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Immunotherapy including chimeric antigen receptor (CAR)
T cell therapy has revolutionized modern cancer therapy and
has achieved remarkable remission and survival rates for several
malignancies with historically dismal outcomes. The hinge of
the CAR connects the antigen binding to the transmembrane
domain and can be exploited to confer features to CAR T cells
including additional stimulation, targeted elimination or detec-
tion and enrichment of the genetically modified cells. For
establishing a novel hinge derived from human CD34, we sys-
tematically tested CD34 fragments of different lengths, all con-
taining the binding site of the QBend-10 monoclonal antibody,
in a FMC63-based CD19 CAR lentiviral construct. A final
construct of 99aminoacids calledC6proved tobe the best candi-
date forflowcytometry-baseddetectionofCARTcells and>95%
enrichment of genetically modified T cells on MACS columns.
The C6 hinge was functionally indistinguishable from the
commonly used CD8a hinge in vitro as well as in in vivo exper-
iments in NSG mice. We also showed that the C6 hinge can be
used for a variety of different CARs andmediates high killing ef-
ficacy without unspecific activation by target antigen-negative
cells, thus making C6 ideally suited as a universal hinge for
CARs for clinical applications.

INTRODUCTION
Chimeric antigen receptors (CARs) are part of a novel immunother-
apeutic approach potentially suitable for a wide range of malig-
nancies.1,2 In CAR constructs, the single-chain variable fragment
(scFv) of a monoclonal antibody (mAb) is linked with a hinge to a
transmembrane region and at least one intracellular T cell activation
motif, thereby combining antigen recognition and T cell activation in
a single molecule.1,2 Consequently, autologous T cells equipped with a
CAR construct can detect and eliminate the target antigen-expressing
tumor cells in a major histocompatibility complex-independent
fashion.1,2 In the last decade, major clinical breakthroughs have
been achieved with CARs targeting CD19 and other antigens on
B cell lineage-derived leukemia and lymphoma cells, which led to
several CAR T cell therapies being approved in the United States
and Europe for hematological malignancies.1–3

In CAR constructs, not only the scFv and the cytoplasmic signaling
domains but also the hinge domain can greatly influence expres-
534 Molecular Therapy: Oncolytics Vol. 23 December 2021 ª 2021 The
This is an open access article under the CC BY-NC-ND license (http
sion, stability and flexibility of the CAR and can enhance expansion
as well as persistence of T cells.4–7 Moreover, its length and flexi-
bility are crucial for optimal recognition and binding to the antigen
epitope by the scFv. Longer hinges are needed for recognizing
target motifs, where the epitope is located proximal to the mem-
brane of target cells or embedded within heavily glycosylated struc-
tures; shorter hinges are preferred when the epitope is located distal
to the membrane and easily accessible.8–12 Importantly, the hinge
can also bind ligands itself. For example, constant heavy domains
from human immunoglobulin G (IgG) have been used as hinges
in CARs, but caused off-target toxicities due to binding to its nat-
ural receptors, FcgRI, FcgRII and FcgRIII, on immune cells, which
led to unspecific T cell activation, exhaustion and activation-
induced cell death, ultimately resulting in insufficient disease con-
trol in vivo in animals.11,13 Introducing mutations or truncations in
the FcgR binding domains can abrogate the off-target binding/acti-
vation and improved CAR function and efficacy.4,11,14 Of note, the
hinge in lisocabtagene maraleucel/JCAR017/Breyanzi, the US Food
and Drug Administration (FDA)-approved CAR T cell therapy of
Juno Therapeutics/Bristol Meyers Squibbs for CD19+ B cell lym-
phomas, harbors a 12-amino acid (aa) IgG4 hinge without the
CH2CH3 sequence,11,15 while the hinges in the other FDA-
approved CAR T cell products are derived from CD28 (Yescarta,
Tecartus) or from CD8a (Kymriah).16 The latter two antigens are
both naturally expressed on T cells and thus can be considered
safer for clinical use than the artificial expression of immunoglob-
ulin protein sequences on T cells.

The hinge in CARs can facilitate elimination of the genetically modi-
fied T cells in vivo by including epitopes that can be specifically tar-
geted, e.g., by administering mAbs such as rituximab17 or by using
CAR T cells that are redirected against the specific epitope in the
hinge.18 Other groups modified the hinge to include epitopes derived
fromCD34,17 NGFR19 or artificial sequences such as Strep-Taq II20 to
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Structure and amino acid sequence of

human CD34

(A) Human CD34 consists of a heavily O- and N-glyco-

sylated region followed by a six-cysteine rich domain with

three IgG-like domains and a cytoplasmic domain. The 16

aa QBend-10 epitope (#C1) is located close to the N

terminus and the newly derived hinges #C2–#C7 are

designed around this epitope. (B) Full amino acid

sequence of human CD34. The critical 16 aa stretch is

marked in red. Amino acid sequences of hinges #C2–#C7

are underlined in the corresponding color. (C) Overview of

the length and position within the CD34 molecule of

#C1–#C7.

www.moleculartherapy.org
enable enrichment as well as flow-cytometric detection of CAR
T cells. Flow cytometry, especially in research settings, is optimally
suited for determining the immunological phenotypes of CAR-ex-
pressing cells and also for comparing the expression patterns of
different CAR constructs on the transgenic immune effector cells.14,19

In clinical settings, these analyses are often much more laborious and
rely on qRT-PCR21,22 droplet digital PCR,23 RNA sequencing,24 posi-
tron emission topography,25 antibodies against the scFv26,27 linkers
between heavy and light chain,28 Fc-tagged antigens23,29 or the
expression of separate cell-surface marker genes co-expressed in the
CAR lentiviral constructs, e.g., truncated epidermal growth factor
receptor.15,30

When designing a new hinge for potential clinical purposes, we
considered the human CD34 adhesion molecule to be ideally suited
as candidate, as CD34 is of human origin and not expressed on
mature immune effector cells, including human T and natural killer
(NK) cells; also the natural ligands for CD34, CD62L, CD62E and
CD62P, are well known.31 GMP-grade immunomagnetic CD34
enrichment reagents (MACS; Miltenyi Biotec) are commercially
available and have been used for more than 15 years to enrich
CD34+ hematopoietic stem cells from different source materials
for human stem cell transplantation without the need to remove
the microbeads from the infused products.32,33 The aim of this
work was to systematically establish a human CD34-derived hinge
for CAR constructs, which facilitates to routinely enrich CAR
T cells to high purities and which functions well in a variety of
CAR constructs in vitro and in vivo comparably to a clinically
used human CD8-derived hinge.
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RESULTS
Vector, CAR and hinge design

The CD34MACS enrichment system fromMil-
tenyi Biotec is based on theCD34 antibody clone
QBend-10 recognizing a well-defined 16-aa
sequence, ELPTQGTFSNVSTNVS,34 which we
named C1 and that is located in a heavily O-
and N-glycosylated region of the protein (Fig-
ure 1A).We first designed six hinges of different
lengths by adding amino acid stretches from the
wild-type protein up- and/or downstream of the
QBend-10 recognition site in CD34, labeled as C2 (31 aa), C3 (49 aa),
C4 (59 aa), C5 (67 aa), C6 (99 aa) andC7 (179 aa), shown in Figures 1B
and 1C.

Expression and enrichment of CD34-hinged CARs in Jurkat cells

The CD34 fragments C2–C7 were cloned as hinges into our previ-
ously published CD19 CAR lentiviral vector, which co-expresses
the enhanced green fluorescent protein (EGFP) and a human codon
usage-optimized FMC63-based second-generation CAR construct
with the transmembrane and cytoplasmic region of human CD28
via a T2A site under the control of the MPSV promoter (Figure 2A).35

To test whether cells expressing CD34-hinged CARs can be detected
by antibody staining and can be enriched by CD34 microbeads, Ju-
rkat cells were transduced with the six lentiviral CD19 CAR con-
structs harboring C2–C7 as hinges. Flow-cytometric analysis of the
transduced Jurkat cells stained with the QBend-10 CD34-PE anti-
body revealed that EGFP expression for all six constructs strongly
correlated with the CAR expression levels (Figure 2B). Next, batches
of transduced Jurkat cells were incubated with CD34 microbeads and
subjected to one round of enrichment on MACS columns. Prior to
the enrichments, the transduction efficiencies for C2-, C3-, C4-,
and C5-hinged CARs were very similar (61.6% ± 2.7% to 68.7% ±

2.7%), while C6-hinged CARs showed the lowest, 50.7% ± 10.5%,
and C7-hinged onstructs the highest transduction efficiency of
78.4% ± 3.2% (Figure 2C; preMACS). For all hinges, the enrichment
with CD34 microbeads led to EGFP+ populations well above 90%,
with C4, C5 and C7 having the purest postMACS populations,
97.8%, 97.1%, and 98.8%, respectively (Figure 2C; postMACS). How-
ever, compared with the percentages of EGFP+ cells prior to MACS
rapy: Oncolytics Vol. 23 December 2021 535
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Figure 2. CD34-hinged CAR expression and enrichment

Jurkat or primary human T cells were lentivirally transduced with VSVG-pseudotyped vectors encoding EGFP in cis with DCD34-hinged CD19 CARs (vector depicted

schematically in A). (B) Three days after transduction, Jurkat cells were flow-cytometrically analyzed for CAR (via CD34-PE) and EGFP expression.DCD34-hinged CD19 CAR

(C) Jurkat or (D) primary human T cells were enriched via magnetic cell sorting using CD34microbeads, and the three fractions (preMACS, flowthrough, and postMACS) were

analyzed for EGFP expression by flow cytometry. In the overlay, preMACS is depicted as a blue line, the flowthrough as a green line, and postMACS as a red line.

Representative blots were used. Values indicate the percentages of CAR-positive cells and are shown as means ± SEM from at least three experiments.
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selection, the enrichments of C2–C5 hinged CARs were quite ineffi-
cient, as the majority of the CAR-expressing cells was lost in the
flowthrough (Figure 2C; flowthrough). Here, the C6 hinge proved
to be most efficient for selection purposes, as only 28.3% out of
536 Molecular Therapy: Oncolytics Vol. 23 December 2021
50.7% (55.8%) mostly low EGFP-expressing CAR cells were present
in the flowthrough of the columns and 92.0% transduced cells could
be eluted from the columns. Due to the high inefficiency for selection
on MACS columns, the C2-hinge construct was not further analyzed.
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Figure 3. Comparison of C6- and C7-hinged CD19

and R12 CARs with CH2CH3-hinged counterparts

Primary human T cells were lentivirally transduced with

VSVG-pseudotyped vectors encoding BFP in ciswith C6-

or C7-hinged orDCD34 in ciswith CH2CH3-hinged CD19

or R12 CARs (vectors depicted schematically in A). Three

days after transduction, the CAR T cells were enriched via

MACS and subsequently co-cultured with (B and D)

EGFP-expressing Mino or MOLM-14 cells at decreasing

effector-to-target cell ratios or (E) with various myeloid cell

lines at an effector-to-target cell ratio of 1:1. After 16 h, the

target cell lysis was assessed by flow cytometry and (C)

supernatants were harvested and analyzed for granzyme

B, IFN-g, GM-CSF, IL-2, TNF-a and IL-21 secretion via

the cytotoxic T and NK cell MACSPlex cytokine assay.

P values were calculated by two-way ANOVA (B, D,

and E) or one-way ANOVA (C) followed by Tukey’s or

Dunnett’s multiple comparison testing, respectively; as-

terisks indicate p values of <0.05; the p values of the lysis

curves are summarized in Table S1. Data are presented

as means ± SEM of at least three biological replicates.s
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Expression and enrichment of CD34-hinged CARs in primary

T cells

Next, primary human T cells were transduced with the C3–C7-hinged
CD19 CAR lentiviral constructs. Three days later, the T cells were har-
vested, stained with CD34 microbeads and subjected to enrichment
for CAR-expressing cells on MACS columns. Flow-cytometric anal-
ysis of the T cell cultures prior to selection demonstrated that the
transduction efficiencies ranged between 41.2% ± 6.2% for the C6
construct and 63.3% ± 11.3% for C4 (Figure 2D: preMACS). One
run over theMACS columns was sufficient to enrich the CAR-positive
T cells to high purities between 90.4% ± 8.6% for C7 and 99.4% ± 0.2%
forC4 (Figure 2D; postMACS). Similar to the experiments with Jurkat,
the use of the shorter hinges C3–C5 was associated with inefficient
enrichment of transduced cells, as the majority of CAR T cells was
Molecular The
lost in the flowthrough of the columns (Fig-
ure 2D; flowthrough). The C6 hinge with 99 aa
proved to be highly efficient to retain the major-
ity of CAR T cells on the MACS column, as only
11.7% out of 41.2% (28.4%) of T cells with low
expression of EGFP/CAR were detectable in
the flowthrough (Figure 2D). With respect to
the ability to retain the CAR T cells on the col-
umn, the C7 construct came in as the second
best with slightly lower purity (90.4%).

Killing efficacy and specificity of CD19

CARs with C6, C7, or CH2CH3 hinges

As the CH2CH3 fragments of human IgG1 or
IgG4 have been commonly used as hinges for
CARs,11,14 we next compared the cytotoxic effi-
cacy and specificity of CD19 CAR T cells with
the C6 or C7 hinges against a corresponding
CH2CH3-hinged CAR construct. To enable enrichment of the trans-
duced T cells on MACS columns in this set of experiments, we trans-
duced primary human T cells with vectors encoding blue fluorescent
protein (BFP) in cis with C6- or C7-hinged or the previously
described DCD34,35 which is truncated after the transmembrane
domain and thus lacks the signaling domains, in cis with CH2CH3-
hinged CD19 CARs (Figure 3A). The CAR T cells were enriched
via CD34 MACS to >90% and then co-cultured with the CD19+

ROR1+ mantle cell lymphoma (MCL) cell line Mino or the CD19�

ROR1� acute myeloid leukemia (AML) cell line MOLM-14 (Fig-
ure S1) for 16 h with subsequent cytotoxicity and cytokine secretion
measurements. We also included a CD123 CAR36 with the C6 hinge
in these experiments, which served as a negative control for Mino and
a positive control for MOLM-14 cells.
rapy: Oncolytics Vol. 23 December 2021 537
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All three CD19 CAR constructs showed comparable cytotoxicity
when expressed on T cells (Figure 3B) and also comparable secretion
of granzyme B, interferon-g (IFN-g), granulocyte macrophage col-
ony-stimulating factor (GM-CSF), tumor necrosis factor a (TNF-a)
and interleukin-2 (IL-2) against Mino cells (Figure 3C). Similarly,
T cells expressing the C6-, C7- and CH2CH3-hinged ROR1 CARs
based on the mAb clone R1237 equally efficaciously eliminated
Mino cells (Figure 3D). In contrast, when using a CAR construct
based on the ROR1 mAb clone R11, which targets a membrane-prox-
imal epitope,37 only the long CH2CH3 hinge mediated recognition
and killing of Mino cells (Figure S2A).

The CD19� and ROR1�MOLM-14 cell line was nonspecifically lysed
by C7- and CH2CH3-hinged CARs, including the R11-C7 CAR, but
not by C6-hinged CD19 or ROR1 CARs (Figures 3B and 3D; Fig-
ure S2A). Importantly, the off-target toxicity of C7- and CH2CH3-
hinged CARs was not restricted to MOLM-14 cells, but also occurred
when the R12-C7 (but not R12-C6) CAR T cells were incubated with
other ROR1� acute and chronic myeloid leukemia cell lines (Fig-
ure 3E). Consistent with the lysis data, CD19-C7 and CD19-
CH2CH3, but not CD19-C6 CAR T cells secreted granzyme B and
also low levels of IFN-g, GM-CSF, and TNF-a after co-culture with
MOLM-14 cells (Figure 3C). While the CH2CH3-mediated lysis of
MOLM-14 was presumably caused by the binding of the CH2CH3

hinge to Fc receptors on MOLM-14,14 the reason for C7-mediated
CAR T cell activation was unknown. Nevertheless, we were able to
exclude CD34 microbeads stuck to the C7 hinge as an inducer of
the off-target toxicity, as the unspecific activation of C7-hinged
CD19 CAR T cells also occurred when MOLM-14 cells were co-
cultured with non-enriched CAR T cells (Figure S2B).

CD34 glycosylation plays no role for the activation of C7-hinged

CARs by AML blasts

Post-translational modifications of the adhesion molecule CD34 and
its main ligand on leukocytes, L-selectin, are essential for homing of
leukocytes to several organ systems and occur by N-linked or
O-linked glycosylation of CD34.38,39 Importantly, for the adhesion
mediated by L-selectin, CD34 needs to carry sulfated sialyl Lexis
X (6-sulfo SLeX) epitopes on either core-1 or core-2 sugar struc-
tures.38 As N-linked glycans seem to play no major role for the
binding to L-selectin,39 we focused our efforts here on the 70 poten-
tial extracellular O-linked glycosylation sites present in CD34. Ac-
cording to the predictions from the NetOGlyc server (www.cbs.
dtu.dk), the attachment of a sugar molecule to the oxygen of serine
or threonine occurs at approximately 30 of these sites39 and as many
as fifteen are located in the fragment of human CD34 that is present
in C7 but not in C6.

Combining three separate O-glycosylation prediction algorithms,40,41

we mutated the three top hits (S109, T110, S123) in the R12 CAR C7
construct, either singly or in combination, to glutamine, giving rise to
seven altered C7 hinges (S109Q, T110Q, S123Q, S109Q + T110Q,
S109Q + S123Q, T110Q + S123Q, and S109Q + T110Q + S123Q).
When expressed on primary T cells, R12 CAR constructs with altered
538 Molecular Therapy: Oncolytics Vol. 23 December 2021
C7 hinges had transduction and MACS enrichment efficiencies com-
parable with those of their unaltered counterparts (data not shown).
When co-cultured with ROR1+Mino cells, the R12 CARs with altered
C7 hinges showed the same lytic capabilities as the original C7-hinged
CARs, demonstrating that the S/T > Q substitutions did not render
the CAR ineffective. However, when co-cultured with ROR1�

MOLM-14 cells, the cells were still nonspecifically eliminated by
ROR1 CARs with mutated C7 hinges, while the ROR1� Granta519
cells were not killed at all (Figure 4A).

To exclude that our prediction had missed a crucial O-glycosylation
site, we mutated all 15 serine and threonine residues in C7, which
were not present in C6, to glutamine. When introduced into the
R12 CAR construct, the C7 15xQ hinge showed the same transduc-
tion efficiency, MACS enrichment efficacy and purity of the eluted
fraction as the wild-type C7 hinge (data not shown). The lysis against
ROR1+ Mino cells was comparable to the lysis of C6- and C7-hinged
R12 CARs, hence the cytotoxic capabilities were not altered by the 15
S/T > Q substitutions (Figure 4B). However, the unspecific lysis
against ROR1� MOLM-14 cells still occurred, suggesting that the
binding of the C7 hinge to its unknown target structure was not
dependent on O-linked glycolysation of CD34. As the two MCL
cell lines express L-selectin and also showed weak staining with an
E-selectin mAb by flow cytometry and MOLM-14 cells analyzed in
parallel stained negative (Figure 4C), we can exclude that selectins
are the unknown structure(s) on MOLM-14 and other myeloid cells,
which bind the C7 hinge in our CAR constructs.

Comparison of C6-hinged CD19 and CD33 CARs with their CD8-

hinged counterparts

Some CAR constructs currently tested in clinical trials use a short
hinge derived from the human CD8a chain.2,42 We therefore
compared the killing efficacy and specificity of CD19 and CD33
CAR constructs with a C6 hinge to analogous constructs with a
CD8 hinge. To enable selection of the CD8-hinged constructs with
CD34 microbeads, primary human T cells were transduced with len-
tiviral vectors encoding BFP orDCD34 in ciswith C6- or CD8-hinged
CD19 or CD33 CARs (Figure 5A), enriched via CD34 microbeads on
MACS columns and then co-cultured with Mino, REH and MOLM-
14 cells for 16 h. Mino cells, which express CD19 but not CD33 (Fig-
ure S1), were eliminated by C6- and CD8-hinged CD19 CARs, but not
by CD33 CAR T cells (Figure 5B). Similarly, REH cells (CD19+

CD33�, Figure S1) were efficaciously killed by both CD19 CAR
T cells, however also experienced nonspecific toxicity of CD33-
CD8h CAR T cells from two out of four healthy donors. A similar on-
servation was not made with the corresponding C6-hinged CD33
CAR construct (Figure 5B). Finally, MOLM-14 cells, characterized
by the absence of CD19 and high CD33 expression (Figure S1),
were comparably lysed by both CD33 CARs but not by the CD19
CARs (Figure 5B).

When analyzing the culture supernatants, CD19 CAR T cells
only secreted granzyme B, IFN-g, GM-CSF, TNF-a and IL-2
when cultured with the CD19+ Mino and REH cells (Figure 5C).
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Figure 4. Unspecific lysis by C7-hinged ROR1 CARs

does not depend on O-glycosylation

Primary human T cells were lentivirally transduced with

VSVG-pseudotyped vectors encoding BFP in cis with

C6-, C7- or mutated C7-hinged ROR1 CARs (clone R12).

(A and B) Three days after transduction, the CAR T cells

were enriched via MACS and subsequently co-cultured

with EGFP-transduced Mino, Granta519 or MOLM-14

cells at decreasing effector-to-target cell ratios. After 16

h, the target cell lysis was assessed by flow cytometry. (C)

Mino, Granta519 and MOLM-14 cells were stained with

CD62L-PE, CD62E-PE-Vio770 and CD62P-APC and the

antigen expression profiles were assessed by flow cy-

tometry. P values were calculated by two-way ANOVA

followed by Tukey’s multiple comparison testing (A and B)

and are summarized in Table S1. Data in (A) and (B) are

presented as means ± SEM of at least three biological

replicates.
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Interestingly, although Mino induced higher levels of granzyme B,
IFN-g and GM-CSF, REH cells were more efficaciously killed.
Although the CD33-CD8h CAR T cells eliminated REH cells at lower
efficiencies (Figure 5B), this non-specific killing was not reflected in
the cytokine secretion profiles (Figure 5C). In line with the cytotoxicity
data, CD33 CAR T cells secreted, when co-cultured with MOLM-14
cells, granzyme B, IFN-g, GM-CSF and TNF-a. Interestingly only
minimal amounts of IL-2 were detected here, when compared with
the CD19CART cells co-culturedwithMino or REH cells (Figure 5C).
In summary, the C6 hinge proved to be as specific and efficacious as
the CD8-derived hinge in vitro.

The C6 hinge can be used for a wide variety of CARs

Subsequently, we tested the usability of the C6 hinge for several
CARs based on single scFvs against ROR1, CD5, CD19, CD33
and CD123. Primary human T cells were transduced with vectors
encoding BFP in cis with C6-hinged CARs (Figure 5A), enriched
via MACS, and co-cultured with Mino, JeKo-1, Granta519,
MOLM-14, REH or Jurkat cells (see Figure S1 for the CD19,
Molecular The
CD5, ROR1, CD33 and CD123 cell-surface an-
tigen expression profiles). When targeting
ROR1, CAR T cells only eliminated cells of
the ROR1+ cell lines Mino and JeKo-1. CD5
CAR T cells efficaciously eliminated Mino
and Jurkat cells and to a lesser extent JeKo-1
cells, which are only partially CD5+. CD19
CARs were effective in killing the CD19-ex-
pressing cell lines Mino, JeKo-1, Granta519
and REH, but not kill cells of the CD19� cell
lines MOLM-14 and Jurkat. CD33 CAR
T cells specifically eradicated MOLM-14 cells
and CD123 CAR T cells eliminated Granta519
and MOLM-14 cells (Figure 6). Thus, all tested
CARs were functional with our newly estab-
lished C6 hinge and the killing characteristics
of the various C6-hinged CAR T cells against
established hematopoietic cell lines strongly correlated with the an-
tigen expression levels of the target antigens.

C6- and CD8-hinged CAR constructs mediate equal leukemia

control in vivo

Finally, we explored the performance of the C6 hinge in xenotrans-
plantation studies in vivo. Therefore, 8- to 10-week-old female
NOD-SCID gamma (NSG) mice were xenografted with 3 � 106

CD19+ REH/ffluc-EGFP cells, expressing a fusion protein of human
codon-optimized firefly luciferase and EGFP.43 Seven days later, 3 �
106 primary human T cells expressing BFP/CD19-C6, DCD34/
CD19-CD8h, BFP/CD33-C6 orDCD34/CD33-CD8h constructs (Fig-
ure 5A) were intravenously injected after MACS enrichment without
any conditioning (Figure 7A). Mice were monitored for the persis-
tence and growth of REH/ffluc-EGFP cells at days 6, 14, 20, 28, and
38 via luminescence imaging and blood sample analysis (Figure 7).
Mice in the control group (Untreated) showed the characteristic clin-
ical presentation of a pre-B cell leukemia and had to be sacrificed be-
tween days 19 and 23 due to high disease burden (Figures 7A–7C).
rapy: Oncolytics Vol. 23 December 2021 539
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Figure 5. C6-hinged CD19 and CD33 CAR

constructs on T cells are as efficient as their CD8-

hinged counterparts in vitro

Primary human T cells were lentivirally transduced with

VSVG-pseudotyped vectors encoding BFP in ciswith C6-

hinged or DCD34 in cis with CD8-hinged CD19 or CD33

CARs (vectors depicted schematically in A). (B) Three

days after transduction, the CAR T cells were enriched via

MACS and subsequently co-cultured with EGFP-trans-

duced Mino, REH and MOLM-14 cells at decreasing

effector-to-target cell ratios. After 16 h, the target cell lysis

was assessed by flow cytometry and (C) supernatants

were harvested and analyzed for secretion of granzyme B,

IFN-g, GM-CSF, IL-2, TNF-a and IL-21 via the MACSPlex

cytokine assay. p values were calculated by two-way

ANOVA (B) or one-way ANOVA (C) followed by Tukey’s or

Dunnett’s multiple comparison testing, respectively; as-

terisks indicate a p value of <0.05, and p values of lysis

curves are summarized in Table S1. Data are presented

as means ± SEM of at least three biological replicates.
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Both CD33 CAR constructs (C6- or CD8-hinged) were not able to
control the leukemia growth, and all animals in these two groups
also had to be sacrificed between days 19 and 23, when the leukemia
burden reached critical levels (Figures 7A–7C). For these three animal
groups, we observed no CAR T cell persistence in the peripheral blood
or bone marrow at sacrifice by flow cytometry, but detected a steadily
increasing REH cell population in the blood (Figures 7D and 7E).

In contrast, mice that received CD19CART cells showed a significantly
prolonged survival and the persistence of REH/ffluc-EGFP cells was
markedly lower or even abolished, as shown via luminescence imaging
and blood sample analysis (Figures 7A–7D). Importantly, the CD19-C6
CAR construct proved, with the exception of one animal in which we
had problems during the CAR T cell injection, to be as efficient as the
CD8-hinged counterpart construct by days 14 and 20. At days 28 and
38, we noted a recurrence/persistence of low levels of ALL cells
in some NSG mice in CD19-C6 as well as CD19-CD8h animals
540 Molecular Therapy: Oncolytics Vol. 23 December 2021
(Figure 7A). For both CD19 CAR constructs, it
was possible todetect transducedT cells in thepe-
ripheral blood of animals by flow cytometry
when staining with CD3-PerCP-Vio700, CD45-
APC, and CD34-PE (QBend-10) antibodies. As
a reflection of the in vivo expansion of the
CD19 CAR T cells in reaction to the leukemia
cell burden, mice initially even showed around
12% CD19-C6 and 10% CD19-CD8h CAR
T cells in their peripheral blood, which decreased
to around 2%and0.5%, respectively, after 38days
(Figure 7E).

DISCUSSION
Compared with other immunotherapies, autol-
ogous CAR T cells have shown an unprece-
dented efficacy for relapsed and/or refractory liquid malignancies of
the B cell lineage.1 This level of efficacy has been achieved with rela-
tively simple overexpression strategies/vectors in simple treatment
protocols and by targeting tumor-associated antigens (TAAs), for
which the loss of the normal antigen-positive cells is clinically toler-
ated.1 However, the future goals for CAR therapies must include to
make these treatments more affordable and also effective for other
malignancies, including solid tumors, where antigen heterogeneity
and an immunosuppressive environment are major challenges.2 In
addition, using alternative allogeneic immune effector cells will
require increased safety measures to prevent adverse immunological
reactions, e.g., by inclusion of a suicide gene.44 Thus, developing CAR
therapies further will require more complex vector constructs with el-
ements that have specific functions. With our CD34-derived 99 aa
hinge C6, we have established an important hinge element for
CARs that is functionally indistinguishable from the commonly
used CD8a hinge, but additionally facilitates antibody-based



Figure 6. The C6 hinge can be used for a variety of

CARs against hematological malignancies

Primary human T cells were lentivirally transduced with

VSVG-pseudotyped vectors encoding BFP in ciswith C6-

hinged ROR1, CD5, CD19, CD33 or CD123 CARs. Three

days after transduction, the CAR T cells were enriched via

MACS and subsequently co-cultured with EGFP-ex-

pressing Mino, JeKo-1, Granta519, MOLM-14, REH or

Jurkat cells at decreasing effector-to-target cell ratios.

After 16 h, the target cell lysis was assessed by flow cy-

tometry. p values were calculated by two-way ANOVA

followed by Tukey’s multiple comparison testing and are

summarized in Table S1. Data are presented as means ±

SEM of at least three biological replicates.
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detection of CARs on transduced cells and microbead-mediated
enrichment of genetically modified CAR effector cells to high purity
under GMP conditions.

Characteristics of the hinge

The majority of clinically tested and approved CAR products harbor
hinges derived from CD8 or CD28,42 which are, depending on which
sequences are used, approximately 40–50 aa long.7,45 Often, the epi-
topes in TAAs recognized by scFVs are located membrane-distal or
are embedded within rather small antigen structures and therefore
the CAr constructs do not need longer hinges. For example, the
epitope for the high-affinity scFV of FMC63, the recognition unit
for the most commonly studied CD19 CAR so far, is located in a
membrane-distal area of CD19 and therefore readily accessible by
CAR constructs with short as well as long hinges.8,11 Still, certain
scFVs exist where the length of the hinge is critical for efficient recog-
nition of the TAA and killing of the target cells by CAR T cells. Hu-
decek et al.11 demonstrated that ROR1 CARs derived from mAb
clone R11, which binds an epitope of ROR1 in the Kringle domain
close the cell membrane,37 needs a full-length hinge (CH2CH3, 229
aa) to function properly. Reducing the hinge length to 119 or 12
aa completely abolishes the CAR-mediated cytotoxicity in vitro as
well as in vivo.11 These findings are in line with our data here, where
the C6 (99 aa) and C7 (179 aa) hinges in the R11 CAR construct were
insufficient to eliminate ROR1+ MCL cells with R11 CAR T cells
in vitro. In another study, Hudecek et al.10 reported that ROR1
Molecular The
CARs based on the mAbs 2A2 and R12 work
best with a short hinge of 12 aa, as the epitopes
of these two scFvs are located in the immuno-
globulin-like domain located near the NH2 ter-
minus of ROR1, distal from the membrane.37

In contrast, our R12 CAR T cells showed effi-
cient lysis of ROR1+ cells, irrespective of the
incorporated hinge (99, 179 and 229 aa). One
reason for these divergent results might be
that, due to the MACS enrichment of geneti-
cally modified T cells providing us cells with
high CAR expression levels, our CAR T cells
are more efficient killers, especially considering
that Hudecek et al. used effector-to-target cells ratios from 30:1 to
1:1, while ratios from 1:1 to 0.01:1 were sufficient in our cytotoxic as-
says. Two additional target antigen structures, where the hinge length
appears to be critical for existing CARs using scFvs against mem-
brane-proximal epitopes, are NCAM and the oncofetal antigen
5T4, both targetable with an IgG1-derived CH2CH3 long hinge.8

The glycosylation of the targeted antigen can be another factor where
epitopes embedded within heavily glycosylated regions of a protein
can only be targeted with long and flexible hinges. CARs against
MUC1, whose glycosylation is frequently dysregulated in malig-
nancies, also rely on the incorporation of a longer hinge derived
from IgD (103 aa) to be functional.12

Casucci et al.19 included surface sequences of the human low-affin-
ity p75 NGFR into CAR constructs as hinge and demonstrated that
NWL, the longest version (222 aa) with the complete extracellular
sequence of NGFR, was best suited for both staining of transduced
CAR T cells for flow-cytometric analysis and selection on MACS
columns, albeit with a rather low yield of %40%. However, the au-
thors did not compare the NGFR hinge with a standard hinge such
as CD8, thus the feasibility of their hinge for clinical purposes is still
unclear.

In contrast, we have shown here that our intermediate CD34 C6 hinge
(99 aa) is an excellent candidate for a wide range of scFvs, as C6-
hinged CAR constructs on CAR T cells show excellent efficacy against
rapy: Oncolytics Vol. 23 December 2021 541
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A Figure 7. C6-hinged CD19 CARs efficaciously

control ALL disease progression in vivo

Primary human T cells were lentivirally transduced with

VSVG-pseudotyped vectors encoding BFP in ciswith C6-

hinged or DCD34 in cis with CD8-hinged CD19 or CD33

CARs. NSG mice (8 mice/group) were xenografted with

3� 106 cells of the human ALL cell line REH and received

a single injection of 3 � 106 MACS-enriched CAR T cells

7 days later. (A and B) At days 6, 14, 20, 28, and 38, mice

were monitored for REH persistence via luminescence

imaging. (C) Kaplan-Meier survival curves of the four

treatment groups as well as the untreated mice. Blood

samples were analyzed by flow cytometry on days 14, 19–

23, 28 and 38 for (D) REH and (E) CAR T cell persistence. p

values were calculated by mixed-model ANOVA followed

by Tukey’s multiple comparison testing (B), log-rank test

(C), or one-way ANOVA followed by Dunnett’s multiple

comparison testing for days 14 and 19–23 or unpaired

t test for days 30 and 38 (D and E). Data are presented as

means ± SEM.
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CD5, CD19, CD33, CD123 and ROR1 (R12) target antigens on ma-
lignant cells in vitro and also in vivo with CD19 CARs.

Safety and clinical implications

The idea of including a marker that is not naturally expressed on the
target cells in a CAR construct for selection of genetically modified cells
for clinical settings is not new.46 High purities and high yields are espe-
cially important if allogeneic donor T cells need to be controlled in vivo
in patients. e.g. by co-expressing a suicide gene. Zhan et al.47,48 used the
surface and transmembrane sequences of human CD34 fused to the
thymidine kinase enzyme of the herpes simplex virus for clinical safety
testing of mismatched donor T cell infusions in patients after stem cell
transplantation. Philip et al.34went one step further and created a highly
compact sort/suicide gene by combining the binding epitope for the
542 Molecular Therapy: Oncolytics Vol. 23 December 2021
QBend-10 and two epitopes for the rituximab
mAbs in a single sequence placed on a CD8a-
derived stalk. Although the authors reported
that transduced T cells can be enriched by using
the CD34 MACS technology, the data presented
on this topic in the paper is still sparse34 and we
can imagine, based on our own experiences in us-
ing the hinges C2–C4, that the CD34 microbe-
ads-mediated selection of transduced T cells
which harbor only short CD34 sequences is
rather inefficient.

Here, we have established a novel hinge for
CARs that allows rapid detection of CAR
T cells, e.g. from peripheral blood and in
functional analyses, and also efficient enrich-
ment of the CAR T cells under GMP condi-
tions prior to infusion into patients. Direct
comparison of our C6 hinge and the widely
used CD8a hinge demonstrated in vitro, using numerous CARs
and multiple leukemic cell lines, and in vivo in NSG mice that
both hinges mediated similar cytotoxicities, that no non-specific
off-target effects occur and that the cytokine profile of both hinges
is identical. Interestingly, extending the C6 hinge by 80 additional
amino acids (C7) was not possible, as we observed non-specific
binding of C7-hinged CD19 and R12 CARs to AML-M4/M5 cell
lines, similarly to what has been described for CARs containing
CH2CH3 hinges from human immunoglobulins.14 Moreover, we
recently demonstrated that our C6 hinge worked in CAR constructs
recognizing solid tumor-associated antigens49,50 and also here did
not result in off-target activation of the genetically modified
T cells, thus suggesting again that the C6 hinge seems to be well
suited for CAR constructs for clinical products.
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In summary, we believe that our CD34-derived C6 hinge is an ideal
candidate as an essential element for the next generations of CAR
constructs, which need to contain additional functional elements to
address the heterogeneity of antigen expression on the malignant cells
and the tumor-associated immune suppression. These adoptive
cellular therapies could also be combined with supportive or comple-
mentary treatment components in more complex protocols to influ-
ence the homeostasis in the tumor microenvironment and thus drive
CAR T cell therapy forward.
MATERIALS AND METHODS
Construct generation

The self-inactivating (SIN) lentiviral vector for stable high-level co-
expression of two transgenes in primary human T cells contains a
Thosea asigna virus T2A site and the viral U3 regions from the
myeloproliferative sarcoma virus (MPSV) as previously published.35

The aa sequence for the different CD34-derived hinges C2–C7 were
derived from a human codon usage-optimized version of truncated
human CD34 (#P28906-2; GeneArt, Thermo Fisher Scientific,
Schwerte, Germany).51 The CD34-derived inserts were generated
by PCR amplification and inserted into codon-usage optimized
CD19 (clone FMC63) CAR vector.35 For some constructs, we in-
serted the EGFP (#C5MKY7) as a fluorescent marker in front of
the T2A site and different DCD34-hinged CD19 CAR genes in sec-
ond position after the T2A site. Moreover, the C6 and C7 hinges
were inserted into codon-optimized CAR constructs against CD5
(clone H6552,53), ROR1 (clones R11 and R1210,11,37), CD33 (clone
DRB254) and CD123 (clone 4336) with the tagBFP marker being
in 50 of the T2A site. When IgG4-derived CH2CH3

35 or CD8-
derived hinges were used in the CAR constructs, the truncated
CD34 isoform (DCD34) was inserted in front of T2A to enable
CD34 microbead-mediated MACS enrichment of the genetically
modified CAR T cells.
Cell culture

All cell lines were obtained from DSMZ (Braunschweig, Germany)
and grown in medium as recommended (DMEM GlutaMAX,
RPMI1640 GlutaMAX, penicillin/streptomycin and fetal calf serum
[FCS] were acquired from Thermo Fisher Scientific). Primary hu-
man T cells were collected from peripheral blood of healthy adult
volunteers who gave informed consent according to the protocols
(#4687 and #2019-623) approved by the local ethics committee
(Universitätsklinikum Düsseldorf, Germany) and separated by den-
sity-gradient centrifugation using Ficoll-Paque (Cytiva Europe, Frei-
burg, Germany) according to the manufacturer’s protocol. The
PBMCs were cultivated on CD3- (Thermo Fisher Scientific) and
CD28- (BD Biosciences, Heidelberg, Germany) coated nontissue
culture-treated 6-well plates in Iscove’s modified Dulbecco’s me-
dium (Sigma-Aldrich, Darmstadt, Germany) with 10% FCS,
100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine
(all from Thermo Fisher Scientific) and 100 U/mL IL-2 (Proleukin,
Novartis, Basel, Switzerland) to activate and specifically expand the
T cells.
Lentiviral vector production and transduction of eukaryotic cells

Vesicular stomatitis virus-G (VSV-G)-pseudotyped replication-defi-
cient lentiviral particles were produced after transfection into
HEK293T cells and used for transduction of cell lines and CD3/
CD28-prestimulated primary human T cells in the presence of
10 mg/mL protamine phosphate (Sigma-Aldrich) as described
previously.55

Cell enrichment

Three to four days after transduction, CAR T cells and Jurkat cells
were enriched using CD34 microbeads based on the CD34 antibody
QBend-10 (Miltenyi Biotec, Bergisch-Gladbach, Germany) according
to the manufacturer’s protocol. In brief, cells were stained with CD34
microbeads, loaded onto MS MACS columns, which were washed
three times, and then eluted. The fractions (preMACS, flowthrough
and postMACS) were analyzed by flow cytometry for EGFP, BFP
and DCD34 expression after staining with the QBend-10 CD34 anti-
body directly conjugated to phycoerythrin (PE) (Thermo Fisher Sci-
entific). After enrichment on MACS columns, T cells were cultured
for 1–2 days in 100 U/mL IL-2 until further usage or analysis.

Functional in vitro cytotoxicity assays

Enriched and non-enriched CAR T cells were cultured with EGFP-
expressing Mino, MOLM-14, REH, Granta519, JeKo-1, HL60,
THP-1, LAMA84, MEG01, MONOMAC6, K562, and NB4 cells at
various effector-to-target cell ratios in round-bottomed 96-well
plates. After 16 h, the cultures were harvested, the cells incubated
with propidium iodide for live/dead cell discrimination, and the sam-
ples analyzed on a MACSQuant-X (Miltenyi Biotec). EGFP expres-
sion was used to discriminate between effector and target cells. Sam-
ples with HL60, THP-1, LAMA84, MEG01, MONOMAC6, K562 and
NB4 cells were stained with CD33-APC (Miltenyi Biotec) for discrim-
ination between target and effector cells. The specific lysis was calcu-
lated as 1 � (number of viable GFP-positive cells/number of control
GFP-positive cells) � 100%. Negative lysis rates were set to 0%.

Functional in vitro cytokine secretion assays

Cytokine secretion by CAR T cells was analyzed using the MACSPlex
Cytotoxic T and NK Cell Kit (Miltenyi Biotec) according to the man-
ufacturer’s instructions. Supernatants for these analyses were
collected after 16 h of co-cultivation of CAR T cells and the malignant
target cells in round-bottomed 96-well plates at effector-to-target cell
ratios of 1:1. The supernatants were stored at �20�C until analysis.
Per analysis, 50 mL of undiluted supernatants was used.

In vivo xenograft model

All in vivo studies were approved by the state animal research com-
mittee (LANUV, NRW, Germany) and animals were cared for
according to guidelines of the Federation of European Laboratory
Animal Science Associations. Eight- to ten-week-old female NSG
mice (Charles River Laboratories, Sulzfeld, Germany) were xeno-
grafted with 3 � 106 REH cells, stably expressing a human codon-
optimized firefly luciferase-EGFP fusion protein (REH/ffluc-
EGFP).43 Seven days later, 3 � 106 C6- or CD8-hinged CD19 or
Molecular Therapy: Oncolytics Vol. 23 December 2021 543
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CD33 CAR T cells were injected without conditioning. At days 6, 14,
20, 28 and 38, the persistence of REH cells was assessed by lumines-
cence. Mice were injected with D-luciferin (OZ Biosciences,
Marseilles, France) and the luciferase activity was measured after
5 min in a Caliper IVIS Lumina II system (PerkinElmer, Rodgau,
Germany) with an exposure time of 15 s. Luminescence was
analyzed using the Living Image software (PerkinElmer). At days
14, 19–23, 30 and 38, blood samples were analyzed by flow cytom-
etry for persistence of REH and CAR T cells by assessing EGFP,
CD19 and CD45 expression for REH cells and BFP, CAR
(DCD34), CD3 and CD45 expression for CAR T cells using
CD34-PE, CD3-PerCP-Vio700, CD19-PE-Vio770 and CD45-APC
directly conjugated monoclonal antibodies (the last three from Mil-
tenyi Biotec), respectively.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.2.0. P
values were, depending on experimental setup, calculated by unpaired
t test, one-way analysis of variance (ANOVA), two-way ANOVA,
mixed-model ANOVA, or log-rank test followed by Tukey’s or Dun-
nett’s multiple comparison testing where indicated. p values of lysis
curves are summarized in Table S1, and p values less than 0.05
were considered statistically significant.
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