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ARTICLE INFO ABSTRACT

Keywords: Chimeric antigen receptor (CAR) redirected T cells are successfully employed in the combat against several
CAR hematological malignancies, however, are often compromised by low transduction rates making refinement of

Magnetic separation the CAR T cell products necessary. Here, we report a broadly applicable enrichment protocol relying on marking

i’s‘i)rlfftiic(:tlion CAR T cells with an anti-glycines-serine (G4S) linker antibody followed by magnetic activated cell sorting
MACS (MACS). The protocol is broadly applicable since the G4S peptide is an integral part of the vast majority of CARs

as it links the VH and VL recognition domains. We demonstrate the feasibility by using the canonical second
generation CARs specific for CEA and Her2, respectively, obtaining highly purified CAR T cell products in a one-
step procedure without impairing cell viability. The protocol is also applicable to a dual specific CAR (tandem
CAR). Except for CD39, T cell activation/exhaustion markers were not upregulated after separation. Purified CAR
T cells retained their functionality with respect to antigen-specific cytokine secretion, cytotoxicity, and the ca-
pacity to proliferate and eliminate cognate tumor cells upon repetitive stimulation. Collectively, the one-step
protocol for purifying CAR T cells extends the toolbox for preclinical research and specifically for clinical CAR

T cell manufacturing.

1. Introduction

Over the last decade, chimeric antigen receptor (CAR) T cells grew
into a vital asset of cancer immunotherapy with an expanding field of
applications (June, 2023; June and Sadelain, 2018). Predicated on du-
rable complete remissions in patients with various B-cell derived ma-
lignancies, FDA and EMA approval was granted for the treatment of
patients with defined refractory hematological malignancies including
aggressive B cell lymphoma, multiple myelomas, and acute lympho-
blastic leukemia (Abken, 2021; Holzinger and Abken, 2022). CAR T cell
therapy attained remarkable success in the battle against these diseases;
however, the overwhelming majority of patients with solid tumors yet
did not benefit from CAR T cell infusions while preclinical research
directed at generating novel CAR T cell products is raising hope for a
therapeutic breakthrough in the near future (Ruella et al., 2023). A
major obstacle for both pre-clinical research and clinical application is
the broad variance in CAR T cell numbers in the final cell product
making comparison of data very difficult. Hence, a standardized CAR T

cell purity would make pre-clinical and specifically clinical studies
easier to compare and hopefully more efficient.

Usually, T cells are equipped with CARs by viral or non-viral gene
transfer technologies yielding a broad gamut of transduction rates be-
tween individual T cell donors (Harrer et al., 2023). For some preclinical
and clinical applications, an enrichment of CAR T cells to a level of
>90% CAR™ cells is beneficial. As for those CARs that harbor a CH2-CH3
hinge domain derived from the IgG1 antibody as extracellular spacer, we
previously introduced a purification protocol based on labeling CAR T
cells with a biotinylated goat F(ab)2 anti-IgG antibody followed by
magnetic activated cell sorting (MACS) (Harrer et al., 2022). However,
as the majority of CAR products do not possess an IgG1 CH2-CH3 hinge
there is a need for alternative purification methods (Fujiwara et al.,
2020). Recently, addition of the N3 and N4 domains derived from the
low-affinity p75 chain of the human nerve growth factor receptor
(NGFR) to the CAR architecture was reported to allow efficient enrich-
ment of CAR T cells (Bister et al., 2022). Purified CAR T cells equipped
with those peptide domains displayed robust functionality against
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hematological blasts. By a similar approach, Biester et al. incorporated a
truncated version of human CD34 into the hinge domain of a conven-
tional CD19-specific CAR (Bister et al., 2021). Via binding of the QBend-
10 monoclonal antibody to the CD34 domain and subsequent magnetic
cell sorting, CD19-specific CAR T cells were enriched to >95% purity
(Bister et al., 2021). CAR T cells with CD34-modified hinges did not
suffer from functional impairments and did not mediate off-target ac-
tivity (Bister et al., 2021). Alternatively, indirect purification strategies
for antigen-specific T cells based on targeting a co-expressed marker,
such as truncated, non-signaling NGFR or EGFR, were proposed (Dragon
et al., 2020; Griffioen et al., 2008). However, co-expression of an
additional protein along with the CAR will lead to an increased vector
size which is commonly associated with inferior transduction effi-
ciencies (Sweeney and Vink, 2021).

Here we established a CAR T cell purification protocol that is
applicable to a broad variety of CARs, independently of their specificity,
spacer and signaling domains, and does not need further modifications
to the hinge domain or co-expression of additional markers. We took
advantage that the vast majority of CARs utilize a single chain fragment
of variable region (scFv) antibody as targeting domain. The scFv is
composed of the variable domains of the antibody heavy chain (VH) and
light chain (VL) that are connected by a short flexible linker peptide in
the VH-VL or VL-VH orientation (Zhang et al., 2023). Thus far, the four-
time iteration of four glycines and one serine (glycines-serine, G4S) and
the whitlow/218 (GSTSGSGKPGSGEGSTKG) peptide emerged as the
most common linking peptides for scFvs (Mazinani and Rahbarizadeh,
2022). The G4S linker is commonly used in CARs targeting solid tumor
antigens, such as HER2 and CEA (Mazinani and Rahbarizadeh, 2022),
while the whitlow/218 linker peptide is predominantly used in CAR
constructs targeting hematological malignancies, e.g., in CD19 CAR
products (Kochenderfer et al., 2012). Based on the frequently used G4S
linker, we developed a novel CAR T cell isolation approach relying on
marking CAR T cells with a PE-labeled anti-G4S linker antibody fol-
lowed by purification by magnetic activated cell sorting. The approach
allows for high-grade CAR T cell enrichment in a one-step procedure
without impairing viability or functionality.

2. Materials and methods
2.1. Cells and reagents

Peripheral blood mononuclear cells (PBMCs) were procured by
Lymphoprep centrifugation (Axis-Shield, Oslo, Norway) of blood ob-
tained from healthy donors upon informed consent and approval by the
institutional review board. Isolated PBMCs were frozen and stored at
—80 °C until experimental use. T cells were cultured in RPMI 1640
medium, 1% (w/v) GlutaMAX (Gibco, ThermoFisher, Waltham, MA,
USA), 100 IU/ml penicillin, 100 pg/ml streptomycin (Pan-Biotech,
Aidenbach, Germany), 2 mM HEPES (PAA, Palo Alto, CA, USA), and
10% (v/v) heat-inactivated fetal calf serum (Pan-Biotech, Aidenbach,
Germany). 293 T cells (ATCC CRL-3216, American Type Culture
Collection ATCC, Manassas, VA) and human pancreatic cancer cells
BxPC-3 (ATCC CRL-1420) were used as target cells. Tumor cells were
maintained in DMEM, 1% (w/v) GlutaMAX (Gibco, ThermoFisher), 100
IU/ml penicillin, 100 pg/ml streptomycin (Pan-Biotech), and 10% (v/v)
heat-inactivated fetal calf serum (Sigma-Aldrich, St. Louis, USA).

2.2. CAR T cell generation

Frozen PBMCs were defrosted and activated on the same day with
the anti-CD3 monoclonal antibody (mAb) OKT-3, the CD28 mAb 15E8
and IL-2 (1000 IU/ml). Recombinant IL-2 (200 IU/ml) was supple-
mented on days 2, 3, and 4 after activation. Retroviral transduction was
performed as previously described in detail (Golumba-Nagy et al.,
2017). Viral particles were added on day +2 and day +3 after PBMC
stimulation. On day four of activation (day +4), CAR T cells were stained
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for CAR expression and subjected to CAR T cell purification by magnetic
CAR T cell separation. Untransduced cells were generated by activation
of PBMCs and subsequent expansion in the presence of IL-2, but without
retroviral transduction. The expression cassettes encoding the CEA-
specific CAR (Hombach et al., 2001), the anti-CD30/CEA CAR, (Hom-
bach et al., 2019) and the HER-2 specific CAR (Chmielewski et al.,
2004b) were previously reported.

2.3. Magnetic CAR T cell separation

Four days after activation, three million T cells were resuspended in
50 pl MACS buffer (PBS supplemented with 1% (v/v) heat-inactivated
fetal calf serum) and labeled with 1.5 pl of PE-labeled anti-G4S linker
antibody (clone E702V, Cell Signaling Technology, Danvers, MA, USA).
Following five minutes incubation at 4 °C, cells were washed twice with
2 ml of MACS bulffer, resuspended in 80 pl of MACS buffer and labeled
with 20 pl of anti-PE MicroBeads (Miltenyi, Bergisch-Gladbach, Ger-
many) for 15 min at 4 °C. Then, cells were washed one with 2 ml MACS
buffer, resuspended in 500 pl of MACS buffer, and loaded onto a MS
MACS column (Miltenyi Biotec), which had been equipped with a pre-
separation filter and placed into a magnetic holder. Afterwards, the
filter was washed once with 500 pul MACS buffer. The filter was dis-
carded, and the MS column was washed three times with 500 pl MACS
buffer. Next, the MS column was removed from the magnet and cells
were eluted twice by adding 1 ml MACS buffer and pressing cells
through the column using a plunger. Finally, cells were resuspended in
medium for further use.

2.4. Flow cytometry

Cells were incubated with antibodies at 4°C for 15min for surface
staining. The viability dye eFluor 780 (ThermoFisher, Waltham, MA,
USA) was employed for live/dead discrimination. Fluorescent-minus-
one (FMO) controls were used for gating. CAR expression was detec-
ted using the PE-labeled anti-G4S linker antibody acquired from Cell
Signaling Technology. For some experiments as indicated in the figure
legends, the goat F(ab’)2 anti-human IgG-PE antibody and the goat F
(ab’)2 anti-human IgG-FITC antibody were purchased from South-
ernBiotech to detect the CAR. The FITC-conjugated anti-CD3 (clone BW
264/56) and PE-conjugated anti-CD25 (clone 4E3) were obtained from
Miltenyi Biotec. The following antibodies were purchased from Bio-
legend: PE-conjugated anti-CD39 (clone A1), PerCP-Cy5.5-conjugated
anti-LAG3 (clone 11C3C65), and PerCP-Cy5.5-conjugated anti-TIGIT
(clone A15153G). The following antibodies were purchased from BD
Biosciences: BV421-conjugated anti-TIM3 (clone 7D3) and BV421-
conjugated anti-PD-1 (clone EH12.1). Immunofluorescence was
measured using a BD FACSLyric cytometer equipped with the FACSuite
software (BD Biosciences). Data were analyzed using the FlowJo soft-
ware version 10.7.1 Express 5 (BD Biosciences).

2.5. Cytokine secretion

Target cells were maintained in 96 well round-bottom plates (1 x 10°
cells/well) overnight, before adding untransduced T cells or CAR T cells
(1 x 10° cells/well). Following 48 h of co-culture, IL-2 and IFN-y in
culture supernatants were determined by ELISA as previously reported
(Hombach et al., 2019).

2.6. Cytotoxicity assay

Untransduced T cells or CAR T cells (0.125-10 x 10* cells/well)
were co-cultivated for 48 h in 96 well round bottom plates together with
target cells (each 1 x 10* cells/well) at the indicated effector to target
ratios. The XTT-based colorimetric assay employing the “Cell Prolifer-
ation Kit II” (Roche Diagnostics, Mannheim, Germany) was used to
analyze specific cytotoxicity. Viability of tumor cells was calculated as
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mean values of six wells containing only tumor cells subtracted by the
mean background level of wells containing medium only. The percent-
age of viable tumor cells in experimental wells was determined as fol-
lows: viability (%) = [OD(experimental wells - corresponding number of
T cells)]/[OD(tumor cells without T cells - medium)] x 100. Cytotox-
icity (%) was defined as 100 - viability (%).

A

anti-CEA-scFv
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2.7. Repetitive stimulation assay

GFP-labeled BxPC-3 cells were seeded in 12 well plates (0.1 x 106
cells per well). After 24 h, untransduced T cells (0.1 x 10° T cells per
well) or CAR T cells (0.1 x 10° CAR T cells per well) were added. Three
days later (Round 1, R1), T cells and tumor cells were harvested, cells
were washed with PBS and resuspended in 1 ml medium. Then, an
aliquot of 100 pl was used for cell counting (live GFP™ tumor cells and
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Fig. 1. Establishing of magnetic CAR T cell separation using the PE-labeled anti-G4S linker antibody. (A) Schematic outline of the CAR indicating the binding site of
the anti-G4S linker antibody E702V. (B) CAR expression by T cells detected before magnetic cell separation (Pre MACS) and immediately after magnetic cell
separation (Post MACS). Pre MACS CAR expression was detected by staining with the PE-labeled anti-G4S linker antibody. Magnetic CAR T cell separation was
carried out as indicated in the Materials and Methods using the PE-labeled anti-G4S linker antibody. To avoid interference with blocked binding sites after previous
labeling for the magnetic cell separation, Post MACS CAR expression was detected by staining with a PE-labeled goat F(ab’)2 anti-human IgG antibody, which binds
to the IgG1 CH2-CH3 hinge of the CAR. In the FACS panels, one representative donor out of three is shown. (C) Viability of CAR T cells before and after magnetic cell
separation. (D) Average yield of CAR T cells after magnetic cell separation. All data represent means + SEM of three donors, p values were calculated by Student's t-

test, ns indicates not significant, *** p < 0.001, **** p < 0.0001.
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live CD3" T cells) by flow cytometry using counting beads (“Count-
Bright”, ThermoFisher). The remaining 900 pl were added to a new 12
well plate with 0.1 x 108 BxPC-3 cells to start the second round (R2) of
stimulation. After four days, the procedure was repeated for round 3
(R3).

2.8. Statistical analysis

Statistical analysis was carried out utilizing GraphPad Prism, Version
9 (GraphPad Software, San Diego, CA, USA). P values were determined
by Student's t-test; ns indicates not significant, * p < 0.05, ** p < 0.01,
*** < 0.001, and **** p < 0.0001.

3. Results

3.1. Magnetic CAR T cell separation using a PE-labeled anti-G4S linker
antibody

Aiming to develop a purification protocol for CAR T cells without the
need for additional modifications of the CAR expression vector, we
exploited the G4S linker sequence present in the majority of published
CAR constructs as a purification target for CAR T cells (Hombach et al.,
2019; Ma et al., 2023; Mao et al., 2022). Recently, the PE-labeled
monoclonal antibody E7O2V that specifically binds to the G4S linker
peptide became commercially available. In order to establish an exper-
imental protocol for magnetic CAR T cell separation using the PE-
labeled anti-G4S linker antibody, we sorted T cells engineered with a
well-characterized CAR with a CEA-specific scFv tethered together by a
G4S linker (Fig. 1A). Retroviral gene transfer yielded a transduction rate
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of approximately 25% CAR+ T cells as measured by staining with the
PE-labeled anti-G4S linker antibody (Fig. 1B). Next, we modified a
previously published CAR T cell purification approach in that we stained
with the PE-labeled anti-G4S linker antibody and subsequently sorted
stained CAR T cells by magnetic cell separation with anti-PE microbe-
ads. Testing of dilutions of the PE-labeled anti-G4S linker antibody
revealed high-grade (> 99% CAR positive cells) enrichment of CAR T
cells with no difference between the applied dilutions (Fig. 1B). More-
over, magnetic cell separation did not compromise viability of CAR T
cells (Fig. 1C). The recovery of CAR T cells after magnetic cell separation
amounted to roughly 40% indicating some loss of CAR T cells during the
isolation process (Fig. 1D). Since higher concentrations of the PE-labeled
anti-G4S linker antibody did not improve the yield, we used 1.5 pl of PE-
labeled anti-G4S linker antibody for further experiments. Collectively,
we demonstrated the feasibility of high-grade CAR T cell enrichment
using a magnetic cell separation protocol and applying the PE-labeled
anti-G4S linker antibody.

We validated the isolation protocol with two additional CAR con-
structs. First, we transduced T cells with a dual specific CAR containing
two separate G48S linkers that connect the VH and VL chains of the CD30-
specific scFv and of the CEA-specific scFv, respectively (Fig. 2A). The
transduction rate of the CD30/CEA-specific CAR was similar to the CEA-
specific CAR approximately 25% (Fig. 2B). Making use of magnetic CAR
T cell separation using a PE-labeled anti-G4S linker antibody, the CD30/
CEA-specific CAR could be purified to nearly 100% CAR™ cells. More-
over, no drop in viability after magnetic separation was observed
(Fig. 2C). Second, we used a HER2-specific CAR, also harboring a G4S
linker, to further corroborate the feasibility of magnetic CAR T cell
separation using the PE-labeled anti-G4S linker antibody (Fig. 2D).
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Fig. 2. Validation of magnetic CAR T cell separation using the PE-labeled anti-G4S linker antibody. (A + D) Schematic outline of the CAR design indicating the
binding site of the anti-G4S linker antibody E702V. (B + E) CAR expression by T cells detected before magnetic cell separation (Pre MACS) and immediately after
magnetic cell separation (Post MACS). Pre MACS CAR expression was detected by staining with the PE-labeled anti-G4S linker antibody. Magnetic CAR T cell
separation was carried out using 1.5 pl of the PE-labeled anti-G4S linker antibody. Post MACS CAR expression was detected by staining with a PE-labeled goat F(ab’)2
anti- IgG antibody, which binds to the hinge of the CAR. For FACS panels. One representative donor out of three is shown. Data represent means + SEM of three

donors, p values were calculated by Student's t-test, ns indicates not significant, **** p < 0.0001. (C + F) Viability of CAR T cells before and after magnetic cell
separation. Data represent means + SEM of three donors, p values were calculated by Student's t-test, ns indicates not significant, ** p < 0.01, **** p < 0.0001.
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While about 28% of T cells were transduced with the HER2-specific CAR
(Fig. 2E), subsequent labeling with the PE-labeled anti-G4S linker
antibody followed by magnetic cell separation yielded a pure population
of 97% CAR™ cells (Fig. 2E). Like the other CAR constructs, no impair-
ment in viability was registered after magnetic separation (Fig. 2F). In
aggregate, we corroborated the feasibility of the MACS based CAR T cell
enrichment protocol with CD30/CEA tandem CAR T cells and with
HER2-specific CAR T cells.

3.2. Upregulation of CD39 following magnetic CAR T cell separation

Binding of the anti-G4S antibody to the scFv of CAR T cells and
subsequent magnetic cell separation can potentially result in CAR T cell
activation through CAR cross-linking. To investigate the issue, we
recorded the expression of various surface markers upregulated in
response to T cell activation before and 24 h after magnetic cell sepa-
ration. For this, we used CEA-specific CAR T cells as described in Fig. 1A.
Whereas the expression of CD25, TIM3, PD-1, TIGIT, and LAG3 did not
alter after magnetic cell separation, the expression of CD39 on CAR T
cells was significantly upregulated (Fig. 3 and supplemental Fig. S1).
While persistently elevated expression of the ectonucleotidase CD39 is
implicated in the process of T cell exhaustion (Canale et al., 2018; Jiang
et al., 2023), evidence is accumulating to see CD39 as a marker for T cell
activation in non-exhausted, functionally active T cells (Chow et al.,
2023). Noteworthy, apart from elevated CD39 expression, the tested
markers related to T cell activation/exhaustion were not upregulated in
response to magnetic CAR T cell separation.

3.3. CAR T cell purification does not impair CAR T cell functionality

To assay the functionality after G4S antibody mediated CAR T cell
separation, we interrogated CAR-triggered upregulation of CD25 and
cytokine secretion upon CAR specific antigen engagement. CAR T cells
targeting CEA were enriched by magnetic CAR T cell separation and co-
cultured with CEA™ 293 T cells or CEA' BxPC-3 pancreatic cells.
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Fig. 3. Phenotypic analysis of CEA-specific CAR T cells before and 24 h after
magnetic cell separation. CAR T cells were detected with a FITC-labeled goat F
(ab’)2 anti- IgG antibody and further characterized with regard to CD25, CD39,
TIM3, PD-1, TIGIT, and LAG3 expression. Data represent means + SEM of three
donors, p values were calculated by Student's t-test, ns indicates not significant,
*p < 0.05.
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Untransduced T cells served as controls. After 48 h of co-culture with
BxPC-3 tumor cells, an antigen-triggered upregulation of CD25 was
observed on CAR T cells but not on untransduced T cells (Fig. 4A and
supplemental Fig. S2). Co-culture T cells with CEA™ 293 T cells did not
induce CD25 upregulation. Moreover, in response to CEA"T BxPC-3
tumor cells, an antigen-triggered secretion of IFN-y and IL-2 was
detected in the culture supernatant of CAR T cells but not of untrans-
duced T cells (Fig. 4B). No background cytokine secretion towards 293 T
cells was recorded. In addition, CEA-specific CAR T cells exhibited
robust cytotoxicity across different effector to target ratios towards
CEA" BxPC-3 tumor cells (Fig. 4C). No significant background cyto-
toxicity against CEA™ 293 T cells was recorded. Untransduced T cell did
not mediate tangible specific cytotoxicity towards BxPC-3 cells (Fig. 4C).

We aimed to assess the long-term functional performance of CAR T
cells during repetitive antigen challenge. To this end, we stimulated
unmodified T cells and CEA-specific CAR T cells with CEA™ BxPC-3 cells
for three consecutive rounds with each round lasting three to four days.
While non-modified T cells did not show T cell expansion or elimination
of tumor cells, CEA-specific CAR T cells evinced T cell proliferation and
robust tumor cell killing (Fig. 4D). Collectively, magnetic CAR T cell
separation did not impair CAR T cell functionality with regard to cyto-
kine release and redirected cytotoxicity, both key functions in a pro-
ductive anti-tumor response.

4. Discussion

Isolation of CAR T cells by magnetic cell separation to high purity
without cellular activation remains challenging. The current state of
technologies requires modifications of the CAR hinge region (Bister
et al., 2022; Bister et al., 2021) or co-expression of an inert targetable
marker. Our goal was to develop an enrichment protocol for a broad
variety of CAR T cells without additional modification of the existing
constructs. Therefore, we utilized the very recently commercially
available antibody E702V with binding specificity for the G4S linker,
which is frequently used as part of the scFv in CARs. The antibody was
used to label CAR T cells for subsequent purification by magnetic acti-
vated cell sorting. Our approach fostered a fast one-step CAR T cell
enrichment to high purity (>99%), high cell viability, and applicability
to different CAR T cells including mono- and bispecific CARs. Extensive
functional testing after isolation did not reveal any impairment
regarding CAR T cell functionality. By these properties, the described
CAR T cell isolation approach represents a so far not available addition
to the toolbox of adoptive cell therapy for pre-clinical and clinical
applications.

The G4S linker, that serves as a target in the marking and isolation
protocol, is an essential moiety in a wide variety of CAR constructs,
predominantly in those targeting antigens of solid tumors. The CEA-
specific CAR employed to establish the isolation protocol harbors a
CEA-specific scFv, termed BW431/26, to target CEA-expressing cancer
cells as documented in a plethora of preclinical studies (Chmielewski
et al., 2004b; Chmielewski and Abken, 2017; Hombach et al., 2001). Of
note, several other published CEA-specific CAR constructs also harbor
the G4S linker in their scFv (Kronig et al., 2023). As an additional
example, we demonstrated successful purification of T cells expressind
the trastuzumab-derived HER-2 specific 4D5 scFv CAR (Chmielewski
et al.,, 2004a). A substantial portion of other Her-2 specific CAR con-
structs also harbor the G4S linker in their scFv (Xu et al., 2021)
rendering the respective CAR T cells also amenable to the isolation
protocol. As further examples, G4S linkers are used in CAR constructs
specific for GD2 (Zimmermann et al., 2020), mesothelin (Uslu et al.,
2023), and CD30 (Hombach et al., 1999). We assume the protocol is
generally applicable to the broad panel of CARs with a G4S linker in
their scFv. We further confirmed the feasibility the purification protocol
with a more complex CAR design, the CD30/CEA bi-specific CAR. This
CAR construct is currently being prepared for clinical evaluation
(Hombach et al., 2019). In contrast to these examples, the FDA-
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Fig. 4. Magnetic CAR T cell separation does not impair CAR T cell functionality. CAR T cells were enriched by magnetic CAR T cell separation using the PE-labeled
anti-G4S linker antibody. After a 48-h expansion with IL-2, CAR T cells were depleted from cytokines via medium change. Untransduced cells were expanded with IL-
2, but not retrovirally transduced. (A) Upregulation of CD25 on CEA-specific CAR T cells (grey bars) and on untransduced T cells (black bars) after a 48-h co-culture
with medium (w/0), CEA~ 293 T cells, and CEA™ BxPC-3 cells. (B) ELISA-based detection of IFN-y (left panel) and IL-2 (right panel) in the supernatant after a 48-h
co-culture of CEA-specific CAR T cells (anti-CEA-28( CAR, grey bars) or untransduced T cells (Ctrl, black bars) with medium (w/0), 293 T cells, and BxPC-3 cells. (C)
Killing capacity of CEA-specific CAR T cells (anti-CEA-28( CAR, solid line) or untransduced T cells (Ctrl, dotted line) upon a 24-h co-culture with CEA™" BxPC-3 cells
(left panel) and CEA™ 293 T cells (right panel) was measured at the indicated effector to target ratios via an XTT-based colorimetric assay. (D) 1 x 10° CEA-specific
CAR T cells (anti-CEA-28( CAR, grey bars) or 1 x 10° untransduced T cells (Ctrl, black bars) were repetitively stimulated for three rounds (R1-R3) with GFP-labeled
CEA™ BxPC-3 cells (1 x 10° tumor cells at the start of each round). After each round, T cells (live CD3™) (left panel) and BxPC-3 cells (live GFP™) (right panel) were
enumerated by flow cytometry. Data represent means + SEM of three donors, p values were calculated by Student's t-test, ns indicates not significant, * p < 0.05, ** p

< 0.01, *** p < 0.001, **** indicates p < 0.0001.

approved CAR constructs that bind CD19 or BCMA on malignant B cells
lack the GS4 linker necessitating alternative approaches to enrich the
respective CAR T cells, such as FACS sorting by means of anti-idiotypic
antibodies (Gahvari et al., 2023; Neelapu et al., 2017) or labeled CD19
antigen (Schanda et al., 2021). In addition, the whitlow/218 linker
peptide predominantly used in CD19 CAR products could be exploited as
a selection marker for CAR T cells similar to the G4S linker by using the
commercially available Whitlow/218 linker antibody. A corresponding
CAR purification protocol involving the whitlow/218 linker antibody
could be developed on the foundation of our approach.

Previous efforts to enrich CAR T cells by magnetic cell isolation
predominantly depended on targetable markers inserted into the hinge
domain of the CAR constructs (Casucci et al., 2018). In one approach,
N3- and N4-hinged CAR T cells were generated by inserting truncated
sequences of the extracellular domain of the nerve growth factor re-
ceptor (NGFR). Both the 120 amino acid N3 and the 162 amino acid N4
were detected by the ME20.4 anti-NGFR antibody attached to
microbeads for magnetic cell separation (Bister et al., 2022). The
expression of N3- and N4-hinged CAR T cells was like conventional CAR
T cells. Magnetic CAR T cell separation using the anti-NGFR microbeads
and MACS columns yielded in a population of >90% CAR™ cells (Bister
et al., 2022). Subsequent functional testing of cytotoxicity and cytokine
secretion did not show an inferiority of N3- and N4-hinged CD19-spe-
cific CAR T cells in comparison to CD8-hinged CAR T cells. Moreover,
N3- and N4-hinged CD33-specific CAR T cells were equally efficacious in
clearing AML from inoculated NSG mice (Bister et al., 2022). Similarly, a
99 amino acid CAR hinge derived from the human CD34 molecule was
used to isolate CAR T cells. This hinge, termed C6 hinge, which
encompassed a 16 amino acid long epitope specifically recognized by
the QBend-10.53 antibody, enabled GMP-compliant magnetic cell sep-
aration of CAR T cells with high purity and with similar functionality as
conventional CD8-hinged CAR T cells (Bister et al., 2021). Despite

feasibility, hinge modification of CAR T cells holds some disadvantages,
such as a potential impairment of CAR expression, increase in tonic
signaling, changes to antigen recognition and consequently sensitivity in
T cell activation, and eliciting human antibody responses.

After magnetic CAR T cell separation, CD39 was upregulated on CAR
T cells while the expression levels of CD25, TIM3, PD-1, TIGIT, and
LAG3 were not altered. We assume that staining with the anti-G4S
antibody and subsequent magnetic cell separating caused some extend
of CAR cross-linking resulting in partial CAR T cell activation. CD39,
also known as ectonucleotide triphosphate diphosphohydrolase 1
(ENTPD1), is an ectoenzyme in T cells which is instrumental in the
stepwise degradation of adenosine triphosphate (ATP) into immuno-
suppressive adenosine (Jiang et al., 2023). Generally, T cells with CD39
expression are associated with functional T cell exhaustion indicated by
a diminished cytotoxicity, a reduced proliferative capacity, and a low
production of inflammatory cytokines (Canale et al., 2018). Thus, we
extensively interrogated CAR T cell functionality after magnetic cell
separation and found no impairments regarding in vitro cytotoxicity,
cytokine secretion and proliferation despite increased CD39 levels.
Recently, CD39 expression in T cells was also related to T cell activation,
tumor reactivity, and clonal expansion with CD39 serving as a potential
marker of activated tumor-reactive CD8" T cells in tumors (Chow et al.,
2023). Accordingly, CAR T cell functionality was not impaired in an in-
vitro “stress test”, predicated on repetitive stimulation with tumor cells,
which rapidly induces functional exhaustion (Harrer et al., 2023). Even
under challenging “stress-test” conditions, purified CAR T cells showed
robust elimination of tumor cells obviating concerns about CAR T cell
exhaustion originating from CD39 expression after magnetic cell sepa-
ration. Collectively, we assume that elevated CD39 expression after
magnetic cell separation did not prevent CAR T cell functionality.

In general, CAR T cell manufacturing in clinical trials tends to avoid
high transduction rates due to clinical risks, such as genotoxicity.
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Following the presented CAR purification approach, a CAR product with
a high proportion of CAR™ cells could be generated without incurring
elevated risks of genotoxicity. However, whether the proportion of
CAR™ cells in CAR T cell products really correlates with a better clinical
outcome in cancer patients, has not been comprehensively investigated
so far.

In aggregate, our data establish a magnetic CAR T cell separation
procedure using a PE-labeled anti-G4S antibody as a tool for fast and
robust isolation of CAR T cells, independently of the CAR specificity and
without the need of a co-expressed marker molecule. This novel isola-
tion approach holds promise to facilitate preclinical CAR T cell research
with the potential to be translated towards application in a GMP-
compliant CAR T cell manufacturing process.
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