotype were found at the second time point; the CR
group had more Tem and PD1-TIGIT—- CAR T cells in peripheral blood. Again, this supports the early-
memory phenotype hypothesis. We received a bone marrow sample in several cases. Compared
to the corresponding peripheral blood samples, there was a much higher percentage of CAR T cells
in the bone marrow in a couple of cases. This might explain some responders' very low observable
peripheral blood expansion when most CAR T-cell expansion occurs at the tumor site. Unfortunately,
obtaining such samples, apart from some exceptions, is not possible. The immunophenotype comparison

showed only minor differences.

Another highly important parameter affecting the response is the disease's attributes. The NR group had

mostly primary-refractory aggressive B-cell lymphomas and large tumor burdens.

To summarize, we did not observe a correlation between the product's immunophenotype and treatment

outcome. Our data suggested that responders to the CAR T-cell therapy had a higher percentage
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of the early-memory T cells in the apheresis. The measurable expansion of CAR T cells in peripheral

blood correlated with the response rate and could be an important prognostic factor.

Many other groups have researched the factors contributing to the CAR T-cell response rate,
which includes the parameters of expansion, effector functions, persistence, and length of the anti-tumor
effect. In a preclinical in vitro and in vivo setting, experiments with anti-CD19 CAR T cells made
from sorted CD4" or CD8" memory subsets. They revealed that the cytokine-producing ability,
expansion, and anti-tumor ability were highest in the Tx then Tcm-derived CAR T cells and lowest
in the Tpm-derived ones, both for CD4" and CD8" cells. Moreover, the CD4" and CD8" CAR T cells
showed synergistic activity (Sommermeyer et al., 2015). Fraietta et al. unveiled some of the response
determinants for CAR T-cell therapy of CLL. The memory-like phenotype of T cells in the starting
material and the CAR T-cell product correlated with a favorable therapeutic response. And vice versa,
non-responding patients’ CAR T cells upregulated genes linked with effector phenotype, exhaustion,
glycolytic metabolism, and pro-apoptotic pathways (Fraietta et al., 2018). A study by Finney et al.,
similar to ours, reported attenuated CAR T-cell expansion and effector functions in the initial non-
responding patients. In contrast, the CAR T-cell products of all patients were phenotypically
and functionally comparable. Additionally, they reported an increased percentage of the LAG-3"TNFa/°
population in the aphereses of non-responders and increased expression of exhaustion markers
after CAR T-cell administration (O. C. Finney et al., 2019). In a solid tumor setting, Klaver et al.
described that the patients that had more CD8" Ty cells in the apheresis and CD8" central effectors
(CD45RACD45RO"CD27/CD28") in the product exhibited higher fold of in vivo CAR T-cell
expansion (Klaver et al., 2016). In a clinical trial with CAR T cells against glioblastoma, a link was
found between the percentage of CD4" and Tcwm cells in the product and the prolonged duration
of CAR T-cell persistence (Louis et al., 2011). Clinical trials with TILs likewise connected
responsiveness and either early-memory parameters like longer telomere length and CD8"CD27"
percentage (Rosenberg et al., 2011) or CD8" stem-like CD39°CD69~ phenotype in the infused cells
(Krishna et al., 2020). Detailed analysis done by Wang et al. showed that a higher population of CD8"
Tscm-like cells in the premanufacture material was key to establishing a durable anti-tumor response
in DLBCL patients treated by anti-CD19 CAR T cells (Y. Wang et al., 2023). They also suggested that
the variability of clinical outcomes reflected the heterogeneity of the starting material, which was similar

to what we observed.

On a side note, as of 2024, tisa-cel has been mostly outclassed by axi-cel due to better treatment

outcomes despite higher associated toxicities (Bachy et al., 2022; Gagelmann et al., 2024).

All of the mentioned studies, including ours, underline the importance of the early-memory T-cell
phenotype for successful CAR T-cell treatment. Unfortunately, the outlooks of patients not responding

to CAR T-cell treatment or relapsing at a later time point are dismal. At this point, the only available
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therapy is purely experimental (Negishi et al., 2023). In the case of a target-antigen-negative relapse,
there is the possibility of administering CAR T cells specific to another antigen (e.g., CD20 or CD22
ina CDI19-negative relapse). However, this would require a pre-prepared second product,
as the manufacturing process is lengthy and the patients face a time constraint. The second
administration of the same CAR T-cell product is often not particularly effective (Gauthier et al., 2021),
as we have seen in the case of four patients, where it prolonged the remission of one patient by a year
(Stach et al., 2023). Other salvage therapies include lenalidomide, bispecific antibodies, checkpoint
inhibitors, molecular target drugs, chemotherapy, immunochemotherapy, or radiotherapy, all
with discouraging results (Negishi et al., 2023). Another option could be manufacturing a 4"- or next-
generation CAR T from the same apheresis. Additionally, one of the possible solutions to promote
CAR T-cell efficacy by preventing T-cell deterioration by chemotherapy would be acquiring
the apheresis at the time of diagnosis before starting traditional treatment. Nonetheless, even a CAR T-
cell treatment leading only to a temporary remission can be successfully used as a bridging therapy

before a curative HSCT (X. Y. Cao et al., 2023; Qiu et al., 2023).
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6. CONCLUSION

This thesis is based on four publications that reflect the CAR T-cell manufacturing pipeline, from vector
design to optimizing the cytokine composition during cultivation and testing a 4"-generation construct
or in vivo CAR T-cell monitoring in real-world usage. While the topic mainly focuses on applied

research, it delved into the basic biology of cytokine functions and T-cell memory subset characteristics.

First, the protocol of CAR T-cell manufacturing based on electroporating piggyBac vector
and cultivating the cells in the presence of cytokines IL-4 + IL-7 + IL-21 showed the potential of a non-
viral vector and the feasible production of adequate numbers of CAR T cells with superior early-

memory Tscm-like phenotype.

Second, the positive effect of IL-21 on CAR T-cell differentiation, expansion, and effector functions
was thoroughly tested. CAR T cells engineered to produce IL-21 inducibly were shown to be
functionally superior to regular ones and could present a solution to treating CAR-resistant diseases like

B-CLL.

Third, the piggyBac transposon vector for CAR T-cell production was tested as enzymatically produced
linear DNA and mRNA. The CAR T cells were functionally comparable to those produced using
plasmids. Moreover, the vector copy number per cell was optimized by lowering the amount of DNA

used. This bacteria- and plasmid-free method makes regulatory agency approval easier.

Fourth, the samples of pre-manufacture material, the CAR T-cell product tisagenlecleucel, and patients’
samples after CAR T-cell administration were characterized by multiparameter flow cytometry.
The absence of significant CAR T-cell expansion characterized the non-responding patients. Moreover,

the non-responders had a lower percentage of early-memory phenotype in their apheresis.

In conclusion, this thesis presents the data on which a CAR T-cell manufacturing protocol of an ongoing
phase I clinical trial with CD19-specific CAR T cells (NCT05054257) is based. This shows the great

importance of this research, which is affecting patients' lives today and in the future.
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