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Monitoring of kinetics and
exhaustion markers of
circulating CAR-T cells as early
predictive factors in patients
with B-cell malignancies

Clara Beatriz Garcı́a-Calderón1†, Belén Sierro-Martı́nez1†,
Estefanı́a Garcı́a-Guerrero1*, Luzalba Sanoja-Flores1,
Raquel Muñoz-Garcı́a2, Victoria Ruiz-Maldonado1,
Marı́a Reyes Jimenez-Leon1, Javier Delgado-Serrano1,
Águeda Molinos-Quintana1, Beatriz Guijarro-Albaladejo1,
Inmaculada Carrasco-Brocal1, José-Manuel Lucena2,
José-Raúl Garcı́a-Lozano2, Cristina Blázquez-Goñi1,
Juan Luis Reguera-Ortega1,
Marı́a-Francisca González-Escribano2, Marta Reinoso-Segura1,
Javier Briones3, José Antonio Pérez-Simón1

and Teresa Caballero-Velázquez1

1Servicio de Hematologı́a, Hospital Universitario Virgen del Rocı́o, Instituto de Biomedicina de Sevilla,
(IBIS/CSIC), Universidad de Sevilla, Sevilla, Spain, 2Servicio de Inmunologı́a, Instituto de Biomedicina
de Sevilla (IBiS), Hospital Universitario Virgen del Rocı́o, Centro Superior de Investigaciones Cientı́ficas
(CSIC), Universidad de Sevilla, Sevilla, Spain, 3Hematology Service, Hospital de la Santa Creu i Sant
Pau, Barcelona, Spain
Purpose: CAR-T cell therapy has proven to be a disruptive treatment in the

hematology field, however, less than 50% of patients maintain long-term

response and early predictors of outcome are still inconsistently defined. Here,

we aimed to optimize the detection of CD19 CAR-T cells in blood and to identify

phenotypic features as early biomarkers associated with toxicity and outcomes.

Experimental design: In this study, monitoring by flow cytometry and digital PCR

(dPCR), and immunophenotypic characterization of circulating CAR-T cells from

48 patients treated with Tisa-cel or Axi-cel was performed.

Results: Validation of the flow cytometry reagent for the detection of CAR-T

cells in blood revealed CD19 protein conjugated with streptavidin as the optimal

detection method. Kinetics of CAR-T cell expansion in blood confirmed median

day of peak expansion at seven days post-infusion by both flow cytometry and

digital PCR. Circulating CAR-T cells showed an activated, proliferative, and

exhausted phenotype at the time of peak expansion. Patients with increased
frontiersin.org016
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expansion showed more severe CRS and ICANs. Immunophenotypic

characterization of CAR-T cells at the peak expansion identified the increased

expression of co-inhibitory molecules PD1 and LAG3 and reduced levels of the

cytotoxicity marker CD107a as predictors of a better long-term disease control.

Conclusions: These data show the importance of CAR-T cells in vivo monitoring

and identify the expression of PD1LAG3 and CD107a as early biomarkers of long-

term disease control after CAR-T cell therapy.
KEYWORDS

CAR-T, flow cytometry, dPCR (digital PCR), monitoring, biomarkers, B-ALL, Lymphoma
1 Introduction
Adoptive immunotherapy using engineered chimeric antigen

receptor (CAR)-T cells has stood out as a disruptive treatment in

relapsed/refractory B cell leukemia and lymphoma. Despite the

outstanding results of CAR-T therapy in patients with B-cell

malignancies, less than 50% of patients experience long-term

disease response (1). Therefore, intensive efforts are being made

to improve the outcomes of these patients and to identify

biomarkers capable to early predict patient outcomes (2).

Among other factors, the efficacy of the treatment has been

related to specific features of the CAR-T cell product as well as

CAR-T expansion and persistence after infusion. Accordingly, some

trials have shown a correlation between in vivo expansion and

persistence of CAR-T cells in peripheral blood of pediatric B-ALL

patients with response, event free-survival and the incidence of

cytokine release syndrome (CRS) or immune effector cell-associated

neurotoxicity syndrome (ICANS) (3–7). However, some other trials

have shown inconsistent or weak correlation between CAR-T

expansion and clinical outcomes (8–10). Therefore, this topic is

still an area of debate and further studies are required to gain more

insight into the role of CAR-T monitoring as a predictive

biomarker. Furthermore, the analysis of leukapheresis products

has shown that an elevated frequency of CD27+CD45RO-CD8+

T cells and a higher CD4+ to CD8+ T cells ratio correlated with a

higher complete response (CR) (6, 11). In addition, RNA-seq

analyses of CD19 CAR-T cell products has revealed differences in

gene expression in T cell differentiation and metabolism from

responder and non-responder patients (6, 12). Increased

expression of the co-inhibitory receptors PD1+, TIM3+ and

LAG3+ in the leukapheresis and the infusion product has also

been associated with treatment failure in several studies (6, 12, 13).

On the other side, scanty information is available regarding the

functional and/or immunophenotypic characteristics of the circulating

CAR-T cells after infusion. Recently, Good, et al., have discovered a

correlation between increased levels of CAR-Treg population at day 7

post-infusion and progression at 6 months in lymphoma patients

treated with Axicabtagene ciloleucel. Besides, this population has also

been associated with reduced neurotoxicity (8). Nevertheless, the
027
information according to immunophenotypic characteristics of CAR-

T cells post-infusion is limited and whether these features might have

any predictive value in the long term has not been clearly elucidated.

The persistence and monitoring of circulating CAR-T cells in

peripheral blood of patients can be followed by molecular

techniques such as quantitative or digital polymerase chain

reaction (PCR), being the digital PCR more sensitive and precise

to detect CAR-T cells (14–16), and/or by flow cytometry. The

identification and characterization of CAR-T cells by flow

cytometry can be very challenging since its detection may depend

on the cell product. Several reagents are commercially available for

the detection of CAR-T cells (11, 17). Also, indirect methods have

also been tested for the detection of CAR-T cells such as Protein L

that binds to kappa light chain of immunoglobulins (18).

Additionally, some CAR constructs have incorporated detection

markers to facilitate in vivo monitoring (2). Thus, validation of all

these detection methods should be done for each CAR-T cell

product prior in vivo monitoring.

In this study, we propose the validation of a sensitive and

specific method for the identification of CD19 CAR-T cells by flow

cytometry. Samples from forty-eight patients receiving commercial

CD19 CAR-T cells for B-ALL or DLBCL treatment were analyzed

by flow cytometry and by digital PCR up to 20 days post-infusion.

Finally, correlation studies between the cell kinetics and

immunophenotype characterization of circulating CAR-T cells

post-infusion were performed in an attempt to search for early

biomarkers associated with a better response, thus allowing to

identify those groups of patients with worse prognosis at very

early time points after infusion, when therapeutic maneuvers

might have a higher probability of success before relapse does occur.
2 Materials and methods

2.1 Ex vivo PBMCs isolation and
manufacturing of academic CD19
CAR-T cells

Peripheral blood mononuclear cells (PBMCs) were obtained

from buffy coats of healthy donors kindly donated by the Regional
frontiersin.org
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Centre for Blood Transfusions at Virgen del Rocıó University

Hospital, Seville (Spain) after written informed consent. For

academic CD19 CAR-T cell generation, CD4+ and CD8+ cells

were isolated from human PBMCs, activated with anti-CD3/anti-

CD28 (Gibco, Ref: 11131D) and transduced with a lentiviral vector

containing CD19 CAR-T cell construct co-expressing EGFRt as a

detection marker. Transduced cells were expanded with IL-2

(Miltenyi, Ref: 130-097-743) and irradiated feeder cells.
2.2 Patient samples

Samples were obtained from patients with relapsed/refractory

acute lymphoblastic leukemia or lymphoma treated with CD19

CAR-T therapy (Tisagenlecleucel or Axicabtagene ciloleucel) at

different time points: leukapheresis, days 5, 7, 11, 14 and 20 post

CAR-T infusion.
2.3 Flow cytometry

Markers expression was evaluated by multicolor flow

cytometry. For the validation of CAR-T detection of academic

CD19 CAR-T, cells were thawed and washed with phosphate

buffer saline (PBS) (Gibco, Ref: 18912-014). A quantity of 500,000

cells were used for each staining. To differentiate live/dead cells 7-

AAD (BD Biosciences, Ref: 559925) was added to each sample.

Samples were stained according to the antibodies and dyes shown in

Supplementary Table 1.

For the monitoring of commercial CD19 CAR-T cells post-

infusion, a quantity of 200,000 PBMCs was added for staining

according to blood count. Samples were stained according to the

antibodies and dyes shown in Supplementary Table 1 and incubated

20 min at room temperature in the dark. Red blood cells were lysed

using BD FACS Lysing solution (BD Biosciences, Ref: 349202)

following mixing and 10 min incubation in the dark. Lysed cells

were centrifuged at 2000 rpm 5 min and resuspended in FACs Flow

solution (BD Biosciences, Ref: 12756528).

For the immunophenotypic characterization of the CAR-T, a

bulk lysis of the sample was carried out according to the Euroflow

protocol. Whole blood sample was lysed using ammonium chloride

1x (Cytognos, Ref: CYT-BCP-ALL-MRD-BL) and incubated in

rotation for 15 min. Then, samples were washed twice with

washing solution (PBS+0.2%BSA+ 1mM EDTA), centrifuged

10 min at 2000 rpm and resuspended in 100 uL FACs Flow

solution (BD Biosciences, Ref: 12756528). Finally, cells were

stained according to the antibodies and dyes shown in

Supplementary Table 1 and incubated 20 min at room

temperature in the dark.
2.4 Digital PCR

To isolate peripheral blood mononuclear cells (PBMCs), Ficoll

gradient with PD Vacutainer ® CPT™ (Becton Dickinson, NY,

USA) was used. To extract genomic DNA from PBMCs, the QIAmp
Frontiers in Immunology 038
DNA Mini Kit (Qiagen, Hilden, Germany) was used according to

manufacturer’s recommendations. The purity and concentration of

the DNA samples were measured using a Q3000 UV

Spectrophotometer (Quawell, San Jose, CA, USA). Only samples

with concentrations ≥20 ng/µl and an A260/280 absorbance ratio

>1.8 were included in the study.

For Digital PCR (dPCR) reactions, the QuantStudio™ Absolute

Q™ Digital PCR System (Applied Biosystems, CA, USA) was

employed. To quantify CAR-T, primers and TaqMan probes

designed to amplify PCR fragments in the FMC63 region of the

CAR-T construct were used. The primers used were 5’-TGA AAC

TGC AGG AGT CAG GA-3’ (forward) and 5’-CTG AGA CAG

TGC ATG TGA CG-3’ (reverse), and the FAM TaqMan MGB

probe was 5’-CTG GCC TGG TGG CGC CCT CA-3’. TaqMan®

Copy Number Reference Assay RNase P labelled with VIC (Applied

Biosystems) was used as gen reference (REF). Each sample was

simultaneously amplified to CAR-T and REF sequences using

differently labelled probes. A 10 mL final volume mix reaction

consisted of 80 ng of DNA, 2 mL of Absolute Q™ DNA dPCR

Mix (5X), 250 nM of FMC63-probe, 900 nM of each FMC63-

primer, and 0.5 mL primer-probe set for RNase P (20X). Cycle

conditions were 96°C for 10 min, followed by 40 cycles at 96°C for 5

sec and 60°C for 15 sec.
2.5 Data analysis

No normalization was implemented in the flow cytometry data

analysis. All raw data was analyzed with either FlowJo™ v10.7

Software (BD Life Sciences) or Infinicyt 2.0 (Cytognos) software.

Statistical analyses were performed with GraphPad Prism v9 and

SPSS 26. We applied unpaired two-sided Mann–Whitney U-tests to

assess statistical significance between two groups of unpaired

samples. We applied paired two-sided Wilcoxcon-matched-paired

test to asses statistical significance between two groups of paired

samples. AUC was calculated on days 5, 7, 11, 14 and 20 and peak

CAR-T expansion was calculated only when data was obtained from

at least three timepoints. For dPCR data analysis, “QuantStudio

Absolute Q Digital PCR Software 6” (Applied Biosystems) with

automatic Poisson correction was used. Normalization across

samples was implemented by assuming there were two copies of

the reference RNase P gen per cell. Results were expressed in CAR-

T copies per cell. OS and EFS were estimated with the Kaplan-Meier

method using survival in GraphPad Prism v9. EFS was computed

from the date of infusion to the date of event, with both progression

and death scored as event. To assess correlation, we calculated

Spearman’s rank correlation coefficient.
3 Results

3.1 Validation of flow cytometric CD19 CAR
staining with different reagents

For the validation of CAR T- cell monitoring, distinct CAR T-

cell detection methods using different reagents were performed. The
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binding mechanisms of flow cytometry detection reagents is shown

in Figure 1A. Firstly, since there was no limitation with the available

sample volume, we evaluated the identification of our academic

CD19 CAR-T cell product to determine optimal detection reagent

(Figure 1A). We were able to compare four different reagents: CD19

CAR detection reagent from Miltenyi, CD19 protein and Protein L

from Acrobiosystems and Anti-EGFR from Biolegend. T-cells from

four healthy donors were transduced and academic CD19 CAR-T

cell products were analyzed by flow cytometry. In Figure 1B, the
Frontiers in Immunology 049
percentage of detection is depicted for each reagent. For our

academic CD19 CAR-T cell, the maximum percentage of

detection is achieved with the anti-EGFR antibody with a similar

detection level of the CD19 CAR detection reagent both for CD4+

and CD8+ cells (p=0.1142, p=0.6857). Besides, the detection with

anti-EGFR allowed the highest resolution in CD4+ population

(Figure 1C) (p=0.0283). In contrast, Protein L and CD19 protein

from Acrobiosystems did not allow an optimal detection of our

academic CD19 CAR-T cell (Figure 1B). Finally, for the evaluation
A

B

D E

C

FIGURE 1

Validation of the detection reagent for academic and commercial CD19 CAR-T cells by flow cytometry. (A) Illustration of the different detection
methods available for the identification of CAR-T cells by flow cytometry. (B) Percentage of detection of academic CD19 CAR-T cells in CD4 and
CD8 compartments with different reagents. (C) Stain index of detection of academic CD19 CAR-T cells in CD4 and CD8 compartments with
different reagents. (D) Example of flow cytometry plot of the identification of commercial CD19 CAR-T cells with two recombinant CD19 proteins.
(E) Percentage (left) and stain index (right) of the detection of commercial CD19 CAR-T cells with two different reagents. Depicted are median and
individual values of four independent experiments. P-values between the indicated groups were calculated using unpaired Mann-Whitney U-t tests.
ns: non-significant, *p<0.05.
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of unspecific binding, untransduced T-cells (UTD) from the same

donors were stained with the respective detection reagents to

measure background staining in negative controls that presented

no signal except for the CD8+ UTD stained with Protein L-FITC

that showed some background signal (Supplementary Figure 1).

Once we validated the identification of our academic CD19

CAR-T cell, samples from three different patients infused with

either Tisagenlecleucel or Axicabtagene ciloleucel were analyzed by

flow cytometry using the commercially available CD19 detection

reagents from Acrobiosystems and from Miltenyi. In Figure 1D,

representative plot of one patient stained with both antibodies is

shown. Leftover samples from randomly selected healthy donors

who had no history of CAR-T cell treatment served as negative

controls. Assay specificity was measured with no background

staining observed in any of the healthy donors (Supplementary

Figure 2). Similar results according to CAR+ percentage of

detection were obtained with both reagents. However, the CAR

detection reagent showed the highest resolution in contrast to CD19

protein both in CD4+ and CD8+ cells (stain index of 36.82 vs. 6.18,

p=0.0286 and stain index of 16.49 vs. 3.42, p=0.0286, respectively)

(Figure 1E). Accordingly, we validated CD19 CAR detection

reagent as the optimal reagent for the following monitoring of

commercial CAR-T cell expansion in vivo.
3.2 CAR-T cell kinetics and phenotype
characterization

Monitoring of peripheral blood commercial CAR-T cells and

non-modified T cells post-infusion was performed in forty-eight

patients with lymphoma and leukemia. The characteristics of

patients included in this study are described in Table 1. The

overall response rate (ORR) at 1-month post-infusion was 68.8%

(Table 1). In Figure 2A, representative flow cytometry of the

expansion of CAR-T cells in blood from patient 32 at different

time points post-infusion is illustrated. Cellular kinetics of all

patients show the same pattern of expansion with an exponential

increase until days 7-11 followed by a rapid loss of CAR-T cell

absolute count until day 20 post-infusion. The median day of peak

expansion of CAR-T cells was day +7 (range of 5-14 days) after

infusion, reaching a median of 112.2 CAR+ cells/uL (range of 0.7-

1019 CAR+ cells/uL) in blood (Figure 2B). CAR-T cell expansion of

patients with lymphoma, this is, excluding patients with LLA, is also

shown (Supplementary Figure 3A). The median percentage of CAR

+ cells within the CD3+ compartment in the peak expansion was

23.9% (n=48, range 0.3 to 82) (Supplementary Figure 3C). CAR-T

cell expansion was also monitored by digital PCR. Similarly to flow

cytometry data, kinetics of all patients shows the same pattern of

expansion with an exponential increase until days 7-11 followed by

a rapid loss of CAR-T cell absolute count until day 20 post-infusion.

The median day of peak expansion of CAR-T cells was also day +7

(range of 5-14 days) after infusion, reaching a median of 0.245 CAR

copies/cell (range of 0.03-3.23 CAR copies/cell) in blood (Figure 2C

and Supplementary Figure 3B). Significant correlation was observed

between flow cytometry and dPCR monitoring of CAR-T cells in

blood (Spearman’s rho=0.61, p<0.0001) (Figure 2D). CAR-T cell
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expansion by flow cytometry and dPCR was compared at the

different time points post-infusion with similar kinetics observed

(Figure 2E). The expansion dynamics by flow cytometry and dPCR

of patients infused with either Tisagenlecleucel (Tisa-cel) or

Axicabtagene ciloleucel (Axi-cel) is depicted in Supplementary

Figure 4. No significant differences were obtained by flow

cytometry between both products in median peak expansion

(p=0.4684) or median day of expansion (p=0.33) (Supplementary

Figure 4E). However, significant increased CAR copies/cell at peak

expansion were observed in patients infused with Axi-cel

(p=0.0006) (Supplementary Figure 4F).

Immunophenotyping of CAR+ cells and non-modified

circulating T cells was performed at peak of expansion in each

patient. The CD4/CD8 ratio was analyzed both in the CAR+

population and the circulating T-cells at the day of peak

expansion. An increase in CD8+ population can be observed in

the CAR+ population with a median CD4/CD8 ratio of 0.5

(Figure 3A). T cell subpopulations were identified as follows:

naïve (CD62L+/CD45RO-/CD45RA+), central memory (CD62L

+/CD45RO+/CD45RA), peripheral memory (CD62L-/CD45RO

+/CD45RA-), effector (CD62L-/CD45RO-/CD45RA+). No

significant differences were observed between CAR+ and non-

modified circulating T-cells at the time of expansion in the CD4+

compartment. Among the CD8+ T cells, there was a decrease of

effector cells in the CAR+ compared to the non-modified

circulating T-cells accompanied by a trend towards an increase in

memory phenotype in CAR+ cells (p=0.0056 and p=0.0533,

respectively) (Figure 3B). Besides, CAR+ cells showed a

significant increase in the expression of the activation marker

CD69 compared to non-modified circulating T-cells both in CD4

+ and CD8+ cells (p=0.0004, p=0.0008) (Figure 3Ci). The

proliferation marker Ki67 and the cytotoxic marker CD107a were

also significantly enhanced in CAR+ cells at the time of expansion

in both CD4+ and CD8+ cells (p<0.01) (Figures 3Cii, iii). Regarding

the exhaustion markers, CAR+ cells showed significant increased

expression of the markers FasL, PD1+/TIM3+ and PD1+/LAG3+

compared to non-modified circulating T-cells both in CD4+ and

CD8+ cells (p<0.05) (Figures 3Civ, v, vi). All these analyses were

also performed excluding patients with B-ALL and we confirmed

the same results (Supplementary Figure 5). All together, these data

suggest a more activated, proliferative, cytotoxic, and exhausted

phenotype of CAR+ cells at the time of peak expansion compared to

non-modified circulating T-cells.

Immunophenotyping of CAR+ cells and non-modified

circulating T cells was also compared between patients receiving

Tisa-cel or Axi-cel products. Median CD4/CD8 ratio of CAR+ cells

showed no significant differences between the two different

products (median 0.4121 vs. 0.6100, respectively, p=0.7802).

However, non-modified T cells from patients receiving Tisa-cel

showed a tendency to an increased median CD4/CD8 ratio

compared to patients receiving Axi-cel (median 0.9903 vs. 0.3375,

respectively, p=0.1333) (Supplementary Figure 6A). T cell subsets

were also analyzed considering both products. Non-modified T cells

from patients infused with Tisa-cel showed a significantly increased

proportion of effector CD4+ cells (p=0.0343). Besides, CD8+CAR+

cells from patients receiving Axi-cel showed a trend towards a
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reduced proportion of a central memory phenotype as compared to

patients infused with Tisa-cel (p=0.0789) (Supplementary

Figure 6B). Regarding the activation status, no differences were

observed in the expression of CD69 between patients receiving

Tisa-cel or Axi-cel products either in CAR+ or non-modified T cells

CD4+ or CD8+ (Supplementary Figure 6Ci). A trend towards an

increased Ki67 expression was observed in CAR+ cells of patients

infused with Axi-cel products both in CD4+ and CD8+

compartments (p=0.0789) (Supplementary Figure 6Cii). No

significant differences were observed between the different

products regarding CD107a expression (Supplementary

Figure 6Ciii). As far as the expression of co-inhibitory markers is

concerned, we observed a trend towards an increased expression of

FASL in CAR+ and non-modified T cells of patients infused with

Axi-cel compared to Tisa-cel products both in CD4+ and CD8+

compartments (p=0.0263, p=0.1895, p=0.1128 and p=0.0653,

respectively) (Supplementary Figure 6Civ). In line with this, a

significantly increased expression of PD1+TIM3+ and PD1

+LAG3+ was observed in CAR+ cells of patients infused with

Axi-cel in both CD4+ and CD8+ cells (p=0.0279, p=0.0010,

p=0.0220 and p=0.0789, respectively) (Supplementary

Figures 6Cv, 6Cvi). In summary, CAR+ cells from patients

infused with Axi-cel products showed an increased CD4+ effector

non-modified T cells, reduced CAR+CD8+ central memory, and

increased proliferation and exhaustion at the time of peak

expansion compared to patients receiving Tisa-cel products.

CD4/CD8 ratio was also compared between leukapheresis

samples and non-modified T or CAR-T cells at the time of peak

expansion. A tendency to a progressive reduction in CD4/CD8 ratio

was observed from leukapheresis to CAR-T cells at the time of peak

expansion (median 0.95 vs. 0.42) (Supplementary Figure 7A). T cell

memory subsets were analyzed in CD4+ and CD8+ compartments

comparing leukapheresis samples with non-modified T and CAR-T

cells at peak expansion. A significant increase in effector memory

and a reduction in naïve cells was observed both in CD4+ non-

modified and CAR-T cells (p=0.0005, p=0.0047, p=0.0004,

p=0.0013, respectively) (Supplementary Figure 7B). A tendency to

reduced proportion in central memory cells was also observed in

both non-modified T and CAR-T cells compared to leukapheresis

in CD4+ compartment (p=0.08 and p=0.07, respectively)

(Supplementary Figure 7B). CD8+ CAR-T cells showed a

significant reduction in naïve and effector cells and an increase in

effector memory cells compared to leukapheresis (p=0.05, p=0.0446

and p=0.0046, respectively) (Supplementary Figure 7B).

TCR repertoire was also evaluated in 10 patients to study

clonality of CAR+ cells and non-transduced circulating T-cells

(Supplementary Figure 8). Of these 10 patients, three of them

relapsed (patients 30, 33 and 35). Focusing on patient 30, relapse

occurred one month after CAR-T cell infusion. In this patient, the

clones with the higher frequency in CAR+ cells compartment were

Vb7.1, Vb17 and Vb21.3. In non-transduced circulating T-cells

compartment, the clones observed with a higher frequency were

Vb3, Vb13.6 and Vb8. A higher number of patients and longer

follow up are required to evaluate the impact of TCR clonality after

CAR-T cell infusion.
TABLE 1 Characteristics of the patients included in the study.

Patients (n) 48

PMBCL 8

DLBCL 26

FL 1

tFL 3

B-ALL 10

Median age (range) 51.5 (5-73)

Sex (%)

Female 20 (41.7)

Male 28 (58.3)

Product (%)

Tisagenlecleucel 18 (37.5)

Axicabtagene-ciloleucel 30 (62.5)

Previous lines (range) 3 (2-6)

Bridging therapy (%)

YES 42 (87.5)

RT 2

CT 35

Inotuzumab 4

Steroids 1

NO 6 (12.5)

CRS grade (%) 97.9

0 1

1 24

2 21

3 2

ICANs grade (%) 45.8

0 26

1 12

2 4

3 4

4 2

Response D30 (%) 68.8

CR 19

PR 14

PD 9

SD 5
PMBCL (primary mediastinal B-cell lymphoma), DLBCL (diffuse large B-cell lymphoma), FL
(follicular lymphoma), tFL (transformed follicular lymphoma), B-ALL (B-cell acute
lymphoblastic leukemia), RT (radiotherapy), CT (chemotherapy), CRS (cytokine release
syndrome), ICANs (immune effector cell-associated neurotoxicity syndrome), CR
(complete response), PR (partial response), PD (progressive disease), SD (stable disease).
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3.3 Correlation of CAR-T cell expansion in
vivo with toxicity and event-free survival

Summary outcomes of each patient during the months post-

infusion is depicted in Figure 4 including toxicity, follow up, B-cell

aplasia, relapse or death.

Median peak expansion of patients was correlated with the

grade of CRS or ICANs. Patients who developed grades 2-3 CRS

showed a significantly increased peak of CAR-T cell absolute count
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in vivo (p=0.0261) as compared to those who did not develop it

(Figure 5A). In addition, significant increased CAR copies/cell at

the peak expansion were observed in patients with CRS grade 2-3

compared to patients with less severe CRS (p=0.0224) (Figure 5A).

No significant differences were observed regarding the area under

the curve (AUC) by flow cytometry between patients with CRS

grades 2-3 compared to those with grades 0-1 (p=0.2758) but

increased AUC by dPCR was observed in patients with grades 2-3

CRS (p=0.0299) (Supplementary Figure 8A). Besides, correlation
A

B
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C

FIGURE 2

Commercial CD19 CAR-T cell expansion in the blood of patients post-infusion. (A) Flow cytometry plot of the expansion of CAR-T cells in the
blood of patient 32 at different time points post-infusion. (B) Absolute count of CAR-T cells/uL by flow cytometry in the blood of patients with
B-ALL and lymphoma. (C) CAR copies/cell measured by digital PCR in the blood of patients with B-ALL and lymphoma. (D) Spearman correlation
in peripheral CAR-T cell expansion between flow cytometry and dPCR assays (n=48 patients and 185 observations). (E) Normalized peripheral
CAR-T cell expansion by flow cytometry and dPCR assays (n=48 patients). Correlation was calculated using non-parametric Spearmans rank
correlation coefficient.
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between CAR-T cell expansion by flow cytometry and the

appearance of ICANs was also performed but no significant

differences were observed in median peak expansion (p=0.1787)

(Figure 5B) or AUC (p=0.4212) (Supplementary Figure 8B).

However, a trend towards an increased peak CAR copies/cell

(p=0.08) and a significantly higher AUC by dPCR (p=0.0224)

were observed in patients with some grade of ICANs (Figure 5B

and Supplementary Figure 9B). Same analyses were performed

including only those patients with lymphoma, but no significant

differences were observed (Figures 5C, D, and Supplementary

Figures 9C, D), although a trend towards an increased expansion

in patients suffering from ICANs was observed (p=0.09).

Correlation studies between CAR-T cell expansion in vivo and

efficacy of the therapy were performed. However, no significant

impact of CAR-T cells/uL on event-free survival was observed,
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neither for the peak expansion (p=0.5579, Figure 5E) or the area

under the curve (p=0.2236, Supplementary Figure 9E). No

significant correlation was observed between event-free survival

and CAR copies/cell at the time of peak expansion or AUC

(Figure 5F and Supplementary Figure 9F). Same analyses were

performed including only those patients with lymphoma, but no

significant differences were observed (Figures 5G, H and

Supplementary Figures 9G, H).

Toxicity and efficacy of Tisa-cel and Axi-cel products were also

compared. No significant differences were observed in the incidence

of grades 2-3 CRS comparing patients infused with Tisa-cel

(38.89%) or Axi-cel (53.33%) (p=0.3831) (Supplementary

Figure 10A). However, an increased incidence of ICANs

was observed in patients infused with Axi-cel (63.33%) as

compared to patients receiving Tisa-cel (16.67%) (p=0.0025)
A B

C

FIGURE 3

Immunophenotype characterization of non-modified T cells and CAR-T cells at the time of peak expansion in blood. (A) CD4/CD8 ratio of non-
modified T cells and CAR-T cells at the time of peak expansion. (B) Memory subsets of CD4+ and CD8+ compartments comparing non-modified
and CAR-T cells. (C) Levels of CD69 (i), Ki67 (ii), CD107a (iii), FasL (iv), PD1 and TIM3 (v) and PD1 and LAG3 (vi) in the CD4 and CD8 non-modified and
CAR-T cells at the time of peak expansion. Depicted are median and individual values of the nine-teen samples. P-values between the indicated
groups were calculated using unpaired Mann-Whitney U-t tests. ns: non-significant, **p<0.01, ***p<0.001.
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(Supplementary Figure 10B). As far as the efficacy is concerned, no

significant differences were observed in event-free survival

comparing patients infused with Tisa-cel (EFS=63%) or Axi-cel

(EFS=44%) (p=0.2539) (Supplementary Figure 10C).
3.4 Increased exhaustion markers at peak
expansion correlate with increased event-
free survival

Characterization of the immunophenotype of both CAR+ cells

and non-transduced circulating T-lymphocytes was performed at

day of peak expansion in nineteen patients with lymphoma and

acute lymphoblastic leukemia. We found that patients with

increased levels of PD1+LAG3+ cells (>5.2%) among the CD4+

CAR-T cell compartment correlated with an increased event-free

survival (p=0.0203) (Figure 6A). Upon excluding those patients

with acute lymphoblastic leukemia (n=8), the same result was

confirmed with a significantly increased event-free survival of

those patients with a higher exhaustion phenotype at the peak

expansion (p=0.0126) (Figure 6B). Besides, reduced levels (<6%) of

the cytotoxic marker CD107a+ among the CD8+CAR+ population

was also associated with an increased event-free survival (p=0.0365)

(Figure 6C). We also confirmed this result after excluding those

patients with acute lymphoblastic leukemia (p=0.0537) (Figure 6D).

Together these data show how the monitoring and

characterization of the phenotype of CAR-T cells in vivo may

contribute to the identification of patients with worse prognosis

very early after CAR-T cell infusion. Our results reveal that an

increased exhaustion phenotype in the CAR-T cells at the peak

expansion in vivo correlates with an increased event-free survival in

patients with both lymphoma and leukemia.
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4 Discussion

The correct detection, monitoring and characterization of CAR-

T cells in vivo might be a fundamental tool for the identification of

biomarkers associated with response or toxicity at very early time-

points post-infusion which would serve to provide earlier

interventions. In line with this, blood samples from 48 patients

treated with CD19 CAR-T cells were analyzed by flow cytometry

and digital PCR to count CAR+ cells in vivo and characterize

their immunophenotype.

Validation of the detection method for the identification of

CAR-T cells by flow cytometry is essential. Therefore, several

commercially available reagents were tested for the identification

of both academic and commercial CD19 CAR-T cells. These

methods can be directed against the CAR itself or to gene

markers incorporated into the construct. Besides, flow cytometry

staining can be direct or indirect using secondary detection

reagents. According to this, there are advantages and

disadvantages that need to be considered to choose the optimal

detection reagent. Our academic CD19 CAR-T cells incorporate the

transduction marker EGFRt and we correctly identified these cells

with both anti-EGFR and CD19 CAR detection reagent. However,

neither CD19 protein nor protein L were able to properly detect our

academic CAR-T cells. On the other hand, commercial CD19 CAR-

T cells were correctly identified with both CD19 CAR detection

reagent and CD19 protein. Of note, although our academic CD19

CAR contains the heavy variable (VH) and light variable (VL) chain

of anti-CD19 monoclonal antibody FMC63, a codon optimization

was performed. Moreover, different linker, hinge and

transmembrane domains were used compared to commercial

CD19 CARs (19, 20); therefore, these specific characteristics of

our academic CD19 CAR could explain the observed differences in
FIGURE 4

Swimmer plots of 48 patients with B-ALL or lymphoma after CD19 CAR-T cell infusion. BCA (B-cell aplasia). CRS and ICANs grades are depicted
from 1-4 according to the intensity of the color.
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the detection with CD19 protein reagent. In both academic and

commercial CAR-T cells, CD19 CAR detection reagent showed

optimal results for the detection of these cells. This reagent contains

a recombinantly expressed fusion protein consisting of the human

CD19 extracellular domain and an optimized mutated human IgG1

Fc region. It employs indirect staining with a secondary step with

Streptavidin which makes the flow cytometry protocol longer in

time but also more adaptable to a complex multiplex staining panel.

In summary, in our hands, the CD19 CAR detection reagent was the
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optimal identification method according to percentage of detection,

stain index and specificity and we selected this reagent for the in

vivo monitoring study. Also, with this study we point out the

importance of the validation of the detection method for the

identification of different CAR-T cell products by flow cytometry

depending on their specific structure, even when these are directed

against the same tumor antigen.

CD19 CAR-T cells were monitored in the blood of patients with

lymphoma and leukemia infused with either Tisa-cel or Axi-cel.
A B
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FIGURE 5

Correlation between CAR-T cell expansion in blood and toxicity or response. (A) Correlation between peak expansion by flow cytometry (left) or
dPCR (right) and severity of CRS from patients with B-ALL and lymphoma. (B) Correlation between peak expansion by flow cytometry (left) or dPCR
(right) and incidence of ICANs from patients with B-ALL and lymphoma. (C) Correlation between peak expansion by flow cytometry (left) or dPCR
(right) and severity of CRS from patients with lymphoma excluding patients with B-ALL. (D) Correlation between peak expansion by flow cytometry
(left) or dPCR (right) and incidence of ICANs from patients and lymphoma excluding patients with B-ALL. Correlation between absolute CAR-T cell
count (E) or CAR copies/cell (F) and event free survival of all patients or (F) excluding patients with B-ALL (G, H). Depicted are median and individual
values of the forty-eight samples. P-values between the indicated groups were calculated using unpaired Mann-Whitney U-t tests. ns: non-
significant, *p<0.05. Correlation studies were performed using Kaplan-Meier survival analysis.
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Although these two products present different co-stimulatory

domains in their structure, Tisa-cel incorporates 4-1BB while

Axi-cel contains CD28 as co-stimulatory domain; most of the

patients showed a similar expansion pattern to that previously

reported in other studies (3, 6, 7, 19, 20) with an exponential

phase until days 7-11 post-infusion, followed by a rapid loss until

day 20 post-infusion. In our study, similar expansion was obtained

by flow cytometry with both commercial products with no

significant differences in median peak CAR+ cell/uL or day of

expansion, although, it seems to be a tendency to an earlier

expansion in patients infused with Tisagenlecleucel (median day

of expansion 7) compared to Axicabtagene ciloleucel (median day

of expansion 9) (Supplementary Figure 3). Considering that

pediatric patients with ALL can only be treated with Tisa-cel, we

performed the same analysis excluding ALL patients and the

median day of expansion remained at 7 days post-infusion for

those adult patients infused with Tisa-cel (data not shown). Several

preclinical studies have demonstrated functional differences

between these two co-stimulatory domains that may also lead to

differences in vivo (21–23). However, no clinical differences in

efficacy or toxicity have been demonstrated between different co-

stimulatory domains (24). Moreover, this difference in median day

of peak expansion between the two commercial products was not

significant as it has been described in other studies (25). We also

monitored CAR-T cells in the same patients by digital PCR at the

same time points. The median day of peak expansion of CAR-T

cells was day +7 (range of 5-14 days) after infusion, reaching a
Frontiers in Immunology 1116
median of 0.245 CAR copy numbers/cell (range of 0.03-3.23 CAR

copies/cell) in blood. No significant differences were observed

between Tisa-cel (median day of expansion d+7) compared to

Axi-cel (median day of expansion d+7). Although CAR-T cell

absolute count by flow cytometry was not significantly different

between the two products, CAR copies/cell were significantly higher

at the peak expansion in patients infused with Axi-cel. As other

studies have previously showed, a significant correlation was

observed between flow cytometry and dPCR assays (8, 26–28).

Several studies have demonstrated that digital PCR shows a higher

sensitivity compared to flow cytometry (17, 29) In the last years,

optimization and standardization of the flow cytometry protocols

with bulk lysis have increased flow cytometry sensitivity to 10-5

approaching to digital PCR (10-7). Besides, flow cytometry allows

not only the detection and quantification of CAR-T cells post-

infusion, but also the immunophenotypic characterization of these

cells and the immune system of the patient at the same time. On the

other hand, flow cytometry needs to be performed with fresh blood

samples and requires qualified personnel for the analysis of the data.

At the time of peak expansion, phenotypic characterization was

performed comparing CAR+ and non-modified circulating T-cells.

CD4/CD8 ratio showed a reduction in CAR-T cells compared to

non-modified circulating T-cells although it did not reach statistical

significance. This data shows a predominant expansion of CD8+

versus CD4+ in CAR-T cells after infusion, independent of the

CD4/CD8 ratio of the infused product, as it has been described in

other studies (30, 31). The analysis of T-cell memory subsets
A B

DC

FIGURE 6

Immunophenotypic characteristics of CAR-T cells at the time of peak expansion correlate with increased event free-survival. Expression of PD1 and
LAG3 >5.2% (red) within CD4 CAR-T cells at the time of peak expansion correlates with increased EFS in patients with B-ALL and lymphoma (A) or
excluding patients with B-ALL (B). Expression of CD107a <6% (red) within CD8+ CAR-T cells at the time of peak expansion correlates with increased
EFS in patients with B-ALL and lymphoma (C) or excluding patients with B-ALL (D). The median expression levels of these biomarkers were used to
calculate these thresholds. Correlation studies were performed using Kaplan-Meier survival analysis.
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showed significant differences between CAR-T and non-modified

circulating T-cells. Both CD4+ and CD8+ CAR-T cells show

predominant effector memory phenotype at the time of peak

expansion. CD8+ CAR-T cells show significantly reduced levels of

effector cells and a significant increase in the effector memory

subset. This difference in the differentiation state of CD8+ CAR-T

cells may be due to antigen-driven differentiation as it has been also

appreciated at the time of peak expansion in other studies (30).

However, it is important to point out that these CAR-T cells were

analyzed in peripheral blood and, considering cell trafficking to

lymph nodes, different results could have been obtained if lymph

node biopsies would have been analyzed (30). Both CD4+ and CD8

+ CAR-T cells showed increased levels of activation, cytotoxicity,

apoptosis, and exhaustion (defined as the co-expression of one or

more co-inhibitory receptors in the cell surface) compared to non-

modified circulating T-cells at the time of peak expansion. This

result agrees with other studies in which CAR-T cells present a

more differentiated phenotype compared to non-modified

circulating T-cells at the time of peak expansion (30, 32, 33). At

this time after infusion, CAR-T cells may have an elevated activity

after rapid expansion and elimination of tumor cells and may have

therefore acquired a more activated, cytotoxic, and exhausted

phenotype. Altogether these data indicate that, at the time of peak

expansion, CAR-T cells have been through an antigen-driven

differentiation leading to a reduced CD4/CD8 ratio, an increased

effector memory phenotype and the acquisition of an activated and

exhausted phenotype (30, 34–36). It is important to remark that,

although there are several studies about the phenotypic

characterization of CAR-T cell in the leukapheresis and infusion

products (6, 13, 25, 37), scarce information is available about the

phenotypic characterization of CAR-T cells at the time of peak

expansion as the current study shows.

Different studies have shown clinical differences between Tisa-

cel and Axicel; nevertheless, scarce information is available

regarding the differences in the immunophenotype of CAR-T

cells comparing these two products and most studies available are

focused on the evaluation of the infusion products (38). With this

background, in the current study immunophenotypic

characterization of non-modified T cells and CAR-T cells was

compared between both products at the time of peak expansion.

Patients receiving Axi-cel products showed both increased

proliferation and increased expression of co-inhibitory receptors

at the time of peak expansion in non-modified T and CAR-T cells

from both CD4+ and CD8+ compartments. These data suggest that

antigen-driven differentiation process may be augmented in

patients infused with Axi-cel compared to Tisa-cel products.

Analysis of the leukapheresis samples as compared to

circulating non-modified T or CAR-T cells showed a reduction in

CD4/CD8 ratio in CAR-T cells at the time of peak expansion.

Besides, in both CD4+ and CD8+ compartments a reduction in

naïve and an increase in effector memory cells was observed.

Furthermore, a tendency to reduced central memory was also

observed in both CD4+ and CD8+ compartments at the time of

peak expansion. Altogether these data may indicate that, compared

to the leukapheresis, both non-modified T cells and CAR-T cells

display a more differentiated T cell phenotype, which could be
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attributed to stimulation post-antigen exposure. These data agree

with previous studies showing that CAR-T cells at the time of peak

expansion show an inversed CD4/CD8 ratio and a low proportion

of naïve and central memory compared to healthy donors and

peripheral blood samples of patients before CAR-T cell infusion

(27, 39)

Cell kinetics monitoring has been performed in multiple studies

providing inconsistent results about the correlation with response

or toxicity. Although more agreement exists about the correlation of

CAR-T cell expansion with increased tumor burden (31, 40, 41), it

is not that clear whether there is a correlation between CAR-T

expansion and efficacy, toxicity, or CAR-T cell dose. Some studies

have demonstrated that in vivo CAR-T cell expansion correlates

with higher grades of ICANs and CRS (1, 8, 31, 41–43). In our

study, correlation between peak CAR-T in blood and more severe

CRS was observed in agreement with previous studies. However, no

correlation was observed between AUC and CRS severity. Although

no significant correlation was observed with neurotoxicity, a trend

towards an increased median peak expansion of CAR-T cell

absolute count and CAR copies/cell was observed in patients

suffering some grade of ICANs. Regarding the efficacy of the

therapy, no correlation was observed between CAR-T peak

expansion or AUC in blood and event-free survival. In line with

this, there is controversy in relation to the association of in vivo

CAR-T expansion and efficacy of CAR-T cell therapy. Numerous

studies have performed CAR-T cell kinetics and inconsistent results

have been shown with regards to response. Some studies have

shown that patients achieving CR display significant increased

CAR-T expansion in blood compared to NR patients (6, 25, 40,

41, 44, 45). However, there are other studies confirming no

correlation between peak expansion and response to CAR-T cells

(8–10). This variability may be due to different factors including

clinical characteristics of patients, the CAR-T cell constructs

considered, previous CAR-T therapies or the tumor antigen

targeted by CAR-T cells (32).

The comparison between Tisa-cel versus Axi-cel in terms of

toxicity or efficacy showed no differences in terms of severe CRS

incidence but an increased incidence of ICANs in patients receiving

Axi-cel products. This agrees with previous studies that have

reported increased toxicity in patients infused with Axi-cel (37,

46, 47). However, no significant differences were observed in event-

free survival of patients infused with Tisa-cel or Axi-cel products.

Immunophenotypic characterization of CAR-T cells has been

analyzed in several studies but mainly at the time of leukapheresis

or infusion products (6, 32, 48). Little information is available about

the immunophenotype of CAR-T cells during in vivo expansion or

at the time of peak expansion (30). In the same way, scarce

information is avai lable regarding the correlat ion of

immunophenotype of CAR-T cells and the prognosis of patients

at the long-term. In this study, two biomarkers were shown to

correlate with increased event-free survival at the time of peak

expansion, increased PD1+LAG3+ in CD4+ CAR-T cells and

reduced CD107a+ in CD8+ CAR-T cells. Exhausted state has

been commonly associated as unresponsive or nonfunctional state

of T cells achieved during chronic virus infection. It is defined as the

elevated and prolonged co-expression of many inhibitory receptors,
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such as PD1, CTLA4, TIM3, or LAG3 in the cell membrane after

antigen exposure; specific epigenetic landscape and metabolism;

and loss of effector function. T cell exhaustion occurs when

infection continuous after effector phase and persistent and

chronic antigen stimulation happens. Normal effector cells

express several inhibitory receptors during late stages of normal

activation to balance immune responses (49–51). Several studies

have analyzed exhaustion markers in CAR-T cells at the time of

leukapheresis and in the infusion products demonstrating that

increased exhaustion markers at these time points correlate with

reduce efficacy of CAR-T cells (6, 9, 12, 13, 33, 52, 53). However,

little information is available about the exhaustion markers of CAR-

T cells in the blood of patients post-infusion. Some studies have

analyzed the memory populations or the levels of CAR-Treg (8, 30,

33). In this study we demonstrate a correlation between increased

levels of PD1+LAG3+ in CD4+ CAR-T cells and increased event-

free survival. We propose that CAR-T cells from these patients have

increased levels of co-inhibitory receptors (immune checkpoint

molecules) at peak expansion following antigen-driven activation

that has allowed the elimination of tumor cells and though permits

better disease control that correlates with increased event-free

survival. Therefore, the timing in the analysis of these co-

inhibitory receptors would be essential to understand the

dynamics of CAR-T cell activation and its correlation with

efficacy. In this way, increased levels of co-inhibitory receptors

prior to antigen stimulation would associate with reduced efficacy

but at the time of peak expansion, when CAR-T cells have already

interacted with tumor cells and made their function, would

correlate with increased response. According to our proposed

model, co-inhibitory receptors would increase during in vivo

expansion due to CAR-T cells correct functioning and would

downmodulate after peak expansion in blood. In this case,

exhaustion markers should also be analyzed at longer time points

post-infusion to follow the expression dynamics and confirm

downregulation after antigen clearance. At the same time, we

have shown that patients with reduced levels of CD107a+ in CD8

+ CAR-T cells at the time of peak expansion presented increased

event-free survival. CD107a or lysosomal associated membrane

protein 1 (LAMP-1) is a major component of the lysosomal

membrane (54) and its expression in the T cell surface correlates

with cytolytic effect (55). Upon target-recognition in T cells, pre-

formed cytotoxic granules in the cytoplasm circulate to the site of

cell-cell contact in the plasma membrane and secrete effector

molecules, such as perforin and granzyme, into the cytotoxic

immunological synapse to clear target cells. As degranulation

occurs, secretory lysosomes are released and CD107a is expressed

in the cell membrane accessible to antibody binding as evidence of

cytolytic effect (55). Therefore, CD107a pattern of expression on the

cell membrane is transient depending on antigen stimulation. After

stimulation, CD107a levels rapidly increase reaching maximum at

about 4 hours later and then decreasing due to internalization of the

protein (56). Some studies have revealed CD107a may not only be a

marker of degranulation, but it has also a role in the trafficking of

lytic granules to the cell membrane (57). In summary, CD107a is a

highly dynamic marker that has been shown to be transient in the

cell membrane. Upon degranulation, CD107a is externalized to the
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cell membrane and cells become positive for cell surface CD107a for

a brief period of time before this protein is rapidly retrieved by the

endocytic pathway (56). According to this, we propose that during

CAR-T cell expansion, in vivo levels of CD107a would increase at

early time points post-infusion due to antigen-recognition and once

the cytotoxic effect has been performed these levels would decrease

in the cell membrane. Therefore, those patients with reduced levels

of CD107a in CD8+ CAR-T cells at the time of peak expansion

would be those with a higher activation and increased

CAR-T cytotoxic effect at earlier time points, thus correlating

with an increased event-free survival. In conclusion, immune

cell studies, and correct interpretation of the dynamics of

the immunophenotype during CAR-T cell therapy (from

leukapheresis to manufacturing and post-infusion monitoring) is

essential for the understanding of CAR-T cells performance in vivo

and for the detection of biomarkers that would identify those

patients with worse prognosis.

In summary, despite the great results of CAR-T cell therapy in

the treatment of relapse/refractory lymphoma and LLA, only less

than 50% of patients retain long-term response and many

challenges need to be solved to increase this rate. This study

stands out the importance of the in vivo monitoring and

characterization of these CAR-T cells for the identification of

patients with worse prognosis at very early time post-infusion

and highlights the predictive value of phenotypic characteristics at

the time of peak expansion. To the best of our knowledge, our study

shows for the first time the correlation of increased levels of co-

inhibitory receptors and reduced expression of cytotoxicity markers

at the time of peak expansion in CAR-T cells, with an increased

event-free survival in patients with lymphoma and acute

lymphoblastic leukemia.
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Chimeric antigen receptor (CAR)-expressing T cells are a complex and

heterogeneous gene therapy product with variable phenotype compositions. A

higher proportion of less differentiated CAR T cells is usually associated with

improved antitumoral function and persistence. We describe in this study a novel

receptor-targeted lentiviral vector (LV) named 62L-LV that preferentially

transduces less differentiated T cells marked by the L-selectin receptor CD62L,

with transduction rates of up to 70% of CD4+ and 50% of CD8+ primary T cells.

Remarkably, higher amounts of less differentiated T cells are transduced and

preserved upon long-term cultivation using 62L-LV compared to VSV-LV.

Interestingly, shed CD62L neither altered the binding of 62L-LV particles to T

cells nor impacted their transduction. The incubation of 2 days of activated T

lymphocytes with 62L-LV or VSV-LV for only 24 hours was sufficient to generate

CAR T cells that controlled tumor growth in a leukemia tumor mousemodel. The

data proved that potent CAR T cells can be generated by short-term ex vivo

exposure of primary cells to LVs. As a first vector type that preferentially

transduces less differentiated T lymphocytes, 62L-LV has the potential to

circumvent cumbersome selections of T cell subtypes and offers substantial

shortening of the CAR T cell manufacturing process.

KEYWORDS

L-selectin, receptor-targeted viral vectors, LV, chimeric antigen receptor, CAR T cells,
DLNGFR, naïve T lymphocytes
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Introduction

Genetic modification of T cells to express a chimeric antigen

receptor (CAR) has emerged as an effective therapeutic treatment for

patients with B cell hematological malignancies over the last few

years. CAR T cells are generated from peripheral T cells isolated from

the blood of patients. Based on the differential expression of CD62L,

CCR7, CD45RA, and CD45RO, these peripheral T cells can be

divided into five subsets: naive T (Tn) cells, which are antigen-

unexperienced; effector T (Teff) cells, which migrate to sites of

inflammation and promote pathogen clearance; and memory T

cells, which persist long-term to allow protection against

subsequent infections. Memory T cells include stem cell memory

(Tscm), central memory (Tcm), and effector memory (Tem) cells (1). In

humans, T cell differentiation follows a linear progression where less

differentiated cells give rise to more differentiated progeny: Tn > Tscm

> Tcm > Tem > Teff. During the differentiation of Tn toward Teff cells,

the proliferative potential and memory functions decline, while

effector functions increase. Notably, the two markers, CD62L and

CCR7, are only expressed on Tn and early-differentiated (Tscm and

Tcm) cells. During T cell isolation and subsequent cultivation, cells are

usually activated using cytokines and stimulating antibodies to induce

T cell proliferation and survival. In the past, IL-2 was most frequently

used for cytokine support, thereby driving T cell cultures toward

terminally differentiated T cells. More recently, IL-7 and IL-15 are

applied to T cell cultures in an effort to maintain a more naïve- or

memory-like T cell phenotype (2, 3).

Despite its promising results, CAR T cell therapy still needs to

overcome various hurdles to become standard therapy for all patients

in need. Automated processes have been developed to address the

complicated manufacturing process (4). However, the most suitable T

cell phenotype for CAR-mediated tumor therapy is a matter of debate.

In general, naive and early-memory T cells are favored for cellular

immunotherapy products due to their higher plasticity, longer

persistence, and greater capability to proliferate and differentiate into

highly cytolytic effector cells (5–8). Along this line, a beneficial

antitumoral function and cell persistence were associated with a high

amount of less differentiated CAR T cells not only in patients with B-

cell malignancies but also in patients with neuroblastoma (3, 9–11).

For the generation of CAR T cell products, lentiviral vectors

(LVs) pseudotyped with the glycoprotein of the vesicular stomatitis

virus (VSV-G), harboring a broad tropism, are commonly used.

Optimizing gene delivery through the engineering of vector

particles offers the potential to improve and simplify the genetic

modification of T cells. In this regard, receptor-targeted LVs (RT-

LVs) specifically transducing CD3, CD4, or CD8 T cells have been

described (12, 13). All three vector types were recently shown to

mediate the generation of CAR T cells directly in vivo in humanized

mouse models (13–16). RT-LVs use a cell surface protein of choice

as an entry receptor, which can be achieved through pseudotyping

with engineered glycoproteins from paramyxoviruses displaying a

receptor-specific targeting domain, such as a single-chain antibody

fragment (scFv) or designed ankyrin repeat molecule (DARPin)

(17). However, the T cell-specific LVs available so far are not able to

discriminate between the differentiation phenotype and exhaustion

status of T cells.
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Here, we describe the generation of an RT-LV that is specific for

a T cell marker expressed on less differentiated T cells: CD62L. The

specificity of this vector was mediated by displaying a CD62L-

specific scFv on measles virus (MV)-based RT-LVs. The resulting

CD62L-LV mediated efficient gene delivery and preserved a higher

degree of less differentiated CAR T cells upon long-term culture.

CAR T cells generated through short-term incubation with CD62L-

LV controlled tumor burden in an in vivo setting.
Results

A CD62L-specific scFv was derived from the antibody clone

145/15. Its sequence was fused to either the MV H protein or the

NiV G protein via a (G4S)3 linker termed L3. Display on NiV G was

performed with and without L3. All three constructs were equally

well expressed at the surface of transfected HEK-293T cells

(Supplementary Figure 1). For the production of CD62L-targeted

LVs, HEK-293T producer cells were transfected with two envelope

plasmids (one encoding MV H or NiV G fused to the targeting

moiety and the other encoding the fusion protein MV F or NiV F),

the lentiviral packaging plasmid, and the transfer vector encoding

gfp. Small-scale stocks of vector particles harvested as

unconcentrated supernatant were used for the transduction of

target cells (HT1080CD62L and HT1080aHis) and non-target cells

(HT1080). Notably, HT1080aHis cells are applicable target cells due

to the presence of a His-tag at the C-terminal part of the CD62L-

scFv fused to the NiV G and MV H protein.

While MV-L362L-LV was highly active in transducing both target

cell types, both NiV glycoprotein-based LVs (NiV-L362L-LV and
NiV62L-LV) were inefficient in gene delivery, especially on

HT1080CD62L cells (Supplementary Figure 2). This is potentially

due to membrane distal binding of the scFv to CD62L as efficient

gene delivery by NiV glycoprotein-based LVs requires membrane-

proximal binding (18). Hence, MV-L362L-LV (hereafter termed 62L-

LV) was chosen for further investigation. For all the following

experiments, coding sequences for a second generation aCD19-
CAR covering the 4-1BB costimulatory domain and the CD3z-
signaling domain together with a truncated LNGFR (DLNGFR)
reporter protein were packaged into LV particles. This vector was

produced at a large scale, purified, and concentrated over a sucrose

cushion. Vector stocks contained 2.6 – 7.9x1011 particles/mL, which

were on average 142 ± 7 nm in size (Figure 1A). They were active in

gene transfer as demonstrated by transduction of HT1080aHis cells,

on which an antibody recognizing the His tag on the particle

envelope served as entry receptor (Figure 1B). CAR gene delivery

was strictly dependent on CD62L expression since 62L-LV

transduced HT1080CD62L cells, which were genetically modified to

overexpress CD62L but not the parental HT1080 cells, which did

not express CD62L (Figure 1C; Supplementary Figure 2A).

On primary human PBMC, gene transfer activity was higher

than on HT1080aHis cells (Figure 1B). Fractions of CD62L-positive

T cells were donor-dependent and changed substantially during

cultivation (Supplementary Figure 3A). All transduction

experiments were performed 2 or 3 days after activation when

CD62L levels ranged between 50-85% on T cells. Transduction of
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activated primary human PBMC obtained from various donors

resulted in efficient gene transfer into CD4+ and CD8+ T

lymphocytes (Figure 2A). Since CD62L can also be present on

CD3-negative cells, especially B lymphocytes and monocytes (19,

20), we analyzed this cell fraction as well. At the day of transduction,

up to 25% of cells were CD3-negative (Supplementary Figure 3B).

This value decreased to below 2% upon cultivation (Supplementary

Figure 4A). Gene transfer into these cells was detectable, however,

at lower rates than on CD3-positive cells. Notably, VSV-LV

was significantly more efficient in transducing these cells

(Supplementary Figures 4C, D).

Gene transfer rates into primary T lymphocytes by 62L-LV were

substantially enhanced through the addition of Vectofusin-1,

resulting in more than 70% CD4+CAR+ T cells and 50%

CD8+CAR+ T cells. Values were thus well comparable to those

obtained with VSV-LV (Figure 2A). Higher numbers of transduced

CD4+ over CD8+ T cells were also observed for non-targeted LVs

pseudotyped with VSV-G or BaEV glycoproteins (21) and are,

therefore, due to initially higher CD4+ T cell levels in PBMC
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cultures than in a particular property of 62L-LV (Supplementary

Figure 5). In line with previous data on T lymphocytes, Vectofusin-

1 was only beneficial for 62L-LV but not VSV-LV (Supplementary

Figure 4B). CAR surface expression intensities were comparable for

62L-LV and VSV-LV, suggesting overall similar vector copy

numbers in CAR T cells generated with both vector types

(Supplementary Figure 4E). More importantly, even after

cultivation of these cells for several days, CAR T cells generated

with 62L-LV contained significantly higher numbers of less

differentiated cells than CAR T cells generated with VSV-LV, as

indicated by the higher percentage of CD62L+ cells (Figure 2B).

This difference must be due to the targeting activity of 62L-LV since

the levels of CD62L+ cells were identical in both T cell populations

(Supplementary Figure 6B). Within the CAR+/CD4+ T cell fraction

Tcm cells dominated, while similar levels of Tn and Tcm cells were

present within the CAR+/CD8+ fractions for both vector groups

(Supplementary Figures 7A, B). Compared to VSV-LV, fractions of

Tcm cells were significantly higher for CAR T cells generated with

62L-LV 12 days post-transduction (Supplementary Figure 7C). The
A B

C

FIGURE 1

Basic characterization of 62L-LV. (A) Physical properties of 62L-LV vector stocks. Three independently produced 62L-LV stocks were analyzed for
size (left panel) and particle concentration (right panel) by nanoparticle tracking analysis (filled bar; technical triplicates) or p24-ELISA (open bar,
biological replicates). Means and standard deviations (SD) are depicted. (B) 62L-LV stocks were titrated on HT1080aHis cells or activated human
PBMC. Individual results of biological replicates and means with standard error (SEM) are plotted. (C) The indicated panel of HT1080 cells was
incubated with 2.5 µL 62L-LV stock or left untransduced. Four days later, antibody staining against DLNGFR allowed for the detection of transduced
cells by flow cytometry. Left panel: Representative dot plots for one vector stock. Right panel: Percentages of DLNGFR positive cells after
transduction with seven different vector stocks. Dashed lines indicate detection levels for each individual cell line. Individual results as well as means
with SD are plotted. Statistical testing was calculated by using ordinary 1-way ANOVA. WT = parental HT1080 cells.
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amounts of CAR-positive T cells slowly declined for both vector

types within the CD8+ and CD4+ cell fractions over the cultivation

period of 12 days, (Supplementary Figure 6C) possibly due to the

absence of antigen stimulus and/or DLNGFR protein transfer

contributing to the signals early after vector exposure (21).

To further assess the selectivity of 62L-LV on primary human

PBMC, a blocking experiment with the parental CD62L antibody

(145/15) or an unrelated antibody against CD45 was performed.

Incubation of activated PBMC with increasing concentrations of

either anti-CD62L or anti-CD45 resulted in a gradual increase in

cell staining intensity for both antibodies (Figure 3A). CD62L

staining peaked at a concentration of 2.2 ng/mL while anti-CD45

saturation was only about to be reached for the highest

concentration applied although 100% of the cells were positive for

CD45 also at lower antibody concentrations (Figure 3A;

Supplementary Figure 8). The addition of 62L-LV vector particles

to antibody pre-incubated cells showed that 62L-LV particle

binding to cells decreased with increasing concentrations of anti-

CD62L, while the unrelated antibody CD45 did not influence vector

binding (Figure 3B). Notably, vector binding onto PBMC could be

reduced close to background levels already at an anti-CD62L
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concentration of 2.2 ng/mL, demonstrating that 62L-LV binds

specifically to CD62L on primary cells.

During T cell activation and differentiation, CD62L is shed from the

T cell surface. This has two consequences. First, CD62L levels in T cells

strongly fluctuate in cell culture. It is therefore difficult to correlate the

CAR gene and CD62L expression to prove the selectivity of 62L-LV

after transduction of primary human PBMC. Second, shed CD62L

(sCD62L) may bind to vector particles and reduce their gene transfer

activity. Whether sCD62L hinders transduction by sequestering vector

particles was subsequently analyzed in a binding experiment. As

expected, accumulation of sCD62L in the supernatant of activated

PBMC was observed for up to 10 days (Figure 4A). Supernatant from

day 6, containing on average 64 ng/mL sCD62L, was used to pre-

incubate 62L-LV particles prior to T cell binding. Interestingly, the pre-

incubation of 62L-LV with either fresh or frozen supernatants

containing sCD62L did not influence the binding of the vector

particles to PBMC. Similar staining intensities of the reporter protein

were detected regardless of whether vector particles were incubated with

sCD62L-containing supernatants or fresh medium, indicating that

sCD62L molecules present in cell culture supernatants did not alter

the binding of 62L-LV to T cells (Figure 4B). Along this line, pre-
A

B

FIGURE 2

CAR gene delivery into primary lymphocytes by 62L-LV. Activated PBMCs were incubated with 62L-LV (blue dots) or VSV-LV (orange dots).
(A) Transduction rates in the presence (+V1) or absence (-V1) of Vectofusin-1 as determined by DLNGFR expression. Left panel: Representative dot
plots of 62L-LV transduced PBMC pre-gated for CD3+ cells. The percentage of DLNGFR expression presented as numbers in the individual gates
refer to the CD4+ (upper gates) or CD4- cells (bottom gates), respectively. Right panel: results from seven different donors in four independent
experiments analyzed 9 - 12 days post-transduction. For VSV-LV, V1 was not applied. Individual results of biological replicates and means with
standard deviation (SD) are plotted. Statistical analysis was performed by using paired t-test for the comparison of 62L-LV +/-V1 and by using an
unpaired t-test for the comparison of 62L-LV and VSV-LV. ns, not significant. (B) The total percentage of DLNGFR+ cells expressing CD62L is
displayed for the CD4+ (left) and CD8+ (right) fractions. Transduction was performed in the absence of V1 for 62L-LV and VSV-LV, respectively. Cells
from three different donors transduced with either vector in two individual experiments were tested for significant differences at each analysis time
point individually by Fisher’s least significant difference (LSD) test. The mean with standard error (SEM) of eight biological replicates is plotted. The
gating strategy is depicted in Supplementary Figure 15.
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incubation of vector and sCD62L did not impact the transduction

efficiency of 62L-LV particles (Supplementary Figure 9). Transduction

mediated by VSV-LV increased upon incubation with sCD62L

containing supernatant (Figure 4B), which is an observation not

further evaluated at this stage.

Next, 3 days activated T cells were separated into CD62L-

enriched and CD62L-depleted fractions and transduced with 62L-

LV or VSV-LV. To prevent epitope masking by the CD62L

antibody, the labeling antibody was enzymatically cleaved after

cell separation. With this procedure, two fractions were obtained.

The enriched fraction contained 98% and the depleted fraction

contained 15% CD62L-positive T cells, respectively (Figure 5A).

Upon cultivation, the fraction of CD62L-positive cells increased

significantly in intensity and frequency in the depleted fraction,

suggesting re-expression of CD62L on initially CD62L-negative

cells (Figures 5C–E). Yet, 62L-LV resulted in significantly higher

transduction on cells of the CD62L-enriched fraction than the

depleted fraction (Figure 5B). Notably, there were approximately

two-fold more transduced cells in the enriched fraction, while for
Frontiers in Immunology 0525
VSV-LV, the result was the opposite (Figure 5B). There were also

transduced cells in the depleted fraction (Figure 5B), which were

most likely on-target transductions, either on the residual CD62L+

cells after separation (Figure 5A) or on cells re-expressing CD62L

during exposure to vector particles.

After having provided evidence that 62L-LV specifically

transfers CAR genes into CD62L-positive T cells, we tested the

functionality of those CAR T cells. CAR T cells generated with 62L-

LV exhibited a more naïve phenotype with significantly more Tn

and Tscm cells than the cells transduced with VSV-LV 3 days post-

transduction (Supplementary Figure 10A). In agreement with a

higher content of Teff and Tem CAR T cells, the killing of CD19+

tumor cells was more efficient with CAR T cells generated through

VSV-LV (Supplementary Figure 10B). Yet, there was a significant

killing detectable also for CAR T cells generated with 62L-LV even

at a low ratio of effector to target cells (Supplementary Figure 10B).

Notably, these CAR T cells contained a slightly higher level of

CCR7-positive cells not only before but also after the killing assay

(Supplementary Figures 10C, D).
A

B

FIGURE 3

Selectivity of 62L-LV binding to primary T lymphocytes. Activated PBMC incubated either with the CD62L-specific antibody (blue bars) or with the
CD45-specific antibody (grey bars) at the indicated concentrations before PBS (open bars) or 62L-LV vector particles (filled bars) were added for
30 min at 4°C. (A) Fluorophore-labeled aCD62L and aCD45 antibodies were used to determine the staining intensity of CD62L and CD45 on
activated PBMC at the indicated concentrations by flow cytometry. Mean fluorescent intensities (MFI) are shown. N=1. (B) PBMC was pre-incubated
with biotin-labeled antibodies before the addition of 62L-LV particles. After vector incubation, cells were stained with fluorophore-coupled aCD3
and aLNGFR antibodies to allow for the detection of vector-bound T cells by flow cytometry. Background MFI (dashed line) was determined from
samples incubated with PBS (w/o) for all antibody concentrations. Means of MFI and standard deviations (SD) of three technical replicas are depicted.
Statistical testing was performed by using 2-way ANOVA. ns, not significant.
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In the next step, antitumor activity in vivo was investigated for

CAR T cells generated with 62L-LV or VSV-LV. CAR T cells were

short-term generated by 24h incubation of 2 days activated PBMCwith

equal volumes of 62L-LV and VSV-LV vector stocks and subsequently

administered to NSG mice via tail vein injection. The vector doses

applied reflected roughly identical particle numbers and an

approximately seven-fold higher MOI for VSV-LV (Supplementary

Table 3). Yet, a higher amount of CAR+ T cells was detectable in the

62L-LV group upon cultivation of the vector-cell mix for an additional

two days (Supplementary Figure 11C). To demonstrate the

functionality of the short-term generated CAR T cells, Nalm6 cells

(luciferase-encoding CD19-positive target cells) were intravenously

injected into the mice 3 days later, and tumor growth was monitored

by bioluminescence imaging (BLI). A schematic timeline of the

experimental set-up is presented in Figure 6A. Tumor growth was

clearly constrained in both vector groups, while a steady increase of

tumor mass, reflected by a more than 100-fold increase in luciferase
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signal, was observed in all control animals (Figure 6B). Quantification

of signals revealed that tumor load in both vector groups was at or

slightly above the background over all the days of analysis (Figure 6C).

Notably, signals in animals that received VSV-LV-treated T cells were

slightly reduced compared to those receiving 62L-LV-treated cells, but

this difference was not significant. At day 17 of post-adoptive cell

transfer, no tumor cells were detected in the blood, bone marrow, liver,

and spleen of the sacrificed mice of both vector groups, while tumor

cells were present in various organs of all control animals (Figure 6D).

Along this line, proliferation of CAR T cells was observed in the blood

over time of animals having received 62L-LV- or VSV-LV-incubated

PBMC (Figure 7A; Supplementary Figure 12). Interestingly, higher

proportions of CAR T cells and human CD45+ cells were observed in

the blood (Figure 7B), spleen, bone marrow, and liver for the VSV-LV

group at day 17 (Supplementary Figure 13). Interestingly, CAR T cells

found in the periphery of mice in the 62L-LV group showed a tendency

for a more beneficial cell composition regarding phenotype and cell
A

B

FIGURE 4

Shed CD62L does not influence vector binding. (A) Accumulation of sCD62L in the supernatant of PBMC. Frozen PBMCs were thawed, activated,
and cultivated in the presence of IL-7 and IL-15. The complete supernatant of one well was collected on the indicated day and used for sCD62L
quantification (left panel). The amounts of sCD62L present in three independent cultures on day 6 are shown in the right panel. Individual results and
means and standard deviation (SD) are depicted. (B) 62L-LV (blue) or VSV-LV (orange) particles were incubated with fresh or frozen supernatant
containing sCD62L (day 6 harvest) or cell medium (TCM) only. A mixture of vector stock and supernatant was incubated with activated PBMC for
30 min at 4°C. Flow cytometry was performed to analyze the content of vector-bound T cells by staining with fluorophore-coupled aCD3 and
aLNGFR antibodies. Dot plots of vector-bound T cells are depicted in the right panel. The percentage of vector-bound cells is indicated. DLNGFR
intensity [MFI] of vector-bound cells in three to 10 independent experiments is shown in the left panel. Individual results and means with SD are
plotted. Statistical testing was performed by using 2-way ANOVA. ns, not significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1183698
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kapitza et al. 10.3389/fimmu.2023.1183698
exhaustion. Significantly, higher frequencies of Tn cells and fewer Tem

cells were determined within the CD4+/LNGFR+ T cells in particular

(Figure 7C). With respect to exhaustion, CD8+ CAR T cells derived

from 62L-LV transduction exhibited a trend for lower levels of LAG-3

and TIM-3 (Figure 7D). In the spleen and bone marrow, the vast

majority of CAR T cells showed the typical cytotoxic-associated

phenotype, while less differentiated T cells were hardly detectable

(Supplementary Figures 14A, B). Yet, CD8+ CAR T cells showed a

tendency for reduced exhaustion when transduced with 62L-LV

(Supplementary Figures 14C, D). In conclusion, in the applied

animal model functional CAR T cells can be generated with 62L-LV

by short-term ex vivo exposure to vector particles.
Frontiers in Immunology 0727
Discussion

For any CAR T cell therapy, generating a product with high

safety and efficacy in terms of longevity, engraftment, and

antitumor-effector function is the ultimate goal. The design and

cellular composition of the CAR T cell product are essential

parameters defining these key therapeutic features. Parameters

affecting CAR T cell function are, e.g., the choice of co-

stimulation, the ratio between CD4+ and CD8+ CAR T cells, CAR

T cell differentiation status, and the amount of exhausted CAR T

cells (22, 23). This paper describes a novel gene transfer vector

termed 62L-LV, which specifically transduces CD62L-positive cells,
A B

D E

C

FIGURE 5

Transduction on CD62L-enriched and -depleted T cells. (A) CD62L frequency on activated T cells before (T cells) and after magnetic-activated cell
separation using CD62L-APC (clone REAL163) and anti-APC microbeads into CD62L-enriched (CD62L enr.) and CD62L-depleted (CD62L depl.)
fractions. (B) Percentages of DLNGFR+ cells 3 days after transduction of the separated cell fractions shown in panel A with 62L-LV or VSV-LV. (C–E)
CD62L expression after separation. In an independent experiment, the percentage of CD62L+ cells was determined directly after separation (day 0)
and upon 7 days of cultivation. Data are shown as measured (C), left diagram), normalized to the values in the enriched fraction (C), right diagram),
and as exemplary FACS plots on day 0 (D) and day 7 (E). Individual results as well as means with standard deviation are shown for three donors
measured in technical triplicates. Statistical testing was performed by RM 2-way. ns, not significant.
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thus offering the potential to preferentially generate CD62L+ CAR T

cells without the need for preselection of defined T cell subsets.

Importantly, the newly generated 62L-LV vector could be robustly

produced with regard to particle size, concentration, and functional
Frontiers in Immunology 0828
titer. With an average size of 142 nm and 1011 particles/mL, the size

and concentrations of 62L-LV stocks lay in the expected ranges of

previously established RT-LVs (18, 21, 24–26). Functional titers of

concentrated 62L-LV batches encoding the CD19-CAR were on
A

B

D

C

FIGURE 6

Antitumoral activity of CAR T cells generated with 62L-LV. (A) Experimental setting. PBMC were activated for two days prior to 24h incubation with
62L-LV, VSV-LV, or PBS (control) and injected i.v. into NSG mice (n=3 per group). Nalm6 cells were injected on day 4 of post-adoptive cell transfer
and their growth was monitored by bioluminescence imaging (BLI). (B) Monitoring for tumor load by BLI at the indicated days after adoptive cell
transfer. Ventral images of eachmouse are depicted. (C) Total body flux quantified at the indicated time points for the 62L-LV group (blue), the VSV-LV
group (orange), and the control (grey). Individual results and mean with standard error (SEM) are plotted. The dotted line represents the background signal
of mice without imaging substrate. Ordinary two-way ANOVAwas used to determine statistics. P-values are indicated when below 0.05. (D) Cells isolated
from the blood and organs of eachmouse were analyzed by flow cytometry for viable, CD45 negative, CD19, and EBFP double-positive Nalm6 cells. The
percentage of Nalm6 positive cells of all viable cells is depicted. Individual results and means with standard error (SD) are plotted. Ordinary one-way ANOVA
was used to determine statistics. P-values are indicated when below 0.05.
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average above 1x107 t.u./mL on human PBMC; thus, they were

approximately one log higher than on HT1080aHis cells. This

difference in gene transfer activity illustrates that titer

determination depends on the particular experimental conditions

including the cell type, used transgene, and transduction condition.

Functional titers can therefore not be compared to those of other

vector types. Gene transfer into primary human PBMC with 62L-

LV was as efficient as with VSV-LV while resulting in a significantly

higher proportion of less differentiated CAR T cells upon long-

term cultivation.

As CD62L is a differentiation marker, its expression changes

throughout the T cell lifetime and activation status. CD62L is

regulated by transcriptional shutdown and shedding from the cell
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surface upon T-cell activation (27, 28). Therefore, direct proof for

the selectivity of 62L-LV on primary cells is difficult since

transduced CD62L+ cells might have turned CD62L negative

when detecting gene expression. To address this issue, we

pursued a variety of experimental strategies all supporting that

62L-LV is as selective for target-receptor positive cells as other RT-

LVs, such as CD8-LV (29). We found that: i) T cells transduced

with 62L-LV contained significantly higher proportions of CD62L+

CAR T cells than those generated with VSV-LV, ii) 62LV use

CD62L as an entry receptor as demonstrated on engineered cell

lines, iii) the transduction levels correlated positively with

enrichment of CD62L+cell fractions from donor PBMC, and iv)

vector particle binding to primary T lymphocytes was blocked by
A

B

D

C

FIGURE 7

Characterization of CAR T cells from the in vivo experiment (A) Monitoring of CAR T cells in the blood. The fraction DLNGFR+ cells within human
CD4+ or CD8+ T cells was determined by flow cytometry on days 3, 10, and 17 of the in vivo experiment. Gating on viable human CD45+, CD3+, and
respective lineage marker-positive cells was performed. Only samples with at least 20 events in the CD4+ or CD8+ gates were considered. Mean
values with standard error (SEM) are depicted. N=3. (B-E) Cellular composition in the blood at the final analysis. Frequencies of human CD45+ cells
(left), DLNGFR+/human CD4+ (middle), and DLNGFR+/human CD8+ (right) are shown in (B), those of Teff, Tem, Tcm, Tn within DLNGFR+/human
CD4+ (left), and DLNGFR+/human CD8+ (right) in (C), and frequencies of non-exhausted DLNGFR+/human CD4+ (left) and DLNGFR+/human CD8+
(right) as determined by double-negative TIM-3 and LAG-3 expression in (D). Individual results of each mouse and mean values with standard
deviation (SD) are depicted. Unpaired t-tests were performed to determine statistics. P-values are indicated when below 0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1183698
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kapitza et al. 10.3389/fimmu.2023.1183698
the parental CD62L-specific antibody from which the targeting

domain of 62L-LV was derived.

An interesting finding of our study was that 62L-LV particles

were not blocked by shed CD62L. This was unexpected, as it is

known that the binding capacities of CD62L to target molecules are

retained after cleavage (30). Various reasons might be causative for

this finding. The concentration of sCD62L in cell culture

supernatant was lower (50 ng/mL) than in the serum of healthy

individuals (0.8 – 2.3 µg/mL) (30). In addition, sCD62L is known to

aggregate (31), which further reduces the amounts of molecules

available for binding of 62L-LV. Even more relevant, it has been

suggested that the conformation of sCD62L differs from that of

membrane-associated full-length CD62L since a monoclonal

antibody directed against an epitope in the EGF-like domain of

CD62L was able to bind to the cell surface-associated CD62L but

not the soluble form (30). The same may hold true for the 145/15

antibody. As a consequence, 62L-LV would be specific for CD62L

but not sCD62L. Regardless of the exact mechanism, we have

proven that 62L-LV transduces T lymphocytes also in the

presence of sCD62L.

CD62L is expressed on most circulating leukocytes, like B

lymphocytes, neutrophils, monocytes, eosinophils, immature

thymocytes, and a subset of NK cells as well as hematopoietic

progenitor cells (19, 20, 32–35). This holds true also for certain

malignant cells, e.g., B-ALL or NHL (36–38). Accordingly, all these

cells are potential targets for 62L-LV if exposed to the vector. While

binding of vector particles to these cells is highly likely, and may in

the case of CD19-positive B cell lymphomas additionally be

supported by vector particle-incorporated CD19-CAR (21, 39)

binding is not sufficient for successful transduction. Binding via

additionally incorporated non-fusogenic transmembrane proteins

(such as the CD19-CAR here) is supposed to be rather inefficient in

mediating membrane fusion and cell entry (40). Even after

successful membrane fusion, post-entry blocks mediated by

restriction factors can prevent transduction. An example is

SAMHD1, which blocks early reverse transcription of LVs,

especially in monocytes (41, 42). While further studies on 62L-

LV-mediated transduction of myeloid cells and more importantly

CD62L-positive tumor cells will be required, it appears well

conceivable that the previously described LVs targeted to the T-

cell markers CD8, CD4, or CD3 are more suited for in vivo gene

therapy applications than 62L-LV (13, 14, 16, 29, 43, 44). Even if

CD62L-positive non-T cells will be protected from transduction,

they could function as a sink for 62L-LV particles, thereby limiting

their availability for on-target transduction. Yet, the tropism of 62L-

LV is much more restricted than that of VSV-LV, thus not

excluding potential applications upon direct in vivo administration.

Given the considerations above, applications of 62L-LV for ex-

vivo generated CAR T cells are the most realistic option. Currently

approved CAR T cell products available in the US and EU markets

are manufactured via transduction with VSV-LV or g-retroviral
vectors. According to information provided on the companies’

homepages, between 2 and 5 weeks are required for CAR T cell

production and release. To reduce production times, shorter T cell

cultivation and expansion could be beneficial. We show here that

CAR T cells generated within 3 days of ex vivo handling, using 62L-
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LV or VSV-LV for gene transfer, control the tumor burden in a

mouse model. This result is well in line with the previous

observation of Ghassemi and colleagues, who have shown that

functional CAR T cells cannot be only generated within 3 days, but

can also outperform conventionally generated CAR T cells in

xenogeneic mouse tumor models (45). In difference to the

published results, we stimulated our cells with IL-7 and IL-15

instead of IL-2, activated the PBMC for only 2 days with aCD3
and aCD28, and administered the cells 24 hours after

vector incubation.

While shortening the manufacturing time for CAR T cells

appears feasible and desirable, certain safety concerns arise with

this procedure. During conventional CAR T cell manufacturing,

transduced cells undergo several washing and expansion steps

reducing the amounts of residual vector particles to negligible

concentrations. In contrast, it can be assumed that particle uptake

and gene transfer are not completed for CAR T cell products

injected as early as 24 or 48 hours after vector incubation. Vector

particles still bound to the T cells may transduce to other cells upon

infusion. This risk is expected to be higher for VSV-G pseudotyped

vectors with their broad cell tropism than for 62L-LV. Yet, there is a

need to ensure that tumor cells are not transduced to avoid CAR

epitope masking. The fatality of such a scenario was demonstrated

in 2018 in a clinical trial investigating the CAR T cell product

Kymriah. In this trial, an accidental transfer of a CD19-CAR into a

single leukemic cell during manufacturing led to the relapse and

death of a patient (46). The causative for this event was that a CAR

construct present in tumor cells can bind in cis to the CAR-specific

epitope on the surface of the tumor cell. In this case, CD19 masked

the epitope from recognition by CAR T cells, conferring resistance

to the CAR T cell product and enabling its proliferation. In order to

reduce this potential safety concern, the exact time-point of

completed transduction after short-term incubation should be

investigated and additional washing steps could be implemented

to remove residual particles from the cells prior to adoptive transfer.

Beyond that, selecting a CD62L-negative tumor entity, possibly

solid cancer, solves this issue for 62L-LV but not for VSV-LV.

Recently, rigorous characterization of enriched CAR Tscm cells

revealed a unique ability to counteract leukemia re-challenge and

lower risks for CAR T cell-induced cytokine release syndrome but

also a slightly reduced cytotoxic potential compared to conventional

CAR-T cells (47). The latter finding is well conceivable given that

CAR Teff cells are most active in tumor cell killing but depleted after

enrichment for more naïve T cells. It is, moreover, well in

agreement with our observation that the cytolytic activity of CAR

T cells generated with 62L-LV was less pronounced than that of

CAR T cells generated with VSV-LV. Yet, in vivo, these less

differentiated CAR T cells controlled tumor growth similarly well

as CAR T cells generated by VSV-LV, while exhibiting a tendency to

be less differentiated and exhausted.

While so far no immediate therapeutic advantage of 62L-LV

over VSV-LV has become apparent, it is likely that this will become

evident in future studies. For example, re-challenge experiments in

a similar mouse setting as the one described here will reveal if CAR

T cells generated with 62L-LV are less exhausted and accordingly

more potent upon repeated antigen exposure. In addition to the
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prophylactic setting we used here, CAR T cells generated with 62L-

LV will have to be investigated in a therapeutic setting with

established tumor cells before infusion of the vector-cell mix.

Along this line, CD34+ stem cell humanized mouse models offer

the potential to investigate short-term generated CAR T cells within

a xenoreaction-free and quiescent immunological surrounding

which better mimics the human situation.

Taken together, the newly established 62L-LV offers great

potential for the ex vivo generation of less differentiated CAR T

cells without the need for prior or later T cell subtype selection,

while exhibiting increased safety with respect to the transduction

of cancer cells. It is thus a suitable alternative to VSV-G

pseudotyped LV vectors. One immediate application is its use

for short-term generated CAR T cells, which may substantially

simplify CAR T cell production. Although promising, this

approach will need further investigation with regard to safety

concerns and scalability of vector production before being

implemented into clinical studies.
Materials and methods

Ethics statement

Work performed with primary cells isolated from blood

donations was invariably obtained from anonymous donors that

had provided written informed consent in full compliance with the

requirements of the Ethics Committee of the University Hospital

Frankfurt, Germany.
Cell lines and primary cells

HEK293T (ATCC CRL-11268), HT1080 (ATCC CCL-121),

and HT1080aHis (25) cells were cultivated in DMEM (Sigma-

Aldrich, Munich, Germany) and supplemented with 10% fetal calf

serum (FCS; Biochrom, Berlin, Germany) and 2 mM L-glutamine

(Sigma-Aldrich, Munich, Germany). The culture medium of

HT1080aHis cells was furthermore supplemented with 1.2 mg/mL

G418 (Thermo Fisher Scientific, Darmstadt, Germany). The cell line

HT1080CD62L was generated by transduction of the parental

HT1080 cell line with LV particles encoding the CD62L receptor

(UniProt: P14151), an internal ribosome entry site (IRES) element

and a puromycin resistance gene under control of the spleen

focus-forming virus (SFFV) promoter followed by a woodchuck

posttranscriptional regulatory element (WPRE) (transfer plasmid:

pS-CD62L-IPW). Transduced cells were selected using puromycin

for 2 weeks. Nalm-6-eBFP-Luc (kindly provided by Prof. Helen

Fielding, University College of London), further on called Nalm6,

were grown in complete Roswell Park Memorial Institute (RPMI)

medium (RPMI 1640, Biowest) and supplemented with 10% FCS

and 2 mM L-glutamine.

Human PBMCwere isolated from fresh blood of healthy donors

or buffy coats purchased from the German blood donation center

(DRK-Blutspendedienst Hessen, Frankfurt) and cultured in T cell

medium (TCM), consisting of RPMI 1640 supplemented with 10%
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FCS, 2 mM L-glutamine, 0.5% streptomycin/penicillin, and 25 mM

HEPES (Sigma-Aldrich, Germany) or 4Cell® Nutri-T medium

(Sartorius, Germany) supplemented with 0.5% streptomycin/

penicillin and in the presence of 25 U/mL IL-7 and 50 U/mL IL-

15 (all cytokines from Miltenyi Biotec, Germany). For activation,

1x107 PBMC per 6-well were cultured in TCM supplemented with 3

mg/mL anti-CD28 antibody (clone 15E8, Miltenyi Biotec, Germany)

for 48 hours or 72 hours for the CD62L cell separation experiment

and in vitro cytotoxicity assay. Well plates for activation were pre-

coated with 1 µg/mL anti-CD3 antibody (clone OKT3, Miltenyi

Biotec, Germany).
Generation of CD62L-targeted envelope
constructs

To generate the CD62L-targeting constructs, the coding

sequences of the variable light chain (VL) and heavy chain (VH)

of the parental CD62L-specific monoclonal antibody 145/15 were

synthesized de novo (GeneArt, Thermo Fisher Scientific) and

cloned into the backbone encoding the modified Nipah virus

(NiV) glycoprotein G with and without glycine-serine linker(18)

(pCG-GNiVD34mut-His and pCG-GNiVD34mut-L3-His) or the

modified measles virus (MV) hemagglutinin protein (pCG-

HMVnseD18mut-L3-His) (24) via digestion with SfiI and NotI.

DNA sequences were verified by standard sequencing

technologies prior to use in LV production.
LV production and characterization

Here, we used a second-generation vector platform to show

proof of principle for CD62L-targeted LVs. However, transferring

our paramyxovirus-based vector targeting system to a third-

generation vector platform has already been shown to be feasible

(48, 49). Vector particles were generated by transient transfection of

adherent HEK-293T cells using polyethylenimine (PEI) and

second-generation packaging plasmids as described in detail by

Weidner and colleagues (49). In brief, 1 day before transfection, 1.5-

2x107 cells were seeded into a T175 flask. In total, 35 mg DNA was

added to 2.3 mL of DMEM without additives and combined with

2.2 mL DMEM containing 140 mL of 18 mM PEI solution. The

transfection solution was mixed and incubated for 20 min at room

temperature. The cell medium was replaced by 10 mL DMEM

supplemented with 15% FCS and 3 mM L-glutamine before the

transfection solution was added to HEK-293T cells. The medium

was replaced by DMEM with 10% FCS and 2 mM L-glutamine 4-6

hours later. Two days after transfection, the cell culture supernatant

was collected and filtrated. Alternatively, vector particles were

generated by transient plasmid transfection of 5x107suspension

HEK-293 cells using the LV-MAX™ lentiviral production system

(Thermo Fisher Scientific). In brief, on the day of transfection,

suspension cells were seeded at 4.7x106 cells/mL in LV-MAX

production medium and 59 µL LV-MAX supplement was added

per mL cell suspension. For transfection, 2.5 µg DNA was used per

mL cell suspension diluted in Opti-MEM and incubated with
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diluted transfection reagent (6 µL/mL cell suspension) for 10

minutes at room temperature. Subsequently, the DNA-lipid

complex was added to the cells. 40 µL LV-MAX enhancer per mL

cell suspension was added 5 – 14 hours later. Two days post-

transfection, vectors were harvested by pelleting cells (3 minutes,

300 g) and the supernatant was collected which was filtered through

a 0.45 µm filter. Released vector particles were concentrated over a

20% sucrose cushion at 4500xg for 24 hours before the supernatant

was discarded and pellets were resuspended in 60 µL PBS. The used

transfer plasmid encoded a second-generation CD19-CAR in

conjunction with DLNGFR (21). Notably, based on the co-

expression of DLNGFR and the CAR construct, the detection of

DLNGFR can be used as a surrogate marker for the expression of

CAR molecules on the cell surface. Plasmid ratios for the generation

of NiV-based and MV-based RT-LV particles as well as particles

pseudotyped with VSV-G were described previously (18, 44) and

can be found in Supplementary Tables 1, 2. If not otherwise

specified, all concentrated vector stocks were titrated on

HT1080aHis cells as described previously using an LNGFR-

specific antibody for detection (21). LV particle yields were

determined by nanoparticle tracking analysis or p24-specific

enzyme-linked immunosorbent assay (HIV type 1 p24 Antigen

ELISA; ZeptoMetrix Corporation) according to the manufacturer’s

instructions and calculated as described (18, 21).
Transduction of cell lines and primary cells

Parental HT1080, HT1080aHis, and HT1080CD62L cells were

seeded at 8x103 cells per 96-well and incubated with serial dilutions

of vector stocks. Transgene expression was analyzed 72 to 96 hours

later by flow cytometry. Activated PBMC were seeded at 4x104 or

8x104 cells per 96-well, respectively, in TCM medium before

CD62L-LV (5 µL or 10 µL) or VSV-LV (0.05 µL or 0.5 µL) were

added. Where indicated, CD62L-LV transduction of PBMC was

carried out in the presence of Vectofusin-1 (Miltenyi Biotec,

Germany) as described previously (21). Cells were centrifuged at

850g and 32°C for 90 minutes, followed by the addition of TCM

supplemented with cytokines. The medium was replenished every 2

to 3 days. Optionally, cells were passaged. Transgene expression was

assessed by flow cytometry.
Quantification of shed CD62L by ELISA

Activated PBMC of three donors were cultured without medium

change or cell passaging for up to 10 days. At the indicated time

points, the cell suspension was collected and centrifuged for 5

minutes at 5,000 rpm and either stored at -80°C or 4°C. The

concentration of sCD62L in the supernatant was determined by

ELISA (Human L-Selectin/CD62L DuoSet ELISA, R&D Systems)

following the manufacturer’s protocol with the exception that heat-

inactivated FBS was used instead of inactivated goat serum.

Quantification of the fluorescent signals was performed with a

microplate reader (EmaxPlus, Molecular Devices).
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Blocking assay with shed CD62L or
antibodies

For the blocking assay with antibodies, 4x104 activated PBMC

were preincubated with the indicated concentrations of a CD62L-

specific antibody (clone 145/15, Miltenyi Biotec) or a CD45-specific

antibody (clone 5B1, Miltenyi Biotec) either conjugated to the

fluorophore phycoerythrin (PE)-Vio770 or to biotin for 1 h at 4°C.

Before and after antibody incubation, cells were washed twice with

wash buffer (phosphate-buffered saline (PBS) supplemented with 2%

FBS and 0.1% NaN3). Afterward, either 10 µL of 62L-LV or PBS was

added to cells pre-incubated with biotin-conjugated antibodies, while

PBS was added to cells pre-incubated with fluorophore-conjugated

antibodies. All samples were incubated at 4°C for 30 min. Cells pre-

incubated with biotin-conjugated antibodies were further stainedwith

a PE-labeled anti-LNGFR antibody (clone ME20.4-1.H4, Miltenyi

Biotec). After two additional washing steps, antibody and vector-

bound cells were determined by flow cytometry analysis.

For the sCD62Lblocking assays, 10µLof 62L-LVorVSV-LVvector

particles was pre-incubated with 90 µL fresh or frozen supernatant

containing sCD62L derived from 6 days of PBMC culture or TCM only

for 1 h at 4°C. Vector/sCD62L-containing supernatant was then added

to 4x104 activated PBMC of various donors in 96 wells. Staining for

vector-bound cells was performed after incubation for 30minutes at 4°C

by flow cytometry detecting DLNGFR.
CD62L cell separation

Activated T cells were labeled with cleavable CD62L-APC

(clone REAL163), bound to paramagnetic anti-APC microbeads,

and separated via magnetic-activated cell separation into CD62L-

and CD62L+ cells according to the manufacturer’s instructions of

the Anti-APC Microbeads Kit (Miltenyi Biotec, Germany). To

release the CD62L-APC antibody for transduction experiments, it

was enzymatically cleaved using the REAlease® Support Kit

(Miltenyi Biotec, Germany) according to the manufacturer’s

instructions. CD62L expression on separated cells was determined

by flow cytometry detecting CD62L-APC labeling or additional

staining with CD62L-PE-Vio770 (clone 145/15). All antibodies

were from Miltenyi Biotec (Bergisch Gladbach, Germany).
Animal experiment

All animal experiments were conducted in accordance with the

German Animal Protection Law and the respective European

Union guidelines.

For the short-time generation of CAR T cells, 1.8x106 activated

PBMCs were seeded in 600 µl TCM per 24-wells, mixed with 30.6 µl

62L-LV (equals MOI of 1.3 or ~4x1010 vector particles) or VSV-LV

(equals an MOI of 8.8 or ~3x1010 vector particles) or equal volume of

PBS and centrifuged for 90 min at 850g and at 32°C before the

addition of TCM to a total volume of 1.2 mL per well. Detailed vector

parameters of the used 62L-LV and VSV-LV stock can be found in
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1183698
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kapitza et al. 10.3389/fimmu.2023.1183698
Supplementary Table 3. Prior to in vivo application, cells were

harvested and washed 2x with PBS 24h after vector incubation.

NSG mice (NOD.Cg.PrkdcscidIL2rgtmWjl/SzJ, Jackson Laboratory)

were intravenously (i.v.) injected with 2x106 vector-bound cells or

1.4x106 PBS-treated cells. Three days later, 5x105 Nalm-6 was

injected i.v. and tumor growth was monitored by bioluminescence

imaging (BLI). This was performed by injecting D-luciferin (Perkin

Elmer) intraperitoneally at 150 µg/kg body weight and imaging

luciferase signals 10 minutes after injection using the IVIS Imaging

System (Perkin Elmer). CAR T cell engraftment was monitored

through regular blood drawings. Mice were checked regularly for

health status and tumor load by IVIS. All mice were sacrificed on day

17 for the final analysis of blood and organs (spleen, bone marrow,

and liver).

Collected blood and organs were prepared to a single cell

suspension and analyzed by flow cytometry analysis. Blood was

washed with PBS prior to and after erythrocyte lysis using BD

Pharm Lyse buffer (BD Bioscience). Spleens were minced through a

70 µmcell strainer to obtain a single-cell solution and then subjected to

erythrocyte lysis. Bone marrow was harvested through centrifugation

of long bones cut open with a scalpel in pierced 0.5 mL tubes at 8000

rpm for 5 min. Bone marrow cells were then washed with PBS and

singularized through a 70 µm cell strainer and erythrocyte lysis was

performed. Liver cells were isolated using the mouse liver dissociation

kit (Miltenyi Biotec) according to the manufacturer’s instructions,

washed with PBS, and erythrocytes were lysed.
Flow cytometry

Flow cytometry analysis was performed using MACSQuant

Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) or

LSR Fortessa (BD Biosciences) flow cytometers. Data were analyzed

by FCS Express 6 (De Novo Software, Glendale, CA, USA) or FlowJo

7 (BD Biosciences). Before and after staining with fluorescently

labeled antibodies, cells were washed twice with wash buffer. Before

measurement, cells were fixed by the addition of PBS supplemented

with 1% formaldehyde. To determine the percentage of transduced

cells or cell-bound vector particles, staining of up to 1x105 cells was

performed. The reporter protein DLNGFR, which is co-expressed

with the CD19-CAR, was detected using the anti-LNGFR-PE

antibody. PBMC were further stained with the fixable viability

dye eFluor780 (Life Technologies, Darmstadt, Germany),

according to the manufacturer’s instructions, or with 7-AAD to

detect viable cells. To further characterize the PBMC, cells were

stained in addition with a CD4-specific antibody (clone VIT4)

labeled with VioGreen or PE-Vio770 and a CD8-specific antibody

(clone BW135/80) labeled with allophycocyanin (APC) or

APCVio770 and if indicated with a CD62L-specific antibody

(clone 145/15), labeled with PEVio770. All antibodies were from

Miltenyi Biotec (Bergisch Gladbach, Germany). The following

antibodies were used for flow cytometry analysis of the in vivo

experiment: CD45-BV510 (clone 2D1, BioLegend), CD3-BV605

(clone HIT3a, BD Bioscience), CD8-BV786 (clone RPA-T8, BD
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Bioscience), LNGFR-PE (clone ME20.4-1.H4, Miltenyi Biotec),

CD4-PE-CF594 (clone RPA-T4, BD Bioscience), CD19-Alexa

Fluor 700 (clone HIB19, Thermo Fisher), TIM-3-FITC (clone

F38-2E2, Miltenyi Biotec), LAG-3-Alexa Fluor 647 (clone T47-

530, BD Bioscience), and eFluor780 (eBioscience). Representative

gating strategies can be found in the Supplementary Material

(Supplementary Figures 8A, 15).
Statistical analysis

Statistical analyses were performed with Prism 7 software

(GraphPad). Tests for statistical significance used the unpaired or

paired two-tailed Student’s t-test, ordinary one-way ANOVA

(Dunnett multiple comparisons test), ordinary two-way ANOVA

(Dunnett or Turkey multiple comparisons test), RM two-way

ANOVA (Šıd́ák’s comparison test), or Fisher’s least significant

difference (LSD) test as indicated. Statistical differences in

experiments were considered significant at p < 0.05.
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The opportunities genetic engineering has created in the field of adoptive cellular

therapy for cancer are accelerating the development of novel treatment

strategies using chimeric antigen receptor (CAR) and T cell receptor (TCR) T

cells. The great success in the context of hematologic malignancies has made

especially CAR T cell therapy a promising approach capable of achieving long-

lasting remission. However, the causalities involved in mediating resistance to

treatment or relapse are still barely investigated. Research on T cell exhaustion

and dysfunction has drawn attention to host-derived factors that define both the

immune and tumor microenvironment (TME) crucially influencing efficacy and

toxicity of cellular immunotherapy. Themicrobiome, as one of themost complex

host factors, has become a central topic of investigations due to its ability to

impact on health and disease. Recent findings support the hypothesis that

commensal bacteria and particularly microbiota-derived metabolites educate

and modulate host immunity and TME, thereby contributing to the response to

cancer immunotherapy. Hence, the composition of microbial strains as well as

their soluble messengers are considered to have predictive value regarding CAR

T cell efficacy and toxicity. The diversity of mechanisms underlying both

beneficial and detrimental effects of microbiota comprise various epigenetic,

metabolic and signaling-related pathways that have the potential to be exploited

for the improvement of CAR T cell function. In this review, we will discuss the

recent findings in the field of microbiome-cancer interaction, especially with

respect to new trajectories that commensal factors can offer to advance

cellular immunotherapy.
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Introduction

The intestinal microbiome belongs to one of the most complex

communities of bacterial and fungal strains and has been shown to

influence both host physiology and pathophysiology, as well as

malignant and non-malignant disease development. The

mutualistic interaction plays an essential role in educating

immune cells and tolerogenic reactions. While the first studies in

the field have demonstrated that intestinal microbial colonization is

a key factor for the maintenance of gut homeostasis, work on

dysbiosis showed that disease development beyond the gut, such as

autoimmunity in the central nervous system and allergic reactions

in the lung, is also dependent on commensal factors (1–3). The

crucial impact of the microbiome in cancer was highlighted first by

clinical data from patients receiving bone marrow transplantations

(BMTs) who developed Graft-versus-Host-Disease (GVHD) in

association with a loss of diversity of the intestinal microbiome

(4). Moreover, changes in the patient microbiome composition and

the production of microbial metabolites have been associated with

different clinical responses in regard to immune checkpoint

inhibition (ICI) and chimeric antigen receptors (CAR) T cell

therapy (2, 5–9). Analyses of commensal influences on tumor

cells have shown the potential to promote carcinogenesis and

identified intratumoral colonization as an additional layer of the

tumor microenvironment (TME) (10–12). These findings highlight

the microbiome as a source for novel and therapeutically relevant

strategies such as rational shaping of the commensal community in

patients as preconditioning before or synergistically acting

intervention combined with immunotherapies (e.g. ICI or

adoptive T cell transfers).

CARs and transgenic T cell receptors (TCRs) are a result of the

advances in synthetic biology and genetic engineering which have

led to new strategies to redirect T cell specificity towards tumor-

associated antigens (TAAs) (13, 14). The adoptive cell therapy

(ACT) of engineered T cells has evolved into a therapeutic

approach that has become a breakthrough in cancer

immunotherapy (15), capable of demonstrating substantial

response rates and efficacy in advanced malignancies (16–19).

TCRs composed of an a- and b-chain that form a heterodimer

embedded in the CD3 signalling complex recognize their antigen in

the context of a major histocompatibility complex (MHC) on

specialized antigen-presenting cells (APCs) via MHC class II or

virus infected and malignant cells via MHC class I (15, 20–22). Early

approaches have isolated endogenous tumor-specific T cells from

tumor lesions, blood or lymph nodes of patients which were

expanded in vitro before adoptive transfer of mono- or

oligoclonal repertoires into HLA-complementary recipients with

encouraging results (23–26). The establishment of gene transfers to

obtain T cells with transgenic TCR in combination with gene

editing technologies has made ACT more accessible for the

treatment of different disease entities (27, 28) However, the

unique repertoire of MHC molecules among humans restricts the

broad use of conventional TCRs for therapeutic applications to

certain haplotypes (29). Furthermore, the identification of

appropriate target and neoantigens is a laborious process

supported by novel screening technologies (30).
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In contrast, CARs are designed synthetically and consist in their

basic embodiment of an extracellular binding domain that is

derived from an antibody’s single chain fragment variable (scFv).

The antigen-specific scFvs are fused to the intracellular signaling

domains of the TCR, such as the CD3z chain, followed by one or

more co-stimulatory domains (e.g. CD28 or 4-1BB) (31–33).

Instead of scFvs, also extracellular portions of ligands or receptors

for the target antigen can serve as CAR binding domain (34, 35).

Consequently, activation of CARs upon antigen recognition occurs

in a MHC-independent manner and does not cause mismatches

with endogenous TCR chains (36). Modern gene transfer methods

have enabled the generation of autologous and allogeneic CAR T

cells from blood for a wide range of patients (19, 37, 38).

Although both TCR and CAR T cell approaches have shown

impressive clinical outcomes, there is a necessity to investigate the

hurdles and mechanisms that interfere with long-term fitness and

response of engineered immune cells to broaden the range of hard-

to-treat cancers. Host-specific factors such as the tumor

microenvironment (TME) are crucially affecting the response

towards immunotherapies.

In this review, we discuss the capacity of the intestinal

microbiome to shape the TME, the host immune state, and the

molecular mechanisms of microbiome-derived metabolites that

modulate T cell responses to improve the efficacy of ACTs.
The microbiome educates
host immunity

The role of different mouse models in
advancing the field of microbiota

Over the last decades, insights into host-microbiome interaction

have been facilitated by the establishment of gnotobiotic animals

with defined colonization as model systems. Especially the

dissection of the immune system in germ-free (GF) mice has

highlighted the microbiome as a crucial factor for the education

of T and B cells as well as for the generation of lymphoid organs. As

compared to the standard wildtype strains kept under specific

pathogen-free (SPF) conditions, GF mice show reduced antibody

levels and repertoire diversity, underdeveloped lymphoid structures

and impaired induction of T cell memory response (39–43).

The importance of microbiome-mediated imprinting of the

host immune environment was also demonstrated by approaches

that aimed for the generation of mouse models that closely resemble

the natural mammalian metaorganism including coevolved

commensals and pathogens. Laboratory mice are a pillar of

biomedical research and many discoveries in immunology (44). It

has become evident that the variable reproducibility of results

originates from dissonant microbiota among laboratory animal

facilities, which might therefore limit the capacity of these models

to predict the complexity of the human immune environment. In

order to mirror the physiology of free-living mammals in contrast to

the sanitized environment in classic lab animals, Rosshart and

colleagues developed strains by introducing C57BL/6 embryos

into wild mice, such called “wildlings” (43). These wildlings have
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not only been shown to stably host the natural microbiota over

multiple generations and antibiotic, under both dietary and

microbial challenges, but also to reflect the clinical observations

that could not be predicted in the according pre-clinical

studies previously.

While administration of a CD28-superagonist caused an

inflammatory cytokine response instead of the originally observed

Treg expansion in wildlings, administration of anti-TNF-a
treatment to wildlings during lethal endotoxemia did not lead to

rescue as observed in conventional animals (45–47). Efforts to

characterize wildlings and minimal microbiota consortia are

critical for our understanding of how the microbiome is

imprinting the host immune environment as a premise for

immunotherapeutic interventions (43, 48).
The impact of microbiota in shaping the
immune response in health and disease

Commensals contribute to gut homeostasis, a fine and dynamic

balance of inflammatory and immunosuppressive mechanisms, by

inducing the differentiation of regulatory T cells (Tregs) as

gatekeepers of peripheral and mucosal tolerance. Simultaneously,

members such as segmented filamentous bacteria (SFB) are required

for the development of Th17 cells in the mucosa which both

orchestrate the intestinal immune response against bacteria but

were also identified as a prerequisite for the development of T cell-

mediated autoimmunity. While GF mice show resistance to

induction of experimental autoimmune encephalomyelitis (EAE),

monocolonization with SFB is sufficient to generate mucosal Th17

cells as pathogenic drivers of central nervous system inflammation

(49). Interestingly, soluble commensal metabolites have been shown

to repress the SFB-mediated onset of EAE either by promoting the

differentiation of Tregs or by inducing interleukin (IL)-10 as an

anti-inflammatory regulator of the microenvironment (50, 51).

Also in other inflammatory diseases such as Graft-versus-Host-

Disease (GVHD), expansion of certain microbiota strains was

correlated with disease incidence (4). The lactose-dependent

expansion of Enterococcus after allogeneic hematopoietic cell

transplantation (allo-HCT) in the intestine of gnotobiotic animals

enhanced GVHD severity which was attenuated by dietary

depletion of the disaccharide. Similarly, allo-HCT patients with

low capabilities to absorb lactose were dominantly colonized with

Enterococcus post-antibiotically (4). Despite being involved in

shaping an inflammatory environment, the microbiome is a

crucial provider of nutrients promoting hematopoietic recovery

after bone marrow transplantation (52). Commensal depletion

reduced both dietary energy uptake and visceral fat storage and

led to worse lymphocyte and neutrophil recovery as compared to

WT hosts. The phenotype was restored by the administration of

sucrose, compensating the caloric deficits. Interestingly, work on

calorie restriction has reported the enrichment of Bifidobacterium

bifidum which resulted in increased antitumor immunity by IFN-g+

CD8 T cells infiltrating the TME (Figure 1) (53). These

investigations have contributed to the hypothesis that an interplay
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between several commensal factors is involved in maintaining

physiological homeostasis further strengthening the thought of

dysbiosis as a detrimental cause of pathophysiology.
Microbiome-mediated TME modulation
can favor immunotherapy outcome

Preclinical studies have contributed to our knowledge about the

microbiome-cancer axis and the outcome of immunotherapy.

Several aspects, such as the priming and activation of immune

cells or the attraction to the tumor site, have been described (54).

The investigation of correlations between bacterial strains and

immunotherapy outcome was driven by the initial observation

that the different microbial composition of laboratory mice

derived from either TAC of JAX resulted in different tumor

growth kinetics and had an impact on ICI response. Sivan and

colleagues identified Bifidobacterium longum as commensal that

enhanced T cell priming by dendritic cells (DCs) and their

accumulation in tumors, which improved tumor treatment.

Administration of the strain further acted synergistically with a-
PD-L1 therapy (55). Moreover, Bacteroides fragilis was associated

with an improved response to anti-cytotoxic T-lymphocyte-

associated protein-4 (a-CTLA-4) blockade due to the

development of B. fragilis-specific T cells combating the tumor

(Figure 1) (6). This implies that antigen mimicry can be

mechanistically involved in inducing antitumor immunity (56).

Analysis of clinical data correlated antibiotics treatment with a

decreased survival of NSCLC patients and indicated a positive link

between Akkermansia muciniphila abundance and response to a-
PD-1 ICI. Of note, fecal microbiota transplantation (FMT) from a-
PD-1 responders into either GF or microbiome-depleted animals

reflected the clinical outcome in preclinical mouse models in an IL-

12-dependent manner (5) (Figure 1). In accordance, first FMT

studies have promoted the ICI response in immunotherapy-

refractory melanoma patients (57).

The importance of IL-12 as a TME-modulating factor was

recently demonstrated by CAR T cells engineered to release the

pro-inflammatory cytokine upon CAR engagement (58, 59).

Recruitment and enhancement of macrophage function were

accompanied by improved killing of tumor cells with antigen-loss

in a TNF-a-dependent manner (59). Integration of IL-12 into the

CAR exodomain conferred NK-like killing properties to CD8 T cells

(58). Of note, intratumoral delivery of the cytokine both supported

the antitumor activity of CAR T cells and the repolarization of the

TME by attracting infiltrating CD4 T cells, further highlighting that

microbiome-induced IL-12 could boost engineered T cell

function (60).

Similarly, the synergism between CAR T cells and a-PD-1
blockade was shown in HER2- and GD2-dependent preclinical

models (61, 62). Engineering strategies mediating T cell-intrinsic

PD-1 pathway interference were tested to improve the potency of

CAR T cells (63, 64). However, although the first results from

clinical trials combining ACT and ICI have obtained encouraging

results as well, no cases with significant increase in CAR T
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expansion and persistence were reported upon checkpoint blockade

(65–67). Based on these insights, future studies might include the

microbiome modulation to enhance the response towards ICI in

combination with CAR T cell therapy.

The promising results from ICI studies have encouraged

research teams to design bacterial consortia capable of shaping

the TME favorably to improve T cell response. In accordance with

that concept, Tanoue and colleagues generated a defined

consortium of 11 strains derived from the human microbiome

capable of increasing the frequency of IFN-g+ CD8 T cells.

Colonization with the selected strains improved resistance against

Listeria monocytogenes infection as well as ICI in a CD103+ DC-

dependent manner (68) (Figure 1). Besides the importance of IFN-g
for T cell differentiation towards anti-viral and –tumoral responses,

this cytokine has been shown to act as a crucial modulator of the

TME (69–71). Kantari-Mimoun and colleagues described an IFN-g-
dependent two-step process that involves the ICAM-1/LFA-A1 axis,

allowing CAR T cells to traffic from the periphery into the tumor

islets (72). Similarly, Larsson and colleagues showed the importance

of the IFN-g pathway, highlighting that enhancing CAR T cell
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binding affinity and adhesion to target cells might increase solid

tumor responses (73).

Hence, the design of microbial consortia could be considered as

a strategy to prime the TME for efficient CAR T infiltration and

response in tumor islets (Figures 1, 2).

Intratumoral microbiome can be
utilized to improve T cell-mediated
antitumor immunity

A study investigating the human cancer microbiome uncovered

that intratumoral bacteria are present in various solid malignancies,

such as breast and ovarian cancer, lung and pancreatic tumor

tissues. Surprisingly, these bacteria could be detected even in

those that have no direct communication with the external

environment (e.g., glioblastoma or bone tumors) (74). This

discovery gave rise to the term oncobiome (74, 75). The presence

of tumor-associated bacteria in immunosuppressive micro niches

points to a highly organized colonization of transformed tissues that
FIGURE 1

Graphical summary of microbiome-medicated mechanisms improving cancer immunotherapy approaches. Microbial composition shapes a
responsive TME in several ways. Strains such as B. longum, B. fragilis, B bifidum and designed consortia have been found to improve T cell priming
via increase of MHC class I and II molecules on DCs, tumor infiltration and IFN-g secretion. Prevalence of A. muciniphila was associated with
enhanced IL-12 secretion by DCs causing macrophage maturation towards the M1 phenotype. Microbial metabolites are capable of modulating T
cells directly by epigenetic-metabolic reprogramming (M. massiliensis-derived pentanoate) or by inducing the IL-12 receptor on CD4 T cells via the
inosine-A2AR axis (B. pseudolongum). TMAO triggers pyroptosis in tumor cells and increases CD8 T cell-mediated antitumor immunity
(Clostridiales). Further, engineering of bacteria to produce ICI nanobodies or chemokines were reported to reprogram the TME favorably.
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affects the behavior of tumor and immune cells (12). Intriguingly, it

was postulated that the cell-associated members of the intratumoral

microbiota could drive the migration of cancer cells and impact on

the cellular heterogeneity of the TME. Intestinal bacteria and some

oral bacteria have been found in colorectal carcinoma (CRC)

samples. The orally found commensal Fusobacterium nucleatum

was shown to translocate to the colon. Enrichment of the bacterium

in the tumor tissue has led to worse radiotherapy outcome and

promoted colorectal carcinogenesis (10, 76, 77). Intratumoral

colonization was shown to directly modulate the efficacy of

chemotherapeutic agents due to metabolization of pharmacologic

compounds, highlighting the microbiome as a TME factor affecting

several layers of tumor-host interaction (78). Recently, Bender and

fellows showed that the as probiotic considered strain Lactobacillus

reuteri can translocate to the tumor tissue in a preclinical melanoma

model where it is driving the effector function of CTLs depending

on a tryptophan-enriched diet (79). Additionally, colonization of

the cancerous mammary gland with Clostridiales genera was

associated with an activated immune microenvironment due to

the presence of bacterial-derived trimethylamine N-oxide (TMAO)

that improved immunotherapy response (80) (Figure 1). These

results underline not only the involvement of nutrition and diet in

shaping the oncobiome, but also a potential for intratumoral

bacteria to modulate TME favorably for immune cells (79, 81).

In support of this concept, the engineering of microbes capable

of secreting a-PD-L1 or a-CTLA-4 nanobodies to mediate ICI or
Frontiers in Immunology 0540
chemokines such as CXCL16 and CCL20 to recruit CTLs and DCs

to the malignancy site has been shown to elicit antitumor effects (82,

83) (Figures 1, 2). Two recently published studies focusing on CD19

CAR T cell intervention for B cell malignancy patients found that

antibiotic treatment prior to CAR T cell infusion was correlated

with adverse outcomes (8, 9). Especially the administration of

piperacillin/tazobactam, imipenem/cilastatin and meropenem (P-

I-M) within a 4 week window pre-CAR T cell treatment was

associated with worse survival and increased neurotoxicity (9).

About 80% of patients receiving CD19 CAR T cell therapy

experience cytokine release syndrome (CRS) or immune effector

cell-associated neurotoxicity syndrome (ICANS). While the analysis

of a prospective cohort revealed an association between Clostridia

species and day 100 complete response, the results highlighted that

both CAR T efficacy and CRS/ICANS are influenced by the

microbiome composition which might be responsible for the

immune cell activation state and environment. As Clostridia are

well known to produce metabolites such as short-chain fatty acids

(SCFAs), the lack of bacterial factors in antibiotics-treated patients

might contribute to the described adverse outcomes (50, 84).

Further, Stein-Thoeringer and colleagues correlated exposure to

wide-spectrum antibiotics with decreased survival and CAR T

responsiveness with Bacteroides, Ruminococcus, Eubacterium and

Akkermansia (8).

An immunostimulating effect of the commensals, which is

dampened by antibiotic treatment, could also be attributed to
FIGURE 2

Graphical summary of potential implementation strategies that can be used to apply microbiome-derived mechanisms in cancer immunotherapy. An
immunotherapy-favoring microbiome modulation could be achieved by either depleting strains using antibiotics or phages with certain selectivity.
Alternatively, establishment of beneficial commensals could be enabled by transplantation of a defined consortium or fecal microbiota of responding
patients. Similarly, engineered bacteria reprogramming the TME with soluble mediators is a potential avenue. Additionally, the use of microbial
metabolites as postbiotic drugs has the potential to boost immunotherapy.
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other factors like Toll-like receptor (TLR) ligands. Work from

Paulos et al. has demonstrated that adoptive transfer of tumor-

specific CD8 T cells into lymphodepleted host show reduced

antitumor activity upon reduction of the microbiota via

antibiotics or neutralization of serum LPS (85). Similarly,

irradiated TLR4-deficient mice showed worse tumor repression

compared to WT controls. Notably, the administration of

ultrapure LPS to lymphodepleted hosts enhanced the potency of

ACT in a syngeneic model. In line with these findings, we have

investigated an association between the abundance of the bacterial

groups and relapse/progression of disease after allogeneic

hematopoitic-cell transplantation (allo-HCT). Analysis of stool

samples from 541 patients admitted for allo-HCT was performed

via 16S sequencing during a two year-follow up after the treatment.

Interestingly, the analysis revealed an association between

abundance of Eubacterium limosum and less relapse/disease

progression post allo-HCT (86).

A study performed by Hu and colleagues explored the role of

the microbiome on CAR T cell-mediated CRS in relapsed/refractory

multiple myeloma (87). By collecting microbiota samples before

CAR-T infusion, during infusion prior to cytokine storm

development, during active cytokine storm, and up to fourteen

days after CAR-T treatment, the group could link severe CRS to the

reduction of Bifidobacteria abundance and observed a decline in

microbiota diversity after CAR T cell administration. Interestingly,

the decline was accompanied by higher abundance of Enterococcus

and Actinomyces. Complete response in patients was associated

with enrichment of Bifidobacterium and Prevotella species. The

study is another example of how commensal composition is

connected to ACT outcome.

Based on these data, the understanding of TME-modifying

probiotic bacteria can contribute to new combinatorial cancer

therapies using engineered microbes or defined consortia in

synergy with adoptively transferred T cells that benefit from

improved function and response.
Adoptive cell therapy can be tuned
with commensal effector molecules

The microbiome harbors an enormous repertoire of genes

encoding for enzymatic pathways which enable the production of

small molecules that can serve as postbiotics (Figure 2). These

commensal metabolites serve as second messengers that, in contrast

to most gut-resident bacteria, can cross the epithelium and diffuse

through the lamina propria reaching the systemic circulation (88).

Thus, soluble microbial metabolites can modulate immune and

non-immune cells in both proximity and distance to the gut

bridging the gap between host and microbiome. Initially, the

mechanistic investigation of short-chain fatty acids (SCFAs), a

dominant class of commensal products, as physiological inducers

of Tregs in the intestine has drawn attention to their

therapeutic potential.

We have demonstrated that the treatment of CD8 T cells with

the SCFA pentanoate enhances the expression of CTL-associated

genes such as IFN-g and TNF-a via epigenetic-metabolic
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reprogramming. Pentanoate acts as a specific inhibitor of histone

deacetylase (HDAC) class I and impacts the mTOR pathway as one

of the key metabolic regulators (84, 89). In in vivo experiments,

pentanoate-treated TCR-transgenic T cells showed increased

antitumor activity and persistence in syngeneic solid tumor

models. These features were conferred to CAR T cells which

elicited superior tumor control in contrast to the untreated

control group in a pancreatic TME. Moreover, acetate, which is

abundantly produced by commensals and tumor cells, is capable of

fueling the T cell metabolism in glucose-restricted CD8 T cells. The

SCFA enhances the IFN-g secretion in an acetyl-CoA synthetase

(ACSS)-dependent manner (90). Although the modulation of

histones is one of the intensively studied mechanisms in the

SCFA field, their impact on DNA methylation has remained

rather understudied. An effect of butyrate has been described as

an inductor of ERK phosporylation which in turn down-regulates

the DNA methyltransferase DNMT1 (91). Consequently,

demethylation of tumor suppressor genes was observed. However,

more in-depth research in immune cells needs to be done to assess

the mechanisms involved in microbiome-mediated modulation of

DNA methylation which bears a strong potential for ACTs. Recent

work has highlighted DNA methylation as reprogramming

mechanism capable of determining CAR T cell fate (92).

Remarkably, although tumor-derived lactate has been identified

as a glycolysis-derived metabolite with immunosuppressive

characteristics in the TME that induces M2-like polarization in

TAMs, a new study has reported an increase in CD8 T cell stemness

and antitumor response following lactate treatment (93, 94).

Mechanistically, lactate mediated these effects by suppressing

HDAC activity, which caused hyperacetylation at H3K27 of the

Tcf7 super enhancer locus. The subsequent Tcf7 gene expression

was associated with a stem-like phenotype (95). These results raise a

question about the involvement of the dominant commensal-

derived lactate and Lactobacillus strains in tuning T cell function

and immune cell activation (4, 94).

Denk and colleagues identified that urolithin A (UA), a

metabolite derived from the conversion of ellagitannins by the gut

microbiome, is improving mitochondrial health. By engaging the

Pink1-Pgam5 axis, UA triggered mitophagy and compensatory

mitochondrial biogenesis causing the differentiation of T memory

stem cells (TSCMs) with superior CD8 antitumor immunity (96).

Not only CD8 T cells, but also CD4 T cells appear to be

modulated by microbial metabolites . The analysis of

Bifidobacterium pseudolongum in the context of immunotherapy

revealed that the production of inosine induced the expression of

the IL-12 receptor on CD4 T cells via the adenosine A2A receptor

(Figure 1). Translocation of inosine through a leaky gut barrier into

the systemic circulation improved antitumor response. The crucial

role of CD4 CAR T cells was recently pointed out by Melenhorst

and colleagues, who observed that CD4+ CAR T cells dominated the

CAR T cell population of patients with decade-long leukemia

remission at later monitoring time points. Those cells maintained

cytotoxic characteristics and proliferation (97, 98).

These insights suggest that commensal metabolites with the

capacity to reprogram host immune cells can be utilized as

postbiotic physiologic drugs to potentiate effector function and
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memory features of ACT products. Furthermore, commensal-based

adjuvants might provide new tools to achieve long-term function

and antitumor reactivity of CAR T cells.
Future directions

The microbiome is a complex network of microorganisms that

directly and indirectly influence host physiology and

immunological homeostasis. The education of the host immune

system is a prerequisite not only for a functional defense against

infectious diseases and malignant transformation but also for

promoting tolerance. Studies have demonstrated that response

and resistance to cancer immunotherapy is dependent on the

immune cell activity within the TME, which can be modulated by

the intestinal or translocated microbiome. On one hand, these

findings allow us to think about the microbial composition as a

predictive indicator that could guide the choice of the

immunotherapeutic approach to achieve long-lasting remission

(9, 87, 99).

On the other hand, understanding how commensals prime the

TME can be an important asset to shape the surrounding for

endogenous and engineered T cells beneficially. More detailed

knowledge about the affected cell populations in the TME, such

as myeloid-derived suppressor cells and tumor-associated

macrophages, is necessary. Based on these insights, different

strategies have the potential to be implemented in clinical setting

(Figure 2). The first approach might include the administration of

defined microbial consortia as probiotics or of personalized

antibiotic treatment regimens that shape the microbiome

favorably (9, 68). Using strain-specific phages could be an

alternative technology with higher precision compared to

antibiotic treatment (100). In line with this concept, fecal

microbiota transplantation (FMT) from donors that have shown

response to immunotherapy might be capable of overcoming

resistance mechanisms. As a second approach, engineering of

microbes for intratumoral colonization can be used synergistically

with ACTs (82, 83). These are able to reprogram the TME by either

secreting modulatory factors themselves (e.g. antibodies, cytokines)

or recruiting endogenous immune cells using chemokines (101,

102). However, we need to keep in mind that the inter-individual

diversity of the microbiome remains a challenge in the process of

creating the optimal formulation for a designer consortium. Further

research needs to be performed to clarify whether a “one-size fits

all” drug is more suitable rather than a personalized

medicine approach.

While TME reprogramming is a potential avenue to obtain a

less suppressive milieu, rewiring immune cells themselves to

overcome the latter is an additional course. Commensal-derived

metabolites that bridge the host-microbiome interaction are a

powerful source of physiological molecules with drug-like

properties, also considered as postbiotics (e.g. SCFAs). While

their production within the host can be modulated and utilized

by diet, metabolite libraries might be valuable to screen and identify

novel tools to improve ACTs and immune cell engineering (7, 79,

84, 96, 103).
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A crucial prerequisite to obtain the knowledge required might

be the availability of preclinical models that reflect the human

microbiome and its influences on host immunity as well as

immunotherapy. Previous studies have pointed out that the

transfer of human microbiota into gnotobiotic mice was capable

to reflect the ICI responses in patients (5, 6). Also the establishment

of wilding colonies had a strong predictive value with regards to the

outcome of clinical studies (43). These revolutionary steps are still

in need of standardization to assure reproducibility and accessibility

of “humanized” gnotobiotic animals for a broad community of

researchers (43, 104).

For a better understanding of the host-microbiome interaction,

an interdisciplinary approach is needed that synergizes

bioinformatics and systems biology, molecular microbiology,

immunology and biotechnology in order to facilitate bench-to-

bedside and back translation. As research labs are highly specialized

and have limited capacities to cover both extensive clinical data

collection from international cohorts and molecular studies of the

microbiome-mediated effects, innovative ecosystems are required to

move the field forward. Within the EU-funded research consortium

T2EVOLVE, a public-private partnership of CAR and TCR T cell

key opinion leaders, we aim to accelerate the development and

improve access to engineered T cell therapy (105, 106). Synergies

with the microbiome-CAR T consortium CARTOMICS will

es tabl i sh an infrastructure that boosts co l laborat ive

multidisciplinary work between partners, stakeholders, cell

engineering approaches and microbiome-associated facets that

guide the next-generation of cellular immunotherapy.
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Despite the potential of CAR-T therapies for hematological malignancies, their

efficacy in patients with relapse and refractory Acute Myeloid Leukemia has been

limited. The aim of our study has been to develop and manufacture a CAR-T cell

product that addresses some of the current limitations. We initially compared the

phenotype of T cells from AML patients and healthy young and elderly controls.

This analysis showed that T cells from AML patients displayed a predominantly

effector phenotype, with increased expression of activation (CD69 and HLA-DR)

and exhaustion markers (PD1 and LAG3), in contrast to the enriched memory

phenotype observed in healthy donors. This differentiated and more exhausted

phenotype was also observed, and corroborated by transcriptomic analyses, in

CAR-T cells from AML patients engineered with an optimized CAR construct

targeting CD33, resulting in a decreased in vivo antitumoral efficacy evaluated in

xenograft AML models. To overcome some of these limitations we have

combined CRISPR-based genome editing technologies with virus-free gene-

transfer strategies using Sleeping Beauty transposons, to generate CAR-T cells

depleted of HLA-I and TCR complexes (HLA-IKO/TCRKO CAR-T cells) for

allogeneic approaches. Our optimized protocol allows one-step generation of
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edited CAR-T cells that show a similar phenotypic profile to non-edited CAR-T

cells, with equivalent in vitro and in vivo antitumoral efficacy. Moreover, genomic

analysis of edited CAR-T cells revealed a safe integration profile of the vector,

with no preferences for specific genomic regions, with highly specific editing of

the HLA-I and TCR, without significant off-target sites. Finally, the production of

edited CAR-T cells at a larger scale allowed the generation and selection of

enough HLA-IKO/TCRKO CAR-T cells that would be compatible with clinical

applications. In summary, our results demonstrate that CAR-T cells from AML

patients, although functional, present phenotypic and functional features that

could compromise their antitumoral efficacy, compared to CAR-T cells from

healthy donors. The combination of CRISPR technologies with transposon-

based delivery strategies allows the generation of HLA-IKO/TCRKO CAR-T cells,

compatible with allogeneic approaches, that would represent a promising option

for AML treatment.
KEYWORDS

allogeneic CAR-T, CRISPR, transposon, AML, transcriptomics (RNA sequencing)
Introduction

Adoptive immunotherapy using T cells engineered with

Chimeric Antigen Receptors (CAR-T cells) has emerged as a

promising therapeutic option for several B cell malignancies. The

impressive results with CAR-T cells targeting CD19 and BCMA

have led to the approval by the FDA and the EMA of several CAR-T

cell products for refractory cell precursor acute lymphoblastic

leukemia and large B cell lymphoma (1–4). Nevertheless, the use

of CAR-T cell therapy for other hematological malignancies, and in

particular for acute myeloid leukemia (AML), still presents specific

challenges that hamper their efficacy and limit their implementation

(5). One of the main biological barriers for CAR-T therapies in

AML is the absence of AML-specific antigens. Most of the cell

surface antigens present in AML blasts (CD33, CD123, or CLL1) are

also present in normal hematopoietic, representing a safety concern,

since a prolonged myeloablation would be ultimately fatal. Thus,

several strategies to prevent the risk of bone marrow failure after

CAR-T therapy have been proposed, including the limitation of

CAR-T cell persistence, by the inclusion of safety switches, or the

identification of neoantigens specific for AML blasts (5). Another

interesting approach, currently under clinical evaluation, is the

generation of leukemia-specific antigen by deleting CD33 from

normal hematopoietic stem and progenitor cells, thereby enabling

specific targeting of AML with CD33-CAR-T cells, since

hematopoietic system would be resistant to CD33-targeted

therapy (6). Nevertheless, most of the current CAR-T therapies

under clinical evaluation are directed against CD33 or CD123,

reporting antitumoral responses in some cases (7), although more

complete clinical results have yet to be published. In addition, the

dependency on patient-specific T cells for autologous approaches,

particularly from heavily treated patients, may lead to inadequate T

cell numbers, suboptimal CAR-T cell functions, and unsuccessful
0247
CAR-T cell production (8). However, there is a lack of studies

performing a detailed and deep characterization of AML patient-

derived CAR-T cells with a direct comparison to CAR-T cells from

healthy donors.

The use of allogeneic CAR-T cells could overcome some of the

limitations of autologous patient-specific CAR-T cells (9, 10).

However, allogeneic cells may trigger graft-versus- host disease

(GvHD) that would compromise therapeutic safety (11, 12). Since

TCR ablation prevents GvHD, several strategies for endogenous

TCR inactivation in CAR-T cells have been reported (9, 13). One of

the most promising approaches relies on the use of TALEN and/or

CRISPR technologies for TCR disruption (14, 15), which can be

combined with different viral and non-viral vectors for the

generation of allogeneic CAR-T cells (16–18). Despite allogeneic

CAR-T cells can be successfully manufactured for therapeutic

applications, there is an unmet need to overcome several

limitations related to complex manufacturing procedures or the

use of viral vectors, that would allow a cost-effective and safer

generation of allogeneic CAR-T cell products. In this sense, the use

of non-viral vectors based on Sleeping Beauty transposon systems

for CAR delivery has emerged as a promising option that offers a

number of advantages, including larger cargo capacity, reduced

manufacturing complexity and costs, and safer integration profiles

compared with integrating viral vectors (19–22). Nevertheless, the

combination of Sleeping Beauty transposon systems with CRISPR

technologies for the manufacturing of allogeneic CAR-T cells has

not been extensively explored (18).

In this work, we have performed a deep phenotypic,

transcriptomic, and functional characterization of T and CAR-T

cells from AML patients that resulted in the identification of specific

features that could compromise their antitumoral efficacy,

compared to CAR-T cells from healthy donors. To overcome

some of these limitations we have combined CRISPR-based
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https://doi.org/10.3389/fimmu.2023.1270843
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Calviño et al. 10.3389/fimmu.2023.1270843
genome editing technologies with virus-free gene-transfer strategies

using Sleeping Beauty transposons, to generate allogeneic CAR-T

cells targeting CD33. Our optimized protocol allows the generation

of fully functional HLA-IKO/TCRKO CD33-CAR-T cells in

conditions compatible with clinical applications. These allogeneic

CD33-CAR-T cells would represent a promising option for AML

treatment, especially for therapeutic approaches in R/R AML

patients where CAR-T cells are used to reduce tumor burden as

bridging therapy prior to allogeneic stem cell transplantation.
Materials and methods

Patient’s samples and cell lines

Peripheral blood samples were obtained from patients with

diagnosed AML as well as from young (below 30) and aged-

matched healthy donors. Sample collection was conducted in

accordance with the principles of the Declaration of Helsinki and

with the approval of the Research Ethical Committee of the

University of Navarra. All subjects provided written informed

consent. Jurkat-TPR cells (kindly provided by Dr. P. Steinberg;

Medical University of Vienna) were cultured in RPMI 1640 (Lonza)

supplemented with 10% FBS (Gibco). MOLM-13 was cultured in

RPMI 1640 supplemented with 20% FBS. HEK293T cells were

cultured in DMEM supplemented with 10% FBS. All media were

supplemented with 1% penicillin/streptomycin (Gibco) and 1% L-

Glutamine (Gibco). All cell lines were maintained at 37°C in

5% CO2.
Lentiviral vector construction
and virus preparation

A third-generation self-inactivating lentiviral vector (pCCL)

was used to express under the EF1a promoter second-generation

CAR constructs targeting CD33, derived from M195 (23) or my96

(24) antibodies. CAR structure comprised the single-chain variable

fragment (scFv), a panel of different hinge regions derived from

CD8a or IgG4, a CD8 transmembrane domain, 4-1BB or CD28 co-

stimulatory domain, and CD3z endodomain (Figure S1A). All

constructs included an huEGFRt transduction marker separated

from the CAR gene by a viral 2A sequence. Lentiviral vectors were

produced in HEK293T cells following standard procedures. Briefly,

6×106 cells were co-transfected with LV vector along with pMDLg/

pRRE (Gag/Pol), pRSVRev, and pMD2.G (VSVG envelope)

packaging plasmid using Lipofectamine 2000 (Invitrogen).

Supernatants were collected 40h after transfection, filtered,

concentrated using Lenti-X Concentrator (Takara) following

manufacturer specifications, and stored at -80°C until use.
Analysis of CAR signaling in Jurkat-TPR

Jurkat-TPR cells, transduced at MOI of 1 with CAR constructs

targeting CD33 were co-cultured in triplicate with MOLM-13 cells,
Frontiers in Immunology 0348
at a 1:1 effector to tumor cell ratio. Non-transduced Jurkat-TPR

cells or transduced with a previously described CAR construct

targeting CD19 (25) were used as control. Activation of the

NFAT, NF-kB, and AP-1 pathways was quantified before and 24h

after co-culture with tumor cells measuring eGFP, eCFP, and

mCherry emissions respectively, using a CytoFLEX LX Flow

Cytometer (Beckman Coulter) (Figure S1B).
CAR-T cell generation

Peripheral Blood Mononuclear Cells (PBMCs) were isolated

with Ficoll-Paque and CD4+ and CD8+ T cells were selected using

CD4 and CD8 MicroBeads (Miltenyi Biotec) in the AutoMACS Pro

Separator (Miltenyi Biotec). Isolated T cells were activated with 10

µl/ml T cell TransAct (Miltenyi Biotec) for 48h and infected with

the CAR lentiviral vector at MOI 2 with 10 µl/ml of LentiBoost

(Sirion Biotech). CAR-T cells were expanded during 10-12 days in

RPMI 1640 culture medium supplemented with 3% human serum

(Sigma), 1% penicillin/streptomycin, and 625 IU/ml of human IL-7

and 85 IU/ml of human IL-15 (Miltenyi Biotec). CAR-T cells were

counted, and the concentration was adjusted to 1×106 cells/ml every

two days.
Flow cytometry

Phenotypic characterization of T cells and CAR-T cells was

performed at day 0 and 14 of the production, respectively. All

antibodies were purchased from Biolegend unless otherwise stated

(Table S1). Data was acquired on a BD FACSCanto II (BD

Biosciences) and analyzed using the FlowJo Software version 10

(Tree Star).
Cytotoxicity assay and cytokine production

Cytotoxicity was determined using MOLM-13-GFPLuc as

target tumor cells. Briefly, MOLM-13-GFPLuc cells were cultured

with CAR-T cells at different ratios in RPMI 1640 culture medium,

supplemented with 3% human serum (Sigma) and 1% penicillin/

streptomycin in Nunc™ 96-Well Round Bottom plates

(ThermoFisher Scientific). After 24h, luminescence was measured

using the Bright-Glo™ Luciferase Assay System (Promega)

according to the manufacturer’s instructions. IFN-g cytokine

production was quantified using BD™ Immunoassay ELISA

reagents (BD Biosciences) following manufacturer protocol.
Continuous repeated stimulation

CAR-T cells were co-cultured with irradiated MOLM-13-

GFPLuc tumor cells for 21 days. Briefly, 1×106 cells MOLM-13-

GFPLuc were irradiated at 54 Gy to prevent tumor growth, and co-

cultured with CAR-T cells, at a 1:1 effector: target ratio of cells, in

RPMI culture medium. Every three days, CAR T cells were counted
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and irradiated tumoral cells were added at a 1:1 ratio. On day 21, the

phenotype of CAR-T cells was studied.
In vivo experiments

All experimental procedures were approved by the Ethics

Committee of the University of Navarra and the Institute of

Public Health of Navarra according to European Council

Guidelines. NOD-SCID-Il2rg−/− (NSG) mice were purchased

from The Jackson Laboratory (JAX) and bred and maintained in-

house in a pathogen-free facility. Eight-to-twelve-week-old male or

female mice were irradiated at 1.5 Gy at day -1 and 5×104 MOLM-

13-GFPLuc cells were intravenously injected the following day.

Mice were randomized to ensure equal pre-treatment tumor burden

before CAR-T cell treatment. At day 4 mice received i.v. injection of

3×106 CAR-T cells. Mice were humanely euthanized when mice

demonstrated signs of morbidity and/or hindlimb paralysis.
RNA-sequencing and bioinformatics
analysis

RNA-seq was performed following the MARS-seq protocol

adapted for bulk RNA-seq (26, 27) with minor modifications. RNA-

seq libraries quantification was done with Qubit 3.0 Fluorometer (Life

Technologies) and size profiles were examined using Agilent’s 4200

TapeStation System. Libraries were sequenced in an Illumina

NextSeq500 at a sequence depth of 10 million reads per sample.

Samples were aligned to the Human genome (GRCh38) with STAR

(v2.6.1). Gene expression was quantified with quant3p (github.com/

ctlab/quant3p). Downstream analyses were performed in R (v3.6.2).

Data transformation, normalization, and differential gene expression

analysis were performed with DESeq2. Genes were considered adjusted

p value (p-adj)<0.05 and absolute log transformed fold-change (|

log2FC|)>1, unless otherwise indicated. vst expression values were

used for data visualization and unsupervised analysis. Stem cell

memory, T cell activation, and exhaustion gene signatures used in

this work were obtained from previous publications (28–31) (Table S2).

The normalized gene expression matrix was used to discover the

disrupted genes after stimulation of AML CAR-T cells in

comparison to adult and senior CAR-T cells. These genes were

found using the maSigPro package (version 1.72.0) (32) which

applies a negative binomial model to the expression distribution and

adjusts the false discovery rate using the Benjamini and Hochberg

procedure. The degree of polynomial regression in this study was set to

2, and the two ways forward elimination algorithm was used to

perform stepwise regression to select genes with alpha equal to 0.05.

To extract the significant genes upon stimulation the following settings

were used: min.obs=2, and rsq=0.7.
sgRNA design and in vitro evaluation

sgRNAs targeting exon 1 of the beta-2-microglobulin (B2M)

gene and exon 1 of T-cell receptor a constant (TRAC) locus were
Frontiers in Immunology 0449
designed and selected as described previously (33) using Benchling

software (www.benchling.com). Sequences for B2M and TRAC

sgRNAs can be found in Table S3. In vitro cleavage efficiency was

evaluated by TIDE (6) after transfection of Streptococcus pyogenes

Cas9 (SpCas9) and sgRNA ribonucleoprotein complexes (RNP) in

the Jurkat cell line. SpCas9 protein and sgRNAs were purchased

from IDT. 2x106 Jurkat cells were electroporated with 61 pmol of

RNP (ratio 1:1 Cas9:sgRNA) using the SE Cell Line 4D-

Nucleofector Kit and the CL120 program on a 4D-Nucleofector

System (Lonza) according to manufacturer’s instructions. Genomic

DNA was isolated with NucleoSpin Tissue for DNA extraction kit

(Macherey-Nagel) 72h after electroporation and subjected to

targeted PCR amplification using primer described in Table S4.

Indel percentage was calculated using the TIDE webtool

(https://tide.nki.nl).
Preparation of MC DNA and SB100X mRNA

Minicircle (MC) encoding CD33 targeting CAR was generated

from parental pT2 plasmids by PlasmidFactory, using site-specific

recombination and purified by affinity chromatography. Poly(A)-

tailed ARCA-capped SB100X mRNA was produced by in vitro

transcription from the T7-SB100X plasmid (Addgene #34879)

using the mMESSAGE mMACHINE kit and column purified

using the MEGAclear kit (Ambion).
CAR-TKO cell production combining
CRISPR and Sleeping Beauty
transposon systems

CD4+ and CD8+ T cells were isolated from PBMCs and activated

as described above. 2x106 T cells were electroporated 48h after

activation with 1µg of MC, 1 µg of SB100X mRNA, 3µM of each

sgRNA (targeting TRAC and B2M), and 1,5µM Cas9 previously

mixed as an RNP, using the ExPERT GTx™ electroporation device

from MaxCyte, according to manufacturer’s instructions. CAR-T

cells were expanded in TexMACS™ culture medium (Miltenyi

Biotec) supplemented with 3% human serum (Sigma), 1%

penicillin/streptomycin, and 625 IU/ml of human IL-7 and 85 IU/

ml of human IL-15 (Miltenyi Biotec). HLA-IKO/TCRKO CAR-T cells

were negatively selected using the AutoMACS Pro Separator after

incubation with anti-human HLA-I and TCRa/b antibodies and

Anti-Biotin MicroBeads (Miltenyi Biotec) according to

manufacturer’s instructions. For large-scale productions conditions

were scaled proportionally to the number of cells.
Sleeping Beauty copy number analysis

SB copy number (CN) per cell was determined by qPCR.

Genomic DNA was extracted using the DNeasy Blood and Tissue

Kit (Qiagen). CN/cell was quantified by duplex detection of the

WPRE sequence, normalized to ALBUMIN, using specific primers,

and detected with the TaqMan probes (Table S4). qPCR was
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performed using the Absolute qPCR Mix Low ROX Mix (Thermo

Scientific) in a QuantStudio™ 3 Real-Time PCR System (Thermo

Fisher Scientific). Results were analyzed in QuantStudio 3 Design

and Analysis Software (Thermo Fisher Scientific).
Integration site analysis

Integration site analysis was performed in genomic DNA

isolated with NucleoSpin Tissue for DNA extraction kit

(Macherey-Nagel) from CAR-T and CAR-TKO cells (3

independent productions) using INSPIIRED pipeline (34, 35)

with minor modifications as described (20). Sequencing was

carried out in an Illumina MiSeq at a depth of 3-10x105 reads per

sample using MiSeq Reagent Kit v2 300-cycles (Illumina) (Rd1:

179c; Index1: 12c; Rd2: 143c). Raw sequencing data was

demultiplexed and trimmed of ITR-specific sequences. Then,

sequences were filtered against the vector sequence. The

remaining unique sequences were aligned to the Human genome

(GRCh38) reference using BLAT. Alignment for R1 and R2

sequences were then joined together and filtered for quality

alignments, yielding unique sites of integration or multihit

locations. Data were stored within an R object. Unique sites were

annotated using the clusterProfiler library. The virtual machine,

software, and instructions are available at https://github.com/

BushmanLab/INSPIIRED.
iGUIDE

Libraries were prepared following the protocol described in

iGUIDE (36). Genomic DNA from samples was purified with

NucleoSpin Tissue for DNA extraction kit (Macherey-Nagel) and

randomly fragmented by ultrasonication. Adapters were ligated to

end-repaired DNA, and targeted DNA was amplified through a

nested-PCR from the incorporated dsODN to the ligated adapter

sequence. Amplicons were purified and sequenced on an Illumina

MiSeq with 300 cycle v2 reagent kits. Output sequence data was

analyzed using the iGUIDE pipeline. The software and instructions

are available at https://github.com/cnobles/iGUIDE.
Statistical analysis

Statistical analyses were performed using GraphPad Prism for

Mac version 10.0.0. The different tests used in this work are

indicated in the figure legend.
Results

Design and selection of an optimized CAR
targeting CD33

A panel of 12 different 4-1BB second-generation CAR

constructs targeting CD33, derived from 2 different monoclonal
Frontiers in Immunology 0550
antibodies (scFv from my96 and M195) and presenting hinge

regions with different lengths from CD8a or IgG4 molecules were

generated (Figure S1A). CAR design also included a truncated

version of the human EGFR (hEGFRt) as a reporter gene to

facilitate tracking of the CAR-T cells (37). The specific activation

of the main signaling pathways (NFAT, NFkB, and AP1) after

tumor recognition was measured using a triple reporter system in

Jurkat cells (Jurkat-TPR) (38, 39). After transduction with lentiviral

particles coding for the different CAR constructs Jurkat-TPR was

cocultured with MOLM-13 cells, an AML cell line expressing CD33

established from the peripheral blood of an acute monocytic

leukemia relapsed patient (40). Non-transduced cells (UTD) or

transduced with a CAR targeting CD19 were used as controls. The

top three CAR constructs [my96(45aa), my96(228aa), and M195

(45aa)] showing the highest specificity without tonic signal were

selected for further in vitro and in vivo functional analysis (Figure

S1B). CAR-T cells with the selected CAR constructs were generated

from healthy donors and functionally characterized. Transduction

efficiency (CAR+ cells) and expansion capacity of CAR-T cells were

similar between the three selected constructs. Evaluation of their in

vitro lytic activity by regular cytotoxic assay against MOLM-13 cells

showed that all three CAR-T cells effectively killed tumor cells at

low E:T ratios. The in vivo antitumoral efficacy was evaluated in a

xenograft model in NSG mice by administration of 3x106 CAR-T

cells/animal 4 days after intravenous administration of 5x104 cells/

animal MOLM-13 cells expressing luciferase. CAR-T cells derived

from my96 antibody presented a statistically significant increased

antitumor efficacy in vivo compared to M195(45) CAR-T cells.

Finally, the my96(45) CAR, containing the 45aa hinge from CD8a,

was selected for the rest of the studies (Figures S1C–F).
CAR-T cells from AML patients are
associated with decreased in vitro
and in vivo functionality

Since AML is associated with the presence of abnormal T cells

phenotypes (41), we performed a phenotypic characterization of T

cells collected from a cohort of 21 AML patients (Table S5). When

compared to T cells from young adults (below 30) or aged-matched

healthy donors (senior), T cells from AML patients presented a more

differentiated phenotype, particularly in the CD8+ compartment,

with significant enrichment of effector (TE) cells. In contrast, T

cells from healthy donors were enriched in naïve T cells (TN)

(Figures 1A, B, S2). Moreover, T cells from AML patients also

displayed significantly higher expression of activation (CD69, HLA-

DR) and exhaustion (PD1, LAG3) markers compared to healthy

donors (Figures 1C, S2). To determine whether differences in

phenotype and activation may play a role in the functionality of

CAR-T cells, using our selected CAR construct, we generated CAR-T

cells (CD33-CAR-T) from AML patients that were compared to

CD33-CAR-T cells from young (adult) and elderly (senior) healthy

donors (Table S5). Non-transduced T cells (UTD) from each group

were used as controls. The proliferation capacity of the CD33-CAR-T

and UTD cells from the different groups was similar, reaching 4-5

population doublings during the expansion phase. Moreover, similar
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transduction efficiency was observed between the different groups,

with around 50% of CAR+ cells, suggesting that transduction was not

impaired in AML T cells (Figures 2A, B). Phenotypic analysis

revealed that CD33-CAR-T cells from both senior donors and

AML patients presented a statistically significant reduced

percentage of memory stem (TSCM) and central memory T cells

(TCM), with increased levels of activation markers like CD69 and

HLA-DR. However, CD33-CAR-T cells from AML patients

presented an increased proportion of terminal effector (TE) T cells,

with higher levels of PD1 and LAG3 exhaustion markers (Figures 2C,

D, S3). Altogether, these data suggest that the initial T cell phenotype

has a clear impact on the final phenotypic features of the CAR-T cells,

with significant differences in the differentiation, activation, and

exhaustion states produced by both age-related and AML-

specific factors.

Next, we decided to analyze the in vitro and in vivo functional

capacity of the generated CAR-T cells. Regardless of their origin, all

CD33-CAR-T cells were highly cytotoxic, producing similar levels of

IFN-g (Figures 3A, B, S4). To further explore CAR-T cell functionality

under more challenging conditions, a continuous repeated in vitro

stimulation for 21 days with tumoral cells was performed. Under these

conditions, we found that CD33-CAR-T cells from AML patients

presented a more exhausted phenotype, with increased PD1 and

LAG3 expression, and a decreased proliferation potential that was
Frontiers in Immunology 0651
statistically significant (Figures 3C, D, S4). These features were also

associated with reduced cytotoxic capacity after repeated

restimulations (Figure 3E). The antitumoral potential of the CAR-T

cells was then evaluated in vivo in a xenograft model of NSG mice

transplanted withMOLM-13 cells, as described above. Treatment with

all CD33-CAR-T cells significantly increased animal survival

compared to UTD controls with no differences between male and

female animals (Figure S4). Interestingly, CD33-CAR-T cells from

AML patients showed a statistically significant reduction of the

antitumor activity with reduced survival compared to CAR-T cells

from healthy donors (adult and senior) (Figure 3F). To address

whether the decreased capacity of CD33-CAR-T from AML patients

could be reverted by modifying the design on the CAR construct, we

replaced 4-1BB sequence by CD28 costimulatory domain and

compared CD33-CAR-T cells generated from AML patients using

both constructs. Similar transduction efficiency and proliferation

potential were observed between 4-1BB and CD28 CAR-T cells,

with no differences in the phenotypic subpopulations, activation/

exhaustion markers, cytotoxic capacity, or IFN-g production after

coculture with tumoral cells (Figure S5). Finally, both 4-1BB and

CD28 CAR-T cells presented similar antitumoral efficacy in vivo in the

xenograft model in NSG mice (Figure S5). Altogether, these data

strongly suggest that the CD28 costimulatory domain does not

improve the functionality of CAR-T cells from AML patients.
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FIGURE 1

Phenotypic characterization of T cells from AML patients. (A) FACS analysis of T cell phenotype in AML patients (n=21), adult (below 30 years; n=5)
and aged matched (senior; n=5) healthy donors. T cell subpopulations within CD4+ and CD8+ cells are depicted. TN: naïve; TSCM: stem central
memory; TCM: central memory; TEM: effector memory; TE: effector. (B) Percentage of Naïve (left) and effector (right) T cell subpopulations in CD8+ T
cells from AML patients (n=21), adult (n=5) and senior (n=5) healthy donors. (C) Analysis of the expression of CD69, HLA-DR, PD1 and LAG3 in CD8+

T cells from AML patients (n=21), adult (n=5) and senior (n=5) healthy donors. Mean ± SEM for each group is depicted. Kruskal-Wallis test with
Dunn’s multiple comparisons test. ns, not significant; *p<0.05; **p<0.01; ***p<0.001.
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Transcriptional characterization of CAR-T
cells from AML patients

Given the phenotypic and functional differences observed between

CAR-T cells from AML patients and healthy donors, we further

analyze CD4+ and CD8+ CD33-CAR-T cells at the transcriptomic

level. RNAseq analysis before antigen recognition revealed that CAR-T

cells from AML patients were transcriptionally similar to those from

senior healthy donors, with only a few differentially expressed genes

(DEGs) with an FDR<0.05 and a |log2FC|>1 (31 for CD4+ and 12 for

CD8+ CAR-T cells) (Table S6). In contrast, most of the differences were

observed when CAR-T cells from senior healthy donors and AML

patients were compared to CAR-T cells from adult healthy donors (752

and 853 DEGs in CD4+ and 807 and 705 in CD8+ CAR-T cells

respectively) (Figure S6A). All these differences were reflected in a

principal components analysis where CAR-T cells from AML patients

clustered together and close to those from senior healthy donors, being

separated from CAR-T cells from adult healthy donors in both CD4+

and CD8+ CAR-T cell subsets (Figure 4A). A closer analysis of the

DEGs revealed that most of the differences observed with adult CAR-T

cells were shared between senior and AML CAR-T cells, clearly

indicating age-related differences. Thus, CAR-T cells from AML

patients and senior healthy donors were enriched in genes related to

activation, such as CIITA, with downregulation of genes associated

with stem cell memory, like CD28 (Figure 4B, S6D). Moreover, gene

ontology (GO) analysis of common DEGs showed enrichment in
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pathways related to the regulation of lymphocyte and T cell

differentiation (Figure S6C), which would explain the more

differentiated phenotype observed in the subpopulation analysis.

Interestingly, we observed that about 30-40% of the DEGs between

AML and adult CAR-T cells were unique to AML condition, indicating

specific differences intrinsic to AML.We observed increased expression

of genes related to lymphocyte exhaustion, such as LAG3 and NR4A1.

Moreover, important genes related to T cell memory (BATF3, CCR7),

T cell differentiation (GATA3), apoptosis (BAX, BCL family), or IFN

response (OAS1) were also deregulated (Figure 4C, S6E). In

accordance, GO analysis revealed enrichment in pathways related to

lymphocyte activation, response to stress and DNA damage, regulation

of the immune response, antigen receptor-mediated signaling, and

regulation of the cell cycle (Figure S6C). We further characterized

CAR-T cells from AML patients upon stimulation with tumoral cells.

Two weeks after stimulation we observed a set of genes presenting

disrupted expression patterns (different behavior after stimulation)

compared to adult and senior CAR-T cells (Figures 4D, S6F). Those

genes were related to CAR-T cell migration and cell adhesion (CD81,

CCL5, MMP25), proliferation (IRF1, CCR7), or regulation of cytokine

production (KLF2, IL32), which would explain the reduced

proliferation potential and antitumoral efficacy of these AML CAR-T

cells. Altogether, these data suggest that CAR-T cells from AML

patients present dysfunctional features already identified in the initial

T cells, exacerbated after tumor recognition that may compromise the

long-term antitumoral efficacy.
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FIGURE 2

Phenotypic characterization of CD33-CAR-T cells from AML patients. (A) Population doublings of CAR-T cells generated from AML patients (n=7),
adult (n=5) and senior (n=5) healthy donors during CAR-T cell production. (B) Percentage of transduced cells (CAR+) at the end of each CAR-T cell
production. (C) Analysis of the phenotype of CAR-T cells at resting state for each group. CAR-T cell subpopulations within CD4+ and CD8+ cells are
depicted. TN, naïve; TSCM, stem central memory; TCM, central memory; TEM, effector memory; TE, effector. (D) Analysis of the expression of CD69,
HLA-DR, PD1 and LAG3 in CD8+ T cells from AML patients (n=7), adult (n=5) and senior (n=5) healthy donors. Mean ± SEM for each group is
depicted. 2-way ANOVA with Tukey’s multiple comparisons test (A), Kruskal-Wallis test with Dunn’s multiple comparisons test (B, D). ns, not
significant; *p<0.05; **p<0.01.
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Generation and characterization of
HLA-IKO/TCRKO CD33-CAR-T cells

Due to the reduced potential of the CD33-CAR-T cells from

AML patients and, in no less measure, the fact that delaying

treatment in patients with AML may be unacceptable, we decided

to approach these issues by generating allogeneic CD33-CAR-T

cells. To prevent the immune rejection and graft-versus-host disease

(GvHD) associated with allogeneic cells, we used CRISPR-Cas9 to

knockout HLA-I and TCR expression. First, we designed different
Frontiers in Immunology 0853
single-guide RNAs (sgRNA) targeting exon 1 of the beta-2-

microglobulin (B2M) gene and exon 1 of T-cell receptor a
constant (TRAC) locus, and we selected three sgRNAs based on

their location and the predicted on-target/off-target efficiency

(Table S3). Cleavage efficiency was evaluated in vitro by TIDE

(42) after transfection of Streptococcus pyogenes Cas9 (SpCas9) and

sgRNA ribonucleoprotein complexes (RNP) in the Jurkat cell line.

b2M-sgRNA3 and TRAC-sgRNA2 were selected for further studies

since they presented the highest cleavage efficacy, inducing

frameshift mutations (mostly 1nt insertions) that resulted in the
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FIGURE 3

Functional characterization of CD33-CAR-T cells from AML patients. (A) Quantification of the cytotoxic activity of CAR-T and UTD cells generated
from AML patients (n=7), adult (n=5) and senior (n=5) healthy donors, against CD33+ (left) and CD33 knock-out (right) MOLM-13 AML cell line at
different E:T ratio. The percentage of specific lysis for each CAR-T cell production is depicted. (B) Quantification of IFN-g levels in supernatants from
cytotoxic assays (ratio 1:3) measured by ELISA. The cytokine concentration (ng/ml) for each CAR-T cell production is depicted. Analysis of the
expression of PD1 and LAG3 in CD4+ (C) and CD8+ (D) CAR-T cells from AML patients, adult, and senior healthy donors, before (basal) and after
continuous repeated in vitro stimulation (reest) for 21 days with MOLM-13 tumoral cells. (E) Cytotoxic activity of CAR-T cells from AML patients
(n=7), adult (n=5) and senior (n=5) healthy donors after continuous repeated in vitro stimulation for 21 days with MOLM-13 tumoral cells. (F) Survival
of mice treated with CAR-T cells from AML patients, adult, and senior healthy donors. Untreated animals or treated with UTD cell form same groups
were use as control. All groups included 12 animals (6 male and 6 female). Mean ± SEM of the average of three technical replicates for each group is
depicted. Kruskal-Wallis test with Dunn’s multiple comparisons test (C, D), 2-way ANOVA with Tukey’s multiple comparisons test (E), Logrank test (F).
ns, not significant; *p<0.05; **p<0.01; ***p<0.001.
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reduction of HLA-I and TCR levels (Figure S7). Then, selected

CRISPR RNPs were combined with the Sleeping Beauty transposon

system to generate HLA-IKO/TCRKO CD33-CAR-T (CAR-TKO)

cells from healthy donors. The transposon vector containing the

selected CD33 targeting CAR construct was used as minicircle

(MC) and the SB100X transposase was provided as mRNA. Our

optimized protocol allowed in a single electroporation an efficient

depletion of HLA-I and TCR complexes, with more than 69% of

double negative cells, and an efficient CAR delivery, that was

slightly reduced when CAR and RNP were delivered together

(average of 46.8% vs 32.4%) (Figures 5A, B, S8). Genome-edited

CD33-CAR-T cells were further purified using magnetic beads

which yielded >98% double-negative cells while maintaining the

percentage of transduction (CAR+ cells) (Figures 5C, D, S8). The

proliferation capacity of CD33-CAR-TKO cells, although not

significant, was slightly reduced compared to non-edited CAR-T
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cells, an effect that was also observed in UTDKO cells, consistent

with the effect of electroporation (Figure 5E). Moreover, no

differences were observed in terms of CD4/CD8 ratio, population

subsets, or the expression of activation and exhaustion markers

(Figures 5F, G, S9), indicating that HLA-I and TCR depletion did

not affect CAR-T cell phenotype. Then in vitro cytotoxicity of

CD33-CAR-TKO cells against MOLM-13 cells was equivalent to

non-edited CAR-T cells (Figure 5H). Moreover, although

proliferation was slightly reduced after continuous restimulation

with tumoral cells, CD33-CAR-TKO cells also presented similar

cytotoxic activity to non-edited CAR-T cells (Figure S9). Finally,

although the in vivo antitumoral potential in a xenograft model in

NSG mice was slightly reduced compared to previous results, where

some total remissions were observed, no differences were observed

between CD33-CAR-TKO and CD33-CAR-T cells (Figures 5I, S9).

These results indicate that CD33-CAR-TKO cells generated from
A B

D

C

FIGURE 4

Transcriptomic characterization of CD33-CAR-T cells from AML patients. The transcriptomic landscape of CAR-T cells generated from AML patients
(n=4), adult (n=3) and senior (n=3) healthy donors was profiled using high-throughput RNA sequencing (RNA-seq) (A) RNA-seq principal
components (PC) analysis, corrected by patient heterogeneity, of sorted CD4+ and CD8+ CAR-T cell subsets. Percentage of variance explained by
PC1 and PC2 are depicted. (B) Left: Heatmap of differentially expressed genes associated to stem cell memory and T cell activation shared between
CD8+ CAR-T cells from AML patients and senior healthy donors (age-related) compared to adult CAR-T cells. Right: Quantification of CD28 and
CIITA gene expression. (C) Left: Heatmap of differentially expressed genes specific for CD8+ CAR-T cells from AML patients (AML-specific)
compared to adult and senior CAR-T cells. Right: Quantification of LAG3, NR4A1, CCR7 and OAS1 gene expression. (D) Quantification of CD81,
CCL5, IRF1 and KLF2 gene expression as example of genes with disrupted expression pattern in AML CAR-T cells after stimulation with tumoral cells.
Mean ± SEM for each group is depicted. Kruskal-Wallis test with Dunn’s multiple comparisons test (B, C), 2-way ANOVA with Tukey’s multiple
comparisons test (D). ns, not significant; *p<0.05; **p<0.01; ***p<0.001.
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healthy donors could be an efficient approach to overcome

dysfunctional features observed in CAR-T cells from AML patients.
Safety analysis of HLA-IKO/TCRKO CD33-
CAR-T cells

The safety of edited cells remains a concern for human

application. Analysis of genomic DNA found a similar number of

transposon copies in CD33-CAR-TKO cells compared to non-edited

CAR-T cells generated with the Sleeping Beauty transposon system,

with an average of 7.3 and 7.5 respectively (Figure 6A). Moreover,

integration site analysis revealed a safe integration profile of the CAR,

with no differences due to CRISPR modifications. We mapped and
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characterized a total of 94148 unique insertion sites of three

independent CD33-CAR-TKO and CAR-T cell productions. Most

of the insertions were located at the expected AT-rich DNA regions

of the Sleeping Beauty transposon system, detecting the palindromic

ATATATAT motif, which contains the TA dinucleotide target

sequence adjacent to all the insertions (Figure S10). Moreover,

CAR insertions presented a wide distribution within the genome,

with no preferences for promoter or exonic regions, and most of the

insertions were located at distal intergenic regions (Figures 6B, S10).

An additional potential issue associated with CRISPR-based genome

editing would be the genotoxicity due to non-specific cleavage of the

genome. Thus, we used iGUIDE (36), a modification of the GUIDE-

seq method (43), to analyze the CRISPR-mediated cleavage

specificity. We observed a highly specific editing of the b2M and
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FIGURE 5

Characterization of HLA-IKO/TCRKO CD33-CAR-T cells. Selected CRISPR RNPs were combined with the Sleeping Beauty transposon system to
generate HLA-IKO/TCRKO CD33-CAR-T (CAR-TKO) cells from healthy donors (n=8 independent samples) (A) Distribution of the different edited
populations observed after simultaneous HLA-I and TCR targeting of CAR-T and UTD cells with CRISPR systems. (B) Percentage of transduced cells
(CAR+) at the end of CAR-T and CAR-TKO cell production. (C) Percentage of HLA-IKO/TCRKO double negative cells in CAR-T and UTD cells before
and after selection. (D) Percentage of transduced cells (CAR+) at the CAR-TKO cell production before and after selection of HLA-IKO/TCRKO double
negative cells. (E) Population doublings of CAR-T and CAR-TKO cells during CAR-T cell production. UTD and UTDKO cells were use as control. (F)
Analysis of CD4/CD8 ratio in CAR-T and CAR-TKO cells. (G) Analysis of the phenotype of CAR-T and CAR-TKO cells at resting state for each group.
CAR-T cell subpopulations within CD4+ and CD8+ cells are depicted. TN, naïve; TSCM, stem central memory; TCM, central memory; TEM, effector
memory; TE, effector. (H) Quantification of the cytotoxic activity of CAR-T and CAR-TKO cells against CD33+ MOLM-13 AML cell line at different E:T
ratio. The percentage of specific lysis (average of three technical replicates) for each CAR-T cell production is depicted. UTD and UTDKO cells were
used as control. (I) Survival of mice treated with CAR-T and CAR-TKO. Untreated animals or treated with UTD and UTDKO cells were used as control.
Mean ± SEM for each group is depicted. Kruskal-Wallis test with Dunn’s multiple comparisons test (B, D), 2-way ANOVA with Tukey’s multiple
comparisons test (E, H), Logrank test (I). ns, not significant; *p<0.05; ***p<0.001.
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TRAC locus, with no significant off-target sites (Figure 6C). Taken

together, these data strongly suggest that CRISPR-mediated HLA-I

and TCR knockout do not alter the safe integration profile of the

Sleeping Beauty transposon system without inducing unspecific

cleavage of the DNA.
Preclinical production of HLA-IKO/TCRKO

CD33-CAR-T cells

Finally, to determine the feasibility and consistency of the process

for further clinical application, we optimized the production of edited

CD33-CAR-TKO cells at a large scale. Thus, 50x106 T cells were

electroporated with equivalent scaled proportions of Sleeping Beauty

transposon system (MC + mRNA) and RNP (Cas9 + sgRNA).

Electroporated CAR-T cells were expanded using the G-Rex

platform and CD33-CAR-TKO cells were selected at the end of the

expansion phase using AutoMACS. No differences were observed in

editing efficiency before CD33-CAR-TKO cell selection, with more

than 70% of double negative cells, or in the purity of selected cells

(Figure 7A). The analysis of the purified CD33-CAR-TKO cells

revealed no differences in the transduction efficiency and expansion

capacity (population doublings), allowing the generation of at least

>300x106 of purified CD33-CAR-TKO cells at the end of the

procedure (Figures 7B–D). Moreover, CD33-CAR-TKO cells

produced at the large scale were equally functional in terms of

cytotoxic activity and IFN-g production than previously produced
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CD33-CAR-TKO cells (Figures 7E, F). In summary, we have

successfully developed a protocol for the efficient production and

selection of fully functional gene-edited CAR-T cells, allowing the

generation of large numbers of CD33-CAR-TKO cells, that could be

compatible with clinical applications.
Discussion

CAR-T therapies targeting CD19 and BCMA have demonstrated

impressive results in B-cell malignancies, achieving long-term

responses. However, similar results have not been obtained in other

hematological diseases such as acute myeloid leukemia (AML).

Despite one of the main barriers hampering CAR-T cell efficacy in

AML is the absence of AML-specific antigens, since most of the cell

surface antigens present in AML blasts are also present in normal

hematopoietic cells, for this work we selected CD33 as a model

antigen for several reasons. CD33-CAR-T cells have shown some

clinical efficacy (7), although mature clinical results have yet to be

published, and Gemtuzumab, a monoclonal antibody directed against

CD33, is already approved for the treatment of AML patients (24),

supporting their role as an AML target. Moreover, allogeneic CD33-

CAR-T cells have a promising therapeutic potential as a bridging

therapy, prior to allogeneic hematopoietic stem cell transplantation,

for some R/R AML patients. In this study, we addressed several

strategies that may contribute to increasing the efficacy of CAR-T

cells in AML. First have demonstrated that modifications of different
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FIGURE 6

Safety analysis of HLA-IKO/TCRKO CD33-CAR-T cells. (A) Analysis of the SB copy number integrations in CAR-T and CAR-TKO cells (n=8 independent
productions). (B) Histogram plot showing the genomic annotation of SB integration sites in CAR-T and CAR-TKO cells (n=3 independent productions.
(C) Sequences of cleavage sites identified by iGUIDE for B2M (left) and TRAC (right) sgRNAs annotated by on target or off target, with the total
number of unique alignments associated with the site. Wilcoxon matched-pairs signed rank test (A). ns, not significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1270843
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Calviño et al. 10.3389/fimmu.2023.1270843

Frontiers in Immunology 1257
CARmoieties impact the CAR-T cell response. As described for other

CAR constructs (44) hinge length and scFv sequence affected CAR

activation and tonic signaling, pointing out that optimal

configurations are required for efficient recognition. Although this

optimization cannot be generalized and should be evaluated for each

antigen, we observed that CAR constructs derived from the my96

clone had better antigen-dependent responses probably due to the

increased affinity for CD33 (45). The hinge length had a less critical

role, but results suggested that shorter versions presented better

outcomes, although more experiments should be performed to

clarify this point. Other modifications such as changes in the

costimulatory domain barely affected CAR-T functionality,

especially in vivo, where similar antitumoral efficacy was observed

between 4-1BB and CD28 CD33-CAR-T cells using NSG xenograft

models. Differences in efficacy associated with co-stimulatory

molecules have been described, in part related to activation of

different signaling transduction pathways (46–48). The reasons for

the absence of differences in our case might be explained in part by

the aggressivity of the AML model, since a few thousand MOLM-13

cells are able to induce animal death in 2 weeks.

Although several studies have consistently indicated that the

fitness of T cells is compromised in patients with AML (41), our

study contributes to understanding some of the regulatory

mechanisms underlying these abnormalities. Furthermore, it

provides additional evidence that the fitness of the T cells has an

impact on the phenotype and functional capacity of the CAR-T cells

generated from those T cells. Beyond the impact that CAR-T cell

manufacturing has on CAR-T cell phenotype, being more evident in

senior samples, differences observed in T cells from AML patients

were also translated into the CAR-T cells, presenting an even more

differentiated, activated, and exhausted phenotypes, that resulted in a

reduced antitumoral efficacy both in vitro and in vivo. Interestingly,

we identified changes that were age-related, since they were also

observed in CAR-T cells from aged-matched healthy donors, which

were more exacerbated after tumor recognition in AML CAR-T cells.

Other differences, however, were intrinsic to AML, in particular the

higher proportion of terminally differentiated effector CD8+ CAR-T

cells with increased levels of exhaustion markers. These results are in

accordance with studies performed in CAR-T cells fromMMpatients

(49), another hematological disease mostly developed in elderly

people. These features would explain the differences observed in

the functionality of those AML CAR-T cells and would suggest that

autologous CAR-T cell approaches could not be the best option for

AML treatment. Recent studies have proposed the use of matched

donor-derived allogeneic cells, that could partially overcome some of

the limitations of autologous CAR-T cells (9, 10).

The use of allogeneic cells for the generation of CAR-T cells has

been proposed as a means to generate an off-the-shelf product

which has a number of advantages over autologous products. The

use of fitter T-cells, the potential to generate many different dosages

from a single donor and with significant reduction in costs need to

be balanced with the limitations associated with allogeneic cells

such as the development of GVHD and the need for additional
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FIGURE 7

Preclinical production of HLA-IKO/TCRKO CD33-CAR-T cells. (A)
Percentage of HLA-IKO/TCRKO double negative cells before and
after selection (n=3 independent productions). (B) Percentage of
transduced cells (CAR+) at the CAR-TKO cell production after
selection of HLA-IKO/TCRKO double negative cells (n=3 independent
productions). (C) Population doublings of CAR-TKO cells during
CAR-T cell production (n=3 independent productions). (D)
Quantification of total number of CAR-TKO cells obtained at the end
of the production after HLA-IKO/TCRKO double negative selection
(n=3 independent productions). (E) Quantification of the cytotoxic
activity of CAR-TKO cells against CD33+ MOLM-13 AML cell line at
different E:T ratio. The percentage of specific lysis (average of three
technical replicates) for each CAR-T cell productions (n=3) is
depicted. (F) Quantification of IFN-g levels in supernatants from
cytotoxic assays (ratio 1:3) measured by ELISA. The cytokine
concentration (ng/ml; average of three technical replicates) for each
CAR-T cell production (n=3) is depicted. Mann Whitney test
(B, C, F), 2-way ANOVA with Tukey’s multiple comparisons test (E).
ns, not significant.
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immunosuppression to facilitate engraftment (9). Recent clinical

studies have demonstrated the possibility of manufacturing gene-

edited CAR-T cells for the treatment of patients with MM or ALL

(50, 51). Different technologies, including TALEN nucleases or

CRISPR systems, have been explored to prevent immune rejection

and GvHD, generally by eliminating the expression of endogenous

TCR and HLA-I complexes. Editing of additional genes (i.e. PD1,

CD52, HLA-II, etc…) would represent a promising option to

improve allogeneic CAR-T therapies, by increasing antitumoral

efficacy (PD1 disruption) and/or increasing CAR-T cell persistence

(CD52 knock-out) (9, 13). Moreover, the use of novel gene editing

technologies, such as base-editing tools, would represent a

promising and safer option under evaluation for the generation of

allogeneic CAR-T cells (52). However, the large-scale production

compatible with clinical applications, as well as the clinical efficacy

and safety of these multiple-gene edited CAR-T cells still needs to be

demonstrated. Our results have combined two state-of-the-art

technologies to generate a ready-to-use allogeneic CD33-CAR-T

product, the CRISPR systems and non-viral Sleeping Beauty (SB)

based transposon systems. We have optimized the manufacturing

protocol reducing the critical steps that compromise cell viability

and simplifying the overall procedure. In contrast to recently

published protocols (18, 53), where the CAR transduction and

editing steps are performed sequentially, our protocol uses a single

electroporation step for the efficient delivery of the CAR and the

efficient depletion of both HLA-I and TCR complexes. Although

the transduction efficiency is slightly reduced in the edited cell, with

a lower number of CAR+ cells our protocol is able to generate

enough cells compatible with clinical applications. In accordance

with previous studies (18, 53), we have also demonstrated that

double HLA-I and TCR-depleted CAR-T cells (CAR-TKO cells)

have similar features to non-edited CAR-T cells. Moreover,

although some variabilities were observed in the in vivo

antitumoral efficacy, probably due to the aggressivity of the

tumor model and the donor’s variability, CAR-TKO cells are fully

functional. In summary, although additional studies related to

CAR-TKO cell persistence could be performed to better

characterize this aspect in long-term applications, our results

would support the use of these CAR-TKO cells for therapeutic

approaches in R/R AML patients where CAR-T cells are used to

reduce tumor burden as bridging therapy prior to allogeneic stem

cell transplantation.

We have additionally performed a set of analyses to confirm the

safety of CAR-TKO cells. The combination of the SB transposon

system with CRISPR ribonucleoprotein (RNP) does not alter either

the vector copy number or the insertion site, indicating that CAR-

TKO cells maintain the safe integration profile described for SB

transposon system (21, 22, 54). Moreover, off-target analysis using

improved technologies for unbiased genome-wide analysis,

corroborated that CRISPR-mediated modifications were specific

without significant off-targets. Although the absence of off-targets

was expected for the sgRNA targeting the TRAC locus, since it was

already described and validated in the literature (55), the b2M

sgRNA was specifically designed for this study, and safety

assessment was a requirement for potential clinical translation.

Our results clearly indicate that the combination of these two
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sgRNAs are very efficient and specific. Moreover, based on

previous results using the same or similar sgRNAs (56, 57), we

could anticipate that safety issues related to chromosomal

rearrangements would be unlikely. In the future, and in order to

move to clinical application additional analysis, like CAST-seq,

should be performed to corroborate genomic safety. Finally, we

have demonstrated that our protocol is scalable, being able to

produce sufficient CAR-TKO cells compatible with clinical

applications without compromising CAR-T functionality and

purity. Moreover, our protocol for the generation of CAR-TKO

cells is not restricted to CD33-targeting CAR-T cells, since delivery

of the CAR construct and the HLA-I and TCR knock-out processes,

although performed together, are independent processes. Thus,

HLA-I and TCR disruption (or even other genes of interest)

could be combined with any other CAR construct targeting a

different antigen, either for AML treatment (i.e. CLL1 or

CD44v6) or another relevant disease (i.e. solid tumors). Although

currently CAR-T cell manufacturing has a tendency toward the

automatization of procedures, as described recently (53), our

approach reduces the number of steps required for production.

Moreover, the expansion of the cells in G-Rex devices is compatible

with further automatizations in the fill and finish steps, which

should be optimized using GMP procedures.

In summary, our work demonstrates that CAR-T cells from

AML patients, although functional, present phenotypic and

functional features that could compromise their antitumoral

efficacy, compared to CAR-T cells from healthy donors. The

combination of CRISPR technologies with transposon-based

delivery strategies allows the generation of HLA-IKO/TCRKO

CAR-T cells, compatible with allogeneic approaches, that would

represent a promising option for AML treatment.
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This paper discusses the challenges of producing CAR-T cells for cancer treatment
and the potential for Artificial Intelligence (AI) for its improvement. CAR-T cell therapy
was approved in 2018 as the first Advanced Therapy Medicinal Product (ATMP) for
treating acute leukemia and lymphoma. ATMPs are cell- and gene-based therapies
that show great promise for treating various cancers and hereditary diseases. While
some newATMPs have been approved, ongoing clinical trials are expected to lead to
the approval of many more. However, the production of CAR-T cells presents a
significant challenge due to the high costs associated with the manufacturing
process, making the therapy very expensive (approx. $400,000). Furthermore,
autologous CAR-T therapy is limited to a make-to-order approach, which makes
scaling economical production difficult. First attempts are being made to automate
this multi-step manufacturing process, which will not only directly reduce the high
manufacturing costs but will also enable comprehensive data collection. AI
technologies have the ability to analyze this data and convert it into knowledge
and insights. In order to exploit these opportunities, this paper analyses the data
potential in the automated CAR-T production process and creates a mapping to the
capabilities of AI applications. The paper explores the possible use of AI in analyzing
the data generated during the automated process and its capabilities to further
improve the efficiency and cost-effectiveness of CAR-T cell production.

KEYWORDS

CAR-T manufacturing, artificial intelligence, machine learning, cell and gene therapy,
immunotherapy, data analytics, ATMP, advanced therapy

1 Introduction

The approval of the first chimeric antigen receptor (CAR)-T cell product in the European
Union in 2018 marked a significant paradigm shift in the treatment of acute lymphoblastic
leukemia (ALL) (EMA/188757/2022 Kymriah, 2022). Since then, the field of advanced therapies
has rapidly evolved, with the approval of nine additional Gene Therapy Medicinal Products
(GTMP) and a multitude of ongoing clinical trials. Approved GTMPs are for the treatment of
multiple myeloma, melanoma and inherited diseases such as hemophilia and retinal dystrophy
(Paul-Ehrlich-Institut, 2023). In addition, current clinical trials focus on solid tumors and
alternatives for T cells such as NK cells and macrophages (Marofi et al., 2021; Pan et al.,
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2022). However, despite the significant clinical success of these therapies,
high costs inmanufacturing and supply hinder wide-scale patient access.
For cost reduction, the complex manufacturing processes need to be
better characterized to ultimately ensure a successful therapy outcome.

For this reason, the field is moving steadily toward digitization and
automation of the entire therapy process (Blache et al., 2022). One
project dedicated to this approach is the European Union Horizon
2020 project AIDPATH (European Commision, 2021a) which is an
acronym for Artificial Intelligence-driven, Decentralized Production for
Advanced Therapies in the Hospital. AIDPATH aims to develop an
open platform for the production of CAR-T cells using flexible
automation concepts together with digital solutions for data
management and the integration of AI (Hort et al., 2022). In
particular, the use of AI holds great potential and has the possibility
to improve CAR-T cell manufacturing in the future. AI has gained
increasing popularity in recent years due to its ability to process ever-
increasing amounts of data and support its analytical capabilities.

The use of AI in CAR-T cell therapy presents both
opportunities and challenges. Integrating AI technologies can
improve manufacturing efficiency and accuracy, optimize
logistics, and reduce costs. AI can also assist in identifying
appropriate patients for therapy and help monitor therapy
progression and predict treatment responses. However, there
are still open issues and challenges to overcome. Privacy,
security, and ethical issues play a critical role in implementing
AI in CAR-T cell therapy. In addition, the integration of AI
systems into existing production workflows and the validation of
AI-based decisions still need to be explored.

Therefore, this paper is dedicated to the topic of AI in CAR-T
cell therapy. It highlights the fundamentals and potentials of AI in a
manufacturing context and explores why its use in CAR-T cell
therapy has been limited to date. Furthermore, this paper discusses
the potential uses of AI in the treatment process and identifies
existing barriers. In addition, existing AI methods are categorized
and listed along the therapy process. Finally, an outlook on the
future development of AI in the field of CAR-T cell therapy is
provided, highlighting potential trends and opportunities.

Overall, the integration of AI into CAR-T cell therapy has the
potential to provide significant advances in the production of CAR-
T cells and treatment of leukemia and lymphoma. By overcoming
challenges and targeting the potential of AI, new therapies can be

developed more efficiently and made available to patients more
quickly.

2 Definition of AI and applications in
manufacturing

The potential of AI in healthcare is enormous, as evidenced by
its rapid market growth and significant investments in research and
development. By 2027, the AI market is projected to reach a
staggering $407 billion, with the manufacturing sector poised to
experience a financial impact of $3.8 trillion by 2035 (Maslej et al.,
2023). Notably, the healthcare industry has received the highest
investment, amounting to $6.1 billion in 2022. Organizations that
have already embraced AI in healthcare have reported remarkable
cost reductions and revenue increases (Haan, 2023).

In information systems, AI can be described as an agent. Kühl et al.
distinguish here between simple reflex agents and learning agents (Kühl
et al., 2022). A reflexive agent applies knowledge once acquired from an
initial implementation to its environment, while a learning agent
continues to learn by interacting with its environment after initial
training. Both types of agents are described by their interaction with
their environment. This interaction consists of the reception of data from
the environment and on an action to be executed in the environment.
Internally, acquired knowledge is applied to achieve a given goal by the
execution of an action. Now, such an intelligent agentmay have acquired
this knowledge by training Machine Learning (ML) models, or it may
have a non-ML based knowledge representation, such as a rule-based
expert system. ML, meanwhile, can be viewed as an implementation of
statistical learning. Thus, ML, is a method applied by AI systems (Kühl
et al., 2020).

Such an intelligent agent can interact with its environment with
different degrees of autonomy. A possible categorization of autonomy
can be made by the amount of human interaction in the process of data
analysis from the data basis to the decision or action. Here, a distinction
can bemade between descriptive, diagnostic, predictive, and prescriptive
tasks with which the agent is entrusted (Sallam et al., 2014; Kühn et al.,
2018). A descriptive agent describes what is happening in the
environment. The human must figure out why it is happening and
what will happen to derive a decision or action that will change the
environment in the desired sense. A diagnostic agent now goes one step

FIGURE 1
CAR-T cell therapy process and its challenges.
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further and tries to explain relationships in the environment. A
predictive agent goes further still and predicts how the environment
will change in the future. Finally, a prescriptive agent supports the
human in deciding which action to take to achieve a desired result or
carries out the action itself. A bioreactor can provide an example of the
differentiation of agents in the process of CAR-T cell production
explained here: a descriptive agent describes the number of cells in
the bioreactor, a diagnostic agent can justify why exactly this number of
cells is found in the reactor on the basis of the information supplied. A
predictive agent can predict the number of cells for a point in time in the
future and a prescriptive agent can determine the optimal time to harvest
and propose it to the operator and if all regulatory aspects are covered,
trigger the process itself.

3 CAR-T therapy process and its
challenges

The manufacturing and provision of CAR-T cells pose new
challenges for hospitals and treatment centers. Due to the
autologous nature of the therapy, T cells are removed from
patients in the hospital, shipped to a pharmaceutical company or
an academic site for CAR-T cell manufacturing, and then shipped
back for administration to the patient. Figure 1 illustrates the
treatment process and the challenges involved (Iyer et al., 2018;
Enejo, 2019; Braga et al., 2021).

First, the patients are registered in the hospital and their eligibility for
the therapy is determined (Braga et al., 2021). Blood is then drawn from
the patient and the leukocytes are isolated (leukapheresis). At the
manufacturing site the leukocytes are preprepared and the desired
T cells are selected. Which T cells are selected depends on the
chosen product. Which T cells and in which ratio they yield the best
quality is the focus of current research. In the subsequent activation step,
the cells are stimulated for proliferation and differentiation. Afterward,
the CAR is integrated in the genome of the T cells (geneticmodification).
Differentmethods can be used for this such as viral transduction or non-
viral transfection. The latter was developed more recently for safer and
more cost-efficient geneticmodification (Harris and Elmer, 2021). Then,
the CAR-T cells are expanded to reach the required amount. With
7–10 days, the expansion process is by far the longest manufacturing
process and thus a major driver for the overall delivery time, besides the
final quality and release criteria control. Therefore the trend is to reduce
the duration of the expansion time to the minimum amount of time to
get a sufficient product and reduce the delivery time. Lastly, the CAR-T
cells are cryopreserved and shipped back to the hospital. At the hospital,
the patient receives the necessary bridging therapies (e.g.,
chemotherapy), the manufactured product is checked and
administered to the patient. In the post-treatment phase, the patient
continues to bemonitored and remains in the hospital for up to 10 days.
For the following 28 days, it is recommended that the patient stays
within a 2-h distance to the hospital (Kymriah, 2018; Iyer et al., 2018;
Vormittag et al., 2018; Braga et al., 2021).

Across the treatment process, challenges emerge that currently
still hinder equitable and affordable CAR-T cell therapy. Figure 1
summarizes the main challenges. A major barrier to wide access to
CAR-T cell therapy is the associated cost. The cost of approved
products is $475,000 for Kymriah® and $373,000 for Yescarta®
(Geethakumari et al., 2021). In addition, there are other costs

associated with bridging therapies, follow-up, and possible
treatment of side effects (Kamal-Bahl et al., 2022). In the EU,
reimbursement practices for CAR-T cell therapies are
inconsistent and occur through separate compensation payments.
Pricing decisions are mostly made between pharmaceutical
companies and regulators. A uniform reimbursement model is
proving difficult due to regional and country-specific factors
(Haag et al., 2022). A 2020 study highlights the significant
administrative and financial challenges faced by hospitals and
treatment centers in Germany. Problems with reimbursement
and the need to make advance payments are often apparent here
(Wörmann, 2020). One solution for uniform and fair
reimbursement could be outcome-based reimbursement models
(OMS), in which costs are only incurred if the therapy is
successful. Challenges arise here, however, in the comparability of
clinical studies and an overall lack of understanding of the
manufacturing process (Solbach et al., 2020).

An autologous CAR-T cell product is a complex biological product
consisting of the patient’s genetically modified T cells. Accordingly, the
quality of the product varies greatly with the patient’s biological material
as well as with themanufacturing process. Thus, even small effects in the
process can have a large impact on the product. These include, for
example, different procedures for T-cell stimulation and the gene
delivery process (Stock et al., 2019), as well as the choice of reagents
(Egri et al., 2020; Ghassemi et al., 2020). The focus in recent years has
also tended to be on optimizing biological parameters to increase
response rates rather than improving the overall process chain. More
recently, the field has also been shifting to optimizing the production
process and thus reducing process times and eliminating manual
processes. Technological concepts and devices enable the automation
of single process steps (e.g., through liquid handling units or bioreactors)
and the entire process chain (e.g., CliniMACS®, Lonza Cocoon®)
(Moutsatsou et al., 2019). While the latter drastically reduce human
interaction and thus increase standardization and reproducibility, they
follow a one-device-per-patient approach, which makes scalability
difficult. In the AIDPATH research project, these limitations are
being addressed via a modular, vendor-independent platform for
parallel, automated manufacturing and quality control (Hort et al.,
2022).

Another challenge is evident in the side effects and uncertain
efficacy of CAR-T cell therapy. The most common side effects are
cytokine release syndrome (CRS) and immune effector cell-
associated neurotoxicity syndrome (ICANS). In CRS, there is a
massive release of cytokines caused by the contact of CAR-T cells
with the target antigens of cancer cells. ICANS affects the central
nervous system and can cause a variety of symptoms. Other
phenomena that affect efficacy include antigen loss, tumor
heterogeneity, and lack of persistence (Ayuketang et al., 2022;
Rees et al., 2022).

Adequate infrastructure also has a major impact on equitable
access to CAR-T cell therapy. While there is sufficient coverage in
Germany with 39 CAR-T centers (Novartis, 2023), there are large
gaps in coverage in the USA (especially in the Southeast and
Midwest) (Kamal-Bahl et al., 2022). This involves not only the
buildings, facilities, and cleanrooms, but also adequately trained
personnel. A variety of individuals from different disciplines are
needed throughout the therapy process, all of whommust be trained
and qualified (Beaupierre et al., 2019).
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4 AI application scenarios in CAR-T cell
therapy

In this section the process described in Section 3 is overlaid with
AI use cases found in the literature. Table 1 provides an overview of
the process steps as well as the stages of development of AI systems.
Relevant work is mapped herein to identify focus areas of research
and highlight potential gaps.

A large focus of current research on AI in CAR-T cell therapy deals
with patient follow-up. Here, the emphasis is on predicting the
occurrence of side effects like CRS or sepsis after the therapy is
administered (Bedoya et al., 2020; Fleuren et al., 2020; G et al., 2019;
Le et al., 2019; Tang et al., 2020; Tedesco andMohan, 2021). Tomonitor
patientsmore closely, one team is proposing the use of smart devices and
wearables to useML to analyse the data collected there and respond even
more quickly (Banerjee et al., 2021). In the field of patient evaluation and
selection, biomarker evaluation plays a crucial role to ensure successful
therapy in the CAR-T process. In this regard (Gil and Grajek, 2022),
suggests a consideration of biomarker-based selection criteria to ensure
that therapy is optimally effective (not yet implemented, therefore
marked with * in Table 1). Another use case is to select patients in
whom the therapy is likely to achieve the best results (Liberini et al.,
2021). Another important step in the CAR-T process is the extraction
and preparation of the T cells. Here, healthy CD3 T cells are specifically
selected to provide an optimal starting point for the further steps of the
process (Sugimoto, 2019). In addition, pre-cell selection data will allow
prediction of optimal cell selection timing for patients individually to
achieve maximum benefit (O’Reilly et al., 2023).

In the genetic engineering and expansion phase, predictive quality
assessment of the cell product is performed to predict the clinical
outcome of the therapy (Naghizadeh et al., 2022). Surveys by Wu et al.
(Wu et al., 2018) in 2018 and Reyes et al. (Reyes et al., 2022) in
2022 provide insights into the state-of-the-art soft sensors and AI for
cell culture control. Wu et al. (Wu et al., 2018) focus on automated cell
expansion trends and KPIs such as foaming, cell count, viability,
glycosylation, biomass, and morphology, highlighting fluorescence,
Raman spectroscopy, chemometrics, and artificial neural networks.
Reyes et al. (Reyes et al., 2022) conduct a comprehensive survey
covering various modern sensor tools, including artificial neural
networks, spectroscopy, optical sensors, free-floating wireless sensors,

and statistical methods for modeling cell density and antibody titers.
Another field that is being strongly addressed is the design of the CAR
gene and its effect on cells and tumours prior to the manufacturing
process. Here, the correlations between different possible markers and
their effects on tumour cells are investigated and an attempt is made to
predict possible efficacy (Mösch et al., 2019; Dannenfelser et al., 2020;
Lee et al., 2020).

In addition to the listed use cases from literature, other use cases for
AI in CAR-T cell production are being investigated in the AIDPATH
research project. Two of those use cases (UC) deal directly with themost
time-consuming process step, the expansion of the CAR-T cells in the
bioreactor. Use case 1 focuses on the development of a digital twin of the
bioreactor bymechanistically modelling its design and control, as well as
modelling the CAR-T cells growth via the consumption of key nutrients
and production of metabolites. This digital twin will provide a soft-
sensor of cell-concentration in real-time, as well as short term (1–2 days)
forecasts of cell concentration in the future. Such predictions can then be
used to informwhen the expansion stage should be terminated based on
assessment of whether the target dose (i.e., required cell number for
treatment) has been reached. In Use case 2 a reactive online process
control based on a set of ‘soft’ sensors is developed to complement the
existing PID controller for real-time monitoring of key bioreactor
parameters [UC2]. These soft sensors process data from 8 selected
‘hard’ sensors and provide consensus alerts to the human operator.
Different soft sensor algorithms, including statistically based and
artificial intelligence techniques, contribute to the overall confidence
in assessing the situation. Future developments aim to include patient-
specific adaptations by adjusting sensor set points and algorithm
configurations. Furthermore, the modular concept (Section 3) raises
the problem of the production scheduling of the manufacturing
platform. If, in the future, the capacity of the plant is increased so
that the products ofmultiple patients can bemanufactured concurrently,
the optimization of the production through scheduling [UC3] becomes
inevitable. The uncertainty of the cell-expansion process combined with
hard time constraints between consecutive production processes
requires new scheduling methodology. Furthermore, the coordination
of the patients’ therapies running in parallel [UC4]must be added to the
system in order to manage the uncertainties in all steps of the therapies
and to ensure that the patient and the product are ready at the same time
(Hort et al., 2022).

TABLE 1 Relevant AI research in CAR-T cell manufacturing and therapy (* marks work, that is not yet implemented).

CAR design Patient
evaluation and
selection

T-Cell
extraction and
preparation

Genetic
engineering and
expansion

Conditioning
therapy and
infusion

Post-treatment and
recovery

descriptive Lee et al. (2020) Naghizadeh et al.
(2022)

[UC2]

diagnostic Liberini et al.
(2021), Beekers et al.
(2023)

predictive Mösch et al. (2019),
Dannenfelser et al.
(2020), Lee et al.
(2020)

Gil and Grajek
(2022)*

O’Reilly et al. (2023) [UC2] Wu et al.
(2018), Reyes et al.
(2022)

Banerjee et al. (2021), Tang et al.
(2020), Tedesco and Mohan
(2021), Le et al. (2019), Fleuren
et al. (2020), Bedoya et al. (2020),
Giannini et al. (2019), Beekers
et al. (2023)

prescriptive [UC3, 4] Sugimoto
(2019)

[UC1, 3, 4] [UC4]
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A further consideration in the project is the personalizable
nature of the CAR-T cell product. Different patients theoretically
require personalized product properties, such as CD4/CD8 ratio or
similar. These are balanced on competing risks, e.g., tumour-free
survival and therapy survival. In addition, the accompanying
therapy must be adapted to the patient. Here, a clinical decision
support system can provide support [UC5] (Beekers et al., 2023).

5 Conclusion and outlook

In this paper, a classification of AI systems for the application in
CAR-T cell manufacturing and therapy was proposed and filled with
approaches from literature and current investigations in AIDPATH.
Even if this paper is only intended to provide an initial overview and
makes no claim to completeness, it is nevertheless possible to draw
initial conclusions and derive suggestions for the further use of AI in
CAR-T therapy. While the first ML algorithms exist in the processes
upstream and downstream of the manufacturing process—CAR
design and post-treatment—there is still a lack of approaches to
control and optimize the manufacturing process as such. The
authors see the reason for this in the lack of understanding
between the effects of the critical process parameters (CPP) and
the critical quality attributes (CQA). And it is precisely at this point
that AI systems can release their full potential through
comprehensive data analyses and determine cause-and-effect
relationships (diagnostic). In addition to the technical
implementation of such AI systems, the authors see in particular
the need for (EMA/188757/2022 Kymriah, 2022) knowledge transfer
between data scientists, biotechnologists, and physicians (Paul-
Ehrlich-Institut, 2023), adapting regulatory processes based on
adaptive manufacturing and Quality by Design approaches and
(Marofi et al., 2021), an end-to-end, standardized data
acquisition and provision. International EU consortia such as
AIDPATH (European Commision, 2021a), ImSavar (European
Commision, 2019) and T2EVOLVE (European Commision,
2021b), have set themselves the task of addressing these needs
and aim at an equitable and affordable access to CAR-T cell therapy.
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as efficient transduction
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Chimeric antigen receptor (CAR)-T cell therapy is a groundbreaking

immunotherapy for cancer. However, the intricate and costly manufacturing

process remains a hurdle. Improving the transduction rate is a potential avenue

to cut down costs and boost therapeutic efficiency. Peptide nanofibrils (PNFs)

serve as one such class of transduction enhancers. PNFs bind to negatively

charged virions, facilitating their active engagement by cellular protrusions,

which enhances virion attachment to cells, leading to increased cellular entry

and gene transfer rates. While first-generation PNFs had issues with aggregate

formation and potential immunogenicity, our study utilized in silico screening to

identify short, endogenous, and non-immunogenic peptides capable of

enhancing transduction. This led to the discovery of an 8-mer peptide, RM-8,

which forms PNFs that effectively boost T cell transduction rates by various

retroviral vectors. A subsequent structure-activity relationship (SAR) analysis

refined RM-8, resulting in the D4 derivative. D4 peptide is stable and

assembles into smaller PNFs, avoiding large aggregate formation, and

demonstrates superior transduction rates in primary T and NK cells. In essence,

D4 PNFs present an economical and straightforward nanotechnological tool,

ideal for refining ex vivo gene transfer in CAR-T cell production and potentially

other advanced therapeutic applications.

KEYWORDS

transduction enhancer, peptide nanofibrils, gene delivery, CAR-T cells, CAR-NK cells,
lentiviral vector, retroviral vector
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1 Introduction

Over the past few years, chimeric antigen receptor (CAR)-T cell

therapy has gained prominence as an efficient treatment for various

hematological malignancies such as B cell lymphoma, B cell acute

lymphoblastic leukemia, and multiple myeloma (1–5). CAR-T cells

are autologous engineered T cells that target specific tumor antigens

leading to an antitumor immune response (6–8). So far, four CAR-

T cell products targeting cluster of differentiation 19 (CD19)

(axicabtagene ciloleucel (1), tisagenlecleucel (3), lisocabtagene

maraleucel (9, 10) and brexucabtagene autoleucel (2)) and two B

cell maturation antigen (BCMA)-targeted CAR-T cell products

(idecabtagene vicleucel (11) and ciltacabtagene autoleucel (12))

are approved in the US and the EU by the FDA and the

European Commission, respectively. All these products are

generated by ex vivo viral transduction of patients’ T cells using

lentiviral or g-retroviral vectors (13).
Recently, CAR-Natural Killer (NK) cell therapy has gained

attention due to its notable advantages compared to CAR-T cell

therapy. These advantages include a superior safety profile

attributed to a decreased risk of cytokine-release syndrome and

neurotoxicity (14), as well as multiple CAR-independent ways to

activate cytotoxic activity (15, 16). Furthermore, CAR-NK cell

therapy carries a reduced risk for graft-versus-host disease

(GvHD), enabling the potential production of a single CAR-NK

cell product for multiple patients (17, 18). The viral gene delivery of

primary NK cells, which is significantly less efficient compared to

primary T cells, poses a significant challenge in using CAR-NK cells

for immunotherapy (19).

The manufacturing and administration of CAR-T and CAR-NK

cells involve labor-intensive processes and significant costs. One

crucial component contributing to these costs is the viral vector

required for ex vivo cell manufacturing (20). However, by

improving the transduction efficiency of target cells, it becomes

possible to reduce the quantity of viral vectors needed, leading to

potential cost savings (21). Beyond cost reduction, increased

transduction efficiency plays a critical role in the success of CAR-

T/NK cell therapy, as an adequate number of successfully

transduced cells is essential for effective treatment (22). Therefore,

focusing on improving transduction rates holds the key to not only

potential cost savings but also enhancing the overall success rate of

CAR-T and CAR-NK cell therapies.

To enhance transduction efficiency, various transduction

enhancers have been developed, including polymers (23), lipids

(24), peptides (21, 25), and polypeptides (26). Notably, two

transduction enhancers, RetroNectin and Vectofusin-1, have been

specifically employed in CAR-T and CAR-NK cell therapies (21, 22,

27, 28). RetroNectin, a recombinant human fibronectin fragment,

facilitates lentiviral and g-retroviral gene transfer by promoting the

interaction between virus particles and cells through its heparin-

binding domain, as well as its binding to cellular integrin receptors

(29). While RetroNectin has demonstrated successful use in

generating CAR-T cells (22, 28), its application is time-

consuming, requiring pre-coating of cell culture flasks and

sometimes centr i fugat ion for improved transduct ion

enhancement (22). On the other hand, Vectofusin-1 offers an
Frontiers in Immunology 0269
alternative transduction enhancer approach. It is a self-assembling

cationic 26-mer peptide that forms a-helical nanofibrils (30).

Vectofusin-1 has shown efficacy in enhancing g-retroviral and

lentiviral transduction rates and is implemented in an automated

and closed system, such as the CliniMACS Prodigy™, for CAR-T

cell production (21).

Another promising transduction enhancer is Protransduzin,

previously described as enhancing factor C (EF-C), a 12-mer

peptide derived from Human immunodeficiency virus 1 (HIV-1)

glycoprotein gp120, that forms b-sheet peptide nanofibrils (PNF)

(25). These PNFs possess a positive surface charge, enabling them to

effectively capture negatively charged viral particles. This

interaction enhances the attachment of the viral particles to target

cells, leading to increased transduction rates (25). Studies have

further revealed that Protransduzin’s transduction enhancing

activity is actively mediated by cellular protrusions. This

mechanism explains its superior performance compared to other

additives (31). Protransduzin offers advantages over other

transduction enhancers, such as Vectofusin-1 and RetroNectin,

due to its shorter length and independence from additional steps

like centrifugation or coating. This makes it a more cost-effective

and user-friendly alternative. However, the chemical instability of

Protransduzin, caused by the cyclization of its N-terminal

glutamine to pyroglutamate, presents a challenge, which leads to

significant aggregate formation in cell culture (32).

In this study we screened for novel short endogenous and non-

immunogenic peptides that assemble into PNFs that efficiently

enhance viral transduction rates but do not form large aggregates

in cell culture, using an in silico screening approach. We discovered

an 8-mer peptide, termed RM-8, derived from human interleukin-

18, that forms chemically stable b-sheet PNFs, which effectively

boost g-retroviral and lentiviral gene transfer. By applying a

structure-activity relationship (SAR) study RM-8 was optimized

regarding aggregate formation to its derivative D4, which shows

comparable or better transduction rates in primary T and NK cells

than RM-8, Vectofusin-1, and EF-C. Thus, D4 PNFs represent a

novel, easy-to-apply nanotechnological tool to increase viral

transduction rates in the laboratory, and to optimize the

production of CAR-T and CAR-NK cells.
2 Materials and methods

2.1 Cell culture

TZM-bl (AIDS reagent and reference programme, Saic

Frederick, USA) and HEK293T cells (ATCC, CRL-3216) were

cultured in Dulbecco´s Modified Eagle Medium (DMEM, Gibco,

Catalog number (Cat): 11965092) supplemented with 10%

inactivated fetal calf serum (FCS, Gibco, Cat: 10437028), 2 mM

L-glutamine (PAN-Biotech, Cat: P04-80050), 100 U/ml penicillin

and 100 µg/ml streptomycin (PAN-Biotech, P06-07050). Jurkat

cells (ATCC, TIB-152) and THP1-Dual cells (InvivoGen, Cat:

thpd-nfis) were cultured in Roswell Park Memorial Institute 1640

Medium (RPMI, Gibco, Cat: 11875093) supplemented with 10%

FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml
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streptomycin. T cells were cultured in RPMI medium supplemented

with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/

ml streptomycin and different interleukins as described below.
2.2 Cell viability

To determine the effect of peptides on cellular metabolic

activity, MTT (Thiazolyl blue tetrazolium bromide) Cell Growth

Assay (Merck, Cat: CT02) and CellTiter-Glo Luminescent Cell

Viability Assay (Promega, Cat: G7571) were performed. 10,000

TZM-bl cells or 50,000 Jurkat cells were seeded into 96-well plates

and treated with indicated concentrations of peptides. For TZM-bl

cells, the supernatants were removed after three days and 100 µl

MTT (0.5 mg/ml) was added and incubated for 2.5 hours. For

Jurkat cells, supernatants were removed after two days, and cells

were incubated with 40 ml MTT (1 mg/ml) for 5 hours. Then the

MTT solution was removed, and 100 µl 1:1 DMSO-Ethanol was

added. The absorption was measured at 590 nm with baseline-

corrected at 650 nm using VersaMax Microplate Reader (Molecular

Devices). The CellTiter-Glo assay was performed according to the

manufacturing protocol. 100 ml CellTiter-Glo Reagent 1:1 diluted in
PBS (Gibco, 14200075) was added to pelleted Jurkat cells for 10 min

followed by transferring 50 µl to white microplate, and

l um in e s c en c e wa s r e c o r d e d b y Or i on m i c r op l a t e

luminometer (Berthold).
2.3 In-silico screening for endogenous
peptide nanofibrils (PNFs)

The Human proteins serum albumin (HSA, P02768),

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, P04406),

signal transducing adapter molecule 2 (Stam2, O75886), and

interleukin-18 (IL-18, Q14116) were analyzed by the amyloid

prediction tools ZipperDB (33), Tango (34–36) and PASTA 2.0

(37). The amino acid sequence of the above proteins derived from

UniProt was used. With the help of the ZipperDB the Rosetta

energy was determined to predict fibrillation propensity, and

hexapeptides showing a Rosetta energy below -23 kcal/mol were

chosen based on Goldschmidt et al., 2010 (33). Additionally, the

statistical mechanics algorithm TANGO was used. Fernandez-

Escamilla et al., 2004 demonstrated that a TANGO score

(percentage b-aggregation per residue) above 5% in a window of

at least five residues is a good predictor for aggregation (35), which

was also used for the analysis of HSA, GAPDH, Stam2, and IL-18.

The following conditions were used for TANGO analysis: pH = 7,

temperature = 25°C, ionic strength = 0.02 M, and concentration = 1

M. Using the server PASTA 2.0 for the analysis, an energy cut-off -5

Pasta Energy Unit (PEU) based onWalsh et al., 2014 (37), and a top

pairing energy of 20 was selected for the analysis of the above-

mentioned proteins. 1 PEU corresponds to 1.192 kcal/mol. The

molecular weight and theoretical pI of the endogenous peptides

were determined using ProtParam, a tool for the computation of

various physical and chemical parameters (38).
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2.4 Preparation of peptide nanofibrils

Peptides were synthesized by KE Biochem Co. (Shanghai City,

China), Core Facility Functional Peptidomics (UlmUniversity Medical

Centre, Ulm, Germany) and GaloreTx Pharmaceuticals (Udupi, India).

Peptides were dissolved in DMSO (Merck, Cat: 67-68-5) to 10 mg/ml

and stored at 4°C. For each experiment, the peptides were freshly

dissolved in PBS to 2 mg/ml and incubated for 10 min at room

temperature to generate peptide nanofibrils (PNFs). Unless otherwise

described, this concentration was used for the experiments. Vectofusin-

1 (Miltenyi Biotec, Cat: 130-111-163) was solved in sterile water to 1

mg/ml and stored at -80°C according to manufacturing protocol.
2.5 Thioflavin T (ThT) assay

To monitor the presence of PNFs, 25 ml PNFs solution was

mixed with 24 ml PBS and 1 ml 2.5 mM ThT (Sigma, Cat: T3516)

and incubated for 10 min at dark before fluorescence was measured

at an excitation wavelength of 450 nm and an emission endpoint of

482 nm using a Synergy H1 hybrid multi-mode reader (Biotek).
2.6 Zeta potential

To determine the surface charge of fibrils, the zeta potential was

measured. PNFs solutions were diluted in 1 ml 1 mM KCl (Merck,

Cat: 104936) so that a number of traced particles of 100-400 was

obtained. The zeta potential derived from the electrophoretic

mobility of the PNFs was measured using the ZetaView TWIN

(Particle Metrix) and the corresponding Software ZetaView

(Zetaview Nanoparticle Tracking Analyzer RRID: SCR_016647).
2.7 Nanoparticle tracking analysis (NTA)

NTA to determine the size distribution of PNFs was performed

using ZetaView TWIN. 2 mg/ml PNFs and 1 mg/ml Vectofusin-1

solutions were diluted in particle-free PBS, and videos of the light-

refracting particles were recorded with the following settings: 25°C

fixed temperature, 11 positions, 1 cycle, sensitivity 70, shutter 100,

15 fps, 2 s videos/position, 3 measurements. The chamber was

rinsed between the samples with particle-free PBS.
2.8 Attenuated total reflection
Fourier transform infrared
(ATR-FTIR) spectroscopy

To analyze the secondary structure PNFs solutions were freshly

prepared by diluting the DMSO stock (c = 10 mg/ml) tenfold using

PBS (c = 1 mg/ml). 200 µl of samples were lyophilized, and all

spectra were recorded on a Bruker Tensor 27 spectrometer with a

diamond crystal as ATR element (PIKE MiracleTM, spectral

resolution 2 cm-1) according to a previous report (39).
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2.9 Conversion rate (CR)

The CR determines the ratio of peptide monomers that convert

into aggregated structures. To measure the CR, 1 mg/ml of PNFs

were incubated in PBS for one day and the assay was performed

according to a previous report (40).
2.10 Transmission electron
microscopy (TEM)

5 ml PNFs solution (2 mg/ml) was incubated on a glow-

discharged carbon copper grid for 5 min. The liquid on the grid

was removed by Whatman™ filter paper (Merck) followed by three

washing steps using 10 ml water each and then stained three times

with 10 ml 0.5% (w/v) uranyl acetate (Merck). Remaining uranyl

acetate was removed, and the grid was dried. Samples were imaged

with the JEM-1400 120kV transmission electron microscope (Jeol).
2.11 Microscopic analysis of PNFs

To visualize aggregates of PNFs, microscopic images were taken

of 2 mg/ml PNFs using Cytation 5 and 4x phase contrast (BioTek).
2.12 High-performance liquid
chromatography (HPLC) analysis

RM-8 and D4 were prepared at 2 mg/ml in PBS and were

incubated at room temperature (RT) or 37°C for 10 min, 1 hour, 24

hours, and 10 days. Aliquots (25 µL) of both samples were separated

after 10 minutes, 1 hour, 24 hours, and 10 days and centrifuged at

13,000 x g for one minute. Supernatants were diluted with 100 µL

10% acetic acid, whereas the pellets were dissolved in 125 µL 6 M

guanidinium chloride. All samples were analyzed in an Agilent 1100

Series HPLC system, using a reversed-phase BioBasicTM 18-HPLC

column (Thermo Scientific) of dimensions 2.1 x 100 mm and

particle size of 5 µm. Gradient elution was used for elution as

follows (RM-8): 0 min/5%B, 1 min/20%B, and 15 min/40%B; and

for D4: 0 min/5%B, 1 min/15%B, and 15 min/35/%B), being A, 0.

1% TFA in water, and B, 0.1% TFA in acetonitrile. The flow rate was

0.5 mL/min, and the detection was monitored online by UV

absorption at 214 nm. ChemStation (version B.04.03, Agilent)

was used for data acquisition and the HPLC system’s control.
2.13 Matrix assisted laser desorption
ionization-time of flight mass spectrometry
(MALDI-TOF MS) analysis

Mass spectra were obtained with an Axima Confidence

MALDI-TOF mass spectrometer (Shimadzu). Measurements were

performed in positive ion reflectron mode. The mass range was

100–10000 Da. For each sample, 20 shots were accumulated per

profile (100 profiles per spectra) using a laser power of 42% and a
Frontiers in Immunology 0471
laser frequency of 50 Hz. TOFMix MALDI kit (Shimadzu) was used

for external mass calibration. Shimadzu Biotech Launchpad

software (version 2.9.8.1, Kratos Analytical, UK) was used for

spectra visualization and equipment control.
2.14 Virus stocks

For virus stock generation, 800,000 HEK293T cells were initially

seeded, followed by transfection using different plasmids and

TransIT-LT1 Transfection Reagent (Mirus Bio, Cat: Mir 2305)

according to the manufacturer’s protocol on the next day. After

two days, virus stocks were harvested, centrifuged (3 min at 1300

rpm) and supernatants were stored at -80°C. Infectious HIV-1

stocks were produced by transfection of HEK293T cells using

pBRNL4.39-92TH14 (5 µg), a plasmid containing a CCR5 tropic

molecular HIV-1 clone (41). For GALV g-retroviral vector (GALV-
RV) production, HEK293T cells were cotransfected with the

following plasmids: GFP expressing Murine leukemia virus

(MLV) vector E200 pcmE26-gfp (1.15 µg), E848 pCsGPpA-ed

(0.95 µg) and glycoprotein derived from Gibbon ape Leukemia

Virus (GALV, 0.4 µg) (39). GALV-RV was titrated on Jurkat cells

and transduction efficiency was determined by flow cytometry after

two days. The GALV-RV titer was determined as transducing units

per volume (TU/ml). GFP-expressing VSV-G pseudotyped

lentiviral vector (VSV-G-LV) was generated by cotransfection of

HEK293T cells with the plasmids pRSV-rev (0.25 µg, Addgene

plasmid # 12253, a gift from Didier Trono) (42), pRRL.cPPT.SF-

eGFP.pre (1 µg) (25), pMDLg/pRRE (3 µg, Addgene plasmid #

12251, a gift from Didier Trono) (42) and Vesicular Stomatitis

Virus glycoprotein (VSV-G, 0.5 µg). Luciferase expressing VSV-G-

LV was generated by cotransfection of HEK293T cells with the

plasmids pSEW-luc2 (2 µg) and pCMV-dR8.91 (2 µg) and VSV-G

(1 µg) (39). Luciferase-expressing RD114/TR pseudotyped lentiviral

vector (RD114/TR-LV) was generated by cotransfection of

HEK293T cells with an env deleted pBRHIV-1 NL4_3 derivative

(2.5 µg) encoding luciferase instead of nef and phCMV-RD114/TR

(0.31 µg) encoding chimeric envelope glycoproteins derived from

Feline Leukemia Virus (RD114) with the cytoplasmic tail derived

from the MLV glycoprotein (25). For RD114/TR g-retroviral vector
(RD114/TR-RV) production, HEK293T cells were cotransfected

with the following plasmids: GFP expressing Murine leukemia

virus (MLV) vector E200 pcmE26-gfp (1.15 µg), E848 pCsGPpA-

ed (0.95 µg) and RD114/TR glycoprotein (0.4 µg). RD114/TR-RV

was titrated on HEK293T cells and transduction efficiency was

determined by flow cytometry after two days. GFP-encoding

lentiviral vectors (LV) were generated by transfection of

HEK293T cells (150,000 cells were seeded 1 day prior

transfection) using following plasmids: 0.667 µg of pMDLg/

pRRE-gagpol (Addgene plasmid # 12251, a gift from Didier

Trono), 0.167 µg pRSV-Rev (Addgene plasmid # 12253, a gift

from Didier Trono) (42), 1 µg of pCDH-CMV-MCS-EF1-

GreenPuro (System Biosciences, Cat: CD513B-1) and an envelope

plasmid (0.167 µg) for pseudotyping. RD114-TR (pLTR-RD114A,

Addgene plasmid # 17576, a gift from Jakob Reiser) (43) or baboon

envelope (BaEV, pTwist-BaEVRless) (44) were used as envelope
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proteins. Two days after transfection, the cell culture supernatant

was collected and filtered using a 0.45 µm syringe filter. LV

containing supernatants were stored at -80°C.
2.15 Effect of PNFs on HIV-1 infection

To determine the effect of PNFs on HIV-1 infection 10,000

TZM-bl cells, which contain the reporter gene b-galactosidase
under the control of the HIV-1 long terminal repeat (LTR)

promoter, were seeded in a 96-well plate in 180 µl supplemented

DMEM one day prior to infection. The cells were inoculated with 20

µl PNFs solution 1:1 (v/v) mixed with virus (2500 dilution on cells)

after an incubation time of 10 min to allow the binding of virus

particles to PNFs. Three days post HIV-1 infection, the cell culture

medium was removed, and 42 µl of 1:8 diluted Gal-screen substrate

(Thermo Fisher, Cat: T1027) in PBS was added. After incubation for

30-40 min, 36 µl of lysates were transferred to white microtiter

plates, and b-galactosidase activity was recorded as relative light

units (RLU) by Orion II Microplate Luminometer (Berthold).
2.16 Effect of PNFs on
lentiviral transduction

To detect transduction rates of luciferase encoding lentiviral

vectors (VSV-G-LVs, RD114/TR-LVs), 10,000 HEK293 cells were

seeded in a 96-well plate in 180 µl supplemented DMEM one day

prior to infection. The cells were inoculated with 20 µl PNFs

solution 1:1 (v/v) mixed with virus (1:640 dilution on cells for

VSV-G-LV and 1:80 dilution on cells for RD114/TR-LV) after an

incubation time of 10 min. Two days after VSV-G-LV infection and

three days after RD114/TR-LV infection the supernatant of cells

was removed and cells were lysed in 40 µl 1-fold diluted Luciferase

Cell Culture Lysis Reagent (Promega). After 10 min, cells were

resuspended and 30 µl of the lysates were transferred into white

microtiter plates. Thereafter, 50 µl luciferase substrate reconstituted

in luciferase buffer (Luciferase Assay system, Promega) was added,

and luminescence was measured as RLU using Orion II Microplate

Luminometer (Berthold).
2.17 Effect of PNFs on
g-retroviral transduction

For the determination of infectivity enhancement of GALV-RV,

50,000 Jurkat cells were seeded in 180 µl supplemented RPMI. The

cells were inoculated with 20 µl PNFs solution 1:1 (v/v) mixed with

GALV-RV after an incubation time of 10 min. Two days post

infection, GFP-expression was analyzed by flow cytometry using

CytoFlex (Beckmann Coulter) and the evaluation was carried out

with FlowJo™ (Version 10.8.1) according to the gating strategy

shown in Figure S1. For analyzing the transduction enhancement of

RD114/TR-RV, 10,000 HEK293T cells were seeded in a 96-well

plate in 100 µl supplemented DMEM one day prior to infection.
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The cells were inoculated with 100 µl PNFs solution 1:1 (v/v) mixed

with virus after an incubation time of 10 min. Transduction

efficiency was determined three days later by flow cytometry.
2.18 g-retroviral and lentiviral transduction
of human T cells

Human CD4+ and CD8+ T cells were isolated from Buffy coats

of healthy donors using RosetteSep™ Human CD4+ Enrichment

Cocktail (STEMCELL Technologies, Cat: 15062) and CD8+

Enrichment Cocktail (STEMCELL Technologies, Cat: 15063)

according to manufacturer’s protocol. Isolated T cells were

activated using Dynabeads™ Human T-Activator CD3/CD28

(Gibco, Cat: 11131D) according to manufacturer’s protocol in

supplemented RPMI in presence of 10 ng/ml IL-2 (Miltenyi

Biotec, Cat: 130-097-748) for three days. The purity of isolated T

cells was determined by flow cytometry using CD4, CD8, and

CD11c antibodies and their corresponding isotype control (Table

S1). After three days, the magnetic Dynabeads were removed, and T

cells were cultured in supplemented RPMI in presence of 450 IU/ml

IL-7 (Miltenyi Biotec, Cat: 130-095-362) and 50 IU/ml IL-15

(Miltenyi Biotec, Cat: 130-095-764). After one day 5×105 T cells

were transduced with GALV-RV (1:4 dilution on cells) or VSV-G-

LV (1:40 dilution on cells) in absence and presence of RM-8 (30 or

50 µg/ml), D4 (30 µg/ml), EF-C (30 or 50 µg/ml), 10 µg/ml

Vectofusin-1 (Miltenyi Biotec, Cat: 130-111-163), or 20 µg/ml

RetroNectin (Takara Bio, Cat: T100B). The 24-well plate was

coated with RetroNectin and incubated overnight at 4°C. Wells

were blocked with PBS containing 2% BSA (Gibco, Cat: 15260037)

for 30 min and washed twice with PBS. Virus was centrifuged onto

coated wells at 2,000 g at 32°C for 2 h. Viral supernatant was

removed and T cells were added and subsequently spin-infected

(300 g for 10 min). One day after transduction, the medium was

exchanged. T cells were cultured with a cell density of 1×106 cells/ml

for seven days. T cells were analyzed for CD3 expression using an

antibody and its corresponding isotype controls shown in Table S1.

Furthermore, viability using LIVE/DEAD™ Fixable Aqua Dead

Cell Stain Kit (ThermoFisher Scientific, Cat: L34957) and Trypan

blue stain (Invitrogen, Cat: T10282) according to the

manufacturer’s protocol and transduction efficiency (% GFP+

cells) were determined. Flow cytometry analysis were performed

using CytoFlex (Beckmann Coulter) and evaluation was carried out

with FlowJo™ (Version 10.8.1). The gating strategy shown in

Figure S2 was applied.
2.19 Lentiviral transduction of
human NK cells

NK cells were isolated from buffy coats of healthy donors by

standard density-gradient centrifugation, using Ficoll-Paque

(VWR, Cat: 17-1440-03) using the RosetteSep™ Human NK Cell

Enrichment Cocktail (STEMCELL Technologies, Cat: 15065). NK

cells were cultured at 1×106 cells/ml in NK MACS medium
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(Miltenyi Biotec, Cat: 130-114-429) with 5% human AB serum

(Sigma Aldrich, Cat: H4522-100ML), 500 U/ml IL-2 (Peprotech,

Cat: 200-02) and 140 U/ml IL-15 (Peprotech, Cat: 200-15). After

seven days of culturing, NK cells were transduced with lentiviral

particles. 1.25×105 NK cells were seeded per well in a 48-well plate.

250 µl of lentiviral supernatant (undiluted RD114/TR-LV stock, 1:3

diluted BaEV-LV stock in HEK293T culture medium) was mixed

with transduction enhancers to final concentrations of 10 µg/ml for

Vectofusin-1 and either 10, 20 or 30 µg/ml for RM-8 and D4

peptides and then incubated at room temperature for 10 min prior

to adding to the NK cells. After incubation at 37°C for 1 h, 250 µl of

fresh complete NK MACS medium was added to the transduced

cells. For spinfection, cells were centrifuged (400 g, 1 h at 37°C) after

virus and transduction enhancer were added. Transduction

efficiency (GFP+ cells) was assessed four days after transduction

using flow cytometry (MACSQuant10, Miltenyi Biotec). Propidium

Iodide (PI) (Miltenyi Biotec, Cat: 130-093-233) staining was used to

determine the viability of NK cells.
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2.20 PNFs stimulation of THP1-Dual cells

To analyze if PNFs stimulate an immune response, different

PNFs concentrations (5, 10, 30 and 50 µg/ml) and 0.1 µg/ml

lipopolysaccharide (LPS, InvivoGen, Cat: tlrl-eklps) as a positive

control were incubated with 70,000 THP1-Dual cells, a monocyte

cell line that allows the simultaneous analysis of the NF-kB and

interferon regulatory factor (IRF) pathway, which are major

effectors of the innate immune response (45). After 24 h, cellular

supernatants were analyzed for the activation of the NF-kB pathway

by measuring the activity of secreted alkaline phosphatase (SEAP).

Therefore, 20 µl supernatant was mixed with 120 µl Alkaline

Phosphatase Blue Microwell Substrate (Sigma Aldrich, Cat:

AB0100-1KT). After 10 min, 30 µl Alkaline Phosphatase Stop

Solution (Sigma Aldrich, Cat: A5852) was added and adsorption

at 620 nm was measured using VersaMax Microplate Reader

(Molecular Devices). For analysis of IRF pathway, secreted

Gaussia Luciferase was measured. 25 µl supernatant was
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FIGURE 1

In silico identification and characterization of IL-18 derived PNF as potential enhancers for viral transduction. (A) In silico screening for endogenous
PNFs as transduction enhancers using different amyloid aggregation algorithms (Tango, PASTA 2.0, and ZipperDB). Created with BioRender.com. (B)
Physical and chemical parameters of selected IL-18 derived peptides with positive net charge based on in silico screening results. The positively
charged amino acids are marked in red, and the negatively charged residues in blue. The positions of the peptides correspond to human IL-18
(UniProtKB: Q14116) without the propeptide. (C) ThT fluorescence intensities of tested peptides. Shown is one measurement from one experiment.
(D) Zeta potential, an indicator of the surface charge, of IL-18 derived PNFs. The results shown are average values (± SEM) of duplicates
measurement from three independent experiments. (E) RM-8 and RK-10 PNFs increase HIV-1 infection of TZM-bl cells. HIV-1 was treated with PNFs
and mixtures were used to infect TZM-bl cells. Tat-inducible b-galactosidase activity was measured three days later. The results shown are average
values (± SEM) of triplicate measurements from three independent experiments. (F) RM-8 and RK-10 PNFs enhance GALV-RV infection of Jurkat
cells. GFP-expressing GALV-RV was treated with PNFs and mixtures were used to infect Jurkat cells. GFP positive (GFP+) cells were determined two
days later by flow cytometry. The results shown are average values (± SD) of three independent experiments. GALV, glycoprotein of gibbon ape
leukemia virus; HIV-1, Human immunodeficiency virus 1; IL-18, interleukin-18; PNFs, peptide naofibrils; RLU/s, relative light units per second; RV, g-
retroviral vector; ThT; Thioflavin T; SEM, standard error of the mean.
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FIGURE 2

Biophysical and functional characterization of RM-8 PNFs. (A) TEM image of RM-8 PNFs. Scale bar indicates 500 nm. (B) RM-8 PNFs are chemically
stable for 10 days, as analyzed by HPLC. (C) ATR-FTIR spectrum of RM-8, showing spectral maxima in the amide I region indicating b-sheet
structure. (D) RM-8 PNFs efficiently enhance transduction rates of GFP-expressing GALV-RV in Jurkat cells. Two days after transduction GFP+ cells
were determined by flow cytometry. Shown are average values ( ± SD) of three independent experiments. (E) RM-8 PNFs efficiently enhance
transduction rates of GFP-expressing RD114/TR-RV in HEK293T cells. Three days after transduction GFP+ cells were determined by flow cytometry.
Shown are average values ( ± SD) of three independent experiments. (F) RM-8 PNFs efficiently enhance transduction rates of Luciferase-expressing
VSV-G-LV in HEK293T cells. Two days after transduction infection rates were determined by measuring Luciferase signal. Shown are average values
of triplicates (± SEM) of three independent experiments. (G) RM-8 PNFs efficiently enhance transduction rates of Luciferase-expressing RD114/TR-LV
in HEK293T cells. Three days after transduction infection rates were determined by measuring Luciferase signal. Shown are average values of
triplicates (± SEM) of three independent experiments. In D-F the numbers above the bars show the n-fold enhancement of infection relative to the
average of controls without peptide. (H) Transduction protocol for using RetroNectin and RM-8 PNFs as transduction enhancer in an ex vivo gene
transfer. Created with BioRender.com. (I) Viability of T cells was determined using trypan blue staining after 7 days. Shown are average values (± SD)
of two donors. (J) RM-8 PNFs enhance retroviral transduction of T cells similar to Vectofusin-1 and RetroNectin. GALV-RV was incubated with
indicated transduction enhancers before transducing activated T cells according to protocol of (H) GFP+ cells were determined by flow cytometry
after 7 days. Shown are values of two donors. (K) RM-8 forms aggregates 1 day after transduction. Scale bar indicates 1000 µm and for the inset 200
µm. ATR-FTIR, Attenuated total reflection Fourier transform infrared spectroscopy; A.u., arbitrary units; centrif., centrifugation step; GALV,
glycoprotein of gibbon ape leukemia virus; HPLC, high-performance liquid chromatography; LV, lentiviral vector; RD114/TR, chimeric envelope
glycoprotein derived from feline leukemia virus with the cytoplasmic tail derived from the murine leukemia virus glycoprotein; RV; g-retroviral vector;
SEM, standard error of mean; TEM, Transmission electron microscopy; VSV-G, glycoprotein of vesicular stomatitis virus.
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transferred to a white 96 well microtiter plate and Gaussia substrate

(82.6 µg/ml Colenterazine, PJK, Cat: 102172) was automatically

added according to manufacturer’s protocol and Luminescence was

measured by Orion II Microplate Luminometer (Berthold).
2.21 PNFs stimulation of CD4+ T cells

For the investigation of T cell immune response after PNFs

stimulation, 50,000 CD4+ T cells were incubated with different

PNFs concentrations (5, 10, 30 and 50 µg/ml) and 0.1 µg/ml LPS as

a positive control. After 24 h, supernatants were analyzed by flow

cytometry, using the LEGENDplex Human Inflammation Panel 1

(Biolegend, Cat: 740809), a bead-based multiplex assay to quantify

human inflammatory cytokines/chemokines, according to

manufacturing protocol. Mean fluorescence of the samples were

normalized to the untreated control.
2.22 Statistics

Statistical analysis including one-way ANOVA with Dunnett’s

multiple comparison test were performed using GraphPad Prism

version 9.5.1.
2.23 Ethics statement

NK cells from healthy donors were isolated from buffy coats

acquired from the blood bank of the University Hospital Leipzig;

ethic vote number 327/22-ek. T cells from healthy donors were

isolated from buffy coats acquired from the Blutspendezentrale

Ulm; ethic vote number 151/22 FSt/bal.
3 Results

3.1 In silico screening for peptide
nanofibrils as transduction enhancer

We previously identified the 12-mer peptide EF-C that self-

assembles into peptide nanofibrils (PNFs) and efficiently enhances

g-retroviral gene transfer in various in vitro settings (25). The

application of EF-C for CAR-T cell generation is however limited

due to its time-dependent chemical instability and the formation of

large aggregates under cellular conditions (32). Additionally, its

sequence is derived from HIV-1 glycoprotein gp120 (25), which

may potentially induce immunogenicity. Therefore, our goal was to

identify novel endogenous and non-immunogenic peptides that

assemble into PNFs and efficiently enhance viral transduction

without forming larger aggregates.

For this, we analyzed arbitrary human proteins (serum

albumin (HSA), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), signal transducing adapter molecule 2 (Stam2) and

interleukin-18 (IL-18)) by an in silico screening approach using a

combination of amyloid prediction algorithms (Figure 1A). As
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selection criteria, proteins were chosen according to their

expression (high: HSA and GAPDH, low: Stam2 and IL-18) and

localization (extracellular: HSA, IL-18, intracellular: GAPDH,

Stam2). The algorithms Tango, PASTA 2.0, and ZipperDB

collectively offer predictive capabilities for identifying various

aspects of protein aggregation and have been evaluated by us in

a previous report to perform well for the prediction of short self-

assembling peptides (46). TANGO predicts aggregation areas in

unfolded polypeptide chains (34–36), PASTA 2.0 predicts amyloid

fibril regions in proteins (37), and ZipperDB predicts fibril-

forming segments capable of forming the steric zipper, the

backbone of an amyloid fibril (33). By in-silico screening, a

fibril-forming segment (position 39-53) was determined for IL-

18 by all three algorithms (Figure S3). For the other proteins only

a hexapeptide in HSA was predicted to self-assemble which could

not be experimentally confirmed.

Based on the predicted region in IL-18 five different cationic

peptides named RS-12, RK-10, RM-8, RS-7, and FK-7 were

chemically synthesized and further analyzed (Figure 1B). PNFs

formation of the five peptides was achieved by dilution of their

DMSO stock (10 mg/ml) in PBS (2 mg/ml) and incubation for

10 min at room temperature (RT). To test the peptides’ ability to

form PNFs, they were incubated with the amyloid dye Thioflavin T

(ThT), showing a clear ThT fluorescence for all peptides

(Figure 1C). Since we previously showed that the positive charge

of PNFs is essential for their transduction enhancing property (25,

39, 47), the zeta potential (ZP), an indicator for the surface charge,

was measured. ZP measurements revealed a positive ZP for RK-10

and RM-8 PNFs (Figure 1D). In fact, both PNFs efficiently

enhanced HIV-1 infection of TZM-bl cells (Figure 1E) while not

being cytotoxic (Figure S4A). Moreover, RM-8 PNF also increased

transduction rates of T cells with a g-retroviral vector pseudotyped
with the glycoprotein of gibbon ape leukemia virus glycoprotein

(GALV-RV), within a comparable range to EF-C PNFs, while

exhibiting no cytotoxic effects (Figures 1F, S4).
3.2 RM-8 PNFs efficiently enhance g-
retroviral and lentiviral transduction

Due to its simplicity and cost-effectiveness in synthesis, we

continued our further study with the shortest 8-mer peptide RM-8.

PNFs formation of RM-8 was confirmed by transmission electron

microscopy (TEM, Figure 2A). Furthermore, a high conversion rate

(CR) of 97% was determined. The CR indicates the percentage of

monomers that self-assemble into aggregated structures (40). To

analyze the chemical stability of RM-8, respective PNFs were

incubated for 10 min, 1 h, 24 h or 10 d at room temperature

(RT) or 37°C, followed by high performance liquid chromatography

(HPLC) analysis. Chromatograms show one peak at the same

retention time for each time point (Figure 2B), indicating that

RM-8 PNFs are chemically stable over time. Further biophysical

analysis using attenuated total reflection fourier transform infrared

(ATR-FTIR) spectroscopy revealed the amide I maxima at

approximately 1632 and 1676 cm-1 (Figure 2C), which are

characteristic for the presence of b-sheet structures (48).
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Since all CAR-T cell therapies approved to date are

manufactured using g-retroviral and lentiviral vectors (13), we

analyzed RM-8 PNFs’ ability to enhance these vectors in

comparison to the commercially available transduction enhancer

Vectofusin-1, which is a 26-mer amphipathic peptide (30). RM-8

PNFs increased transduction of GFP-expressing g-retroviral vector
pseudotyped with the glycoprotein of GALV, or from feline

leukemia virus (RD114/TR-RV) in a similar range as Vectofusin-
Frontiers in Immunology 0976
1, from around 4% to 60% GFP+ cells for GALV-RV (Figures 2D,

S5B) and from around 2% to 25% GFP+ cells for RD114/TR-RV

(Figures 2E, S5C) without showing cytotoxicity (Figures S4B, C). Of

note, RM-8 PNFs promoted transduction of luciferase encoding

LVs carrying the G protein of the Vesicular Stomatitis Virus (VSV-

G) or RD114 more efficiently than Vectofusin-1 (Figures 2F, G).

To test RM-8 PNFs in a more clinically relevant setting,

activated human CD4+ and CD8+ T cells were transduced with
B C D

E

A

FIGURE 3

Identification of lead candidate D4 by a structure-activity relationship study of RM-8. (A) Optimization of RM-8 in regard to aggregate formation and
transduction enhancing activity by a SAR study. 40 RM-8 derivatives (D1-D40) were generated by replacing the amino acids at position 2-8 with the
following amino acids: isoleucine (I), proline (P), glycine (G), threonine (T), lysine (K) or arginine (R), which are shown in blue. Furthermore a derivative
was generated containing three arginines (shown in red). The N-terminal R was not replaced as it is responsible for the positive charge of RM-8.
Created with BioRender.com. (B) Diameter of D4, D24, RM-8, Vectofusin-1 and EF-C PNFs measured by NTA. The results shown are average values
(± SD) of triplicates from three independent measurements. One-way ANOVA, Dunnett’s multiple comparison test. ***p ≤ 0.001 (C) TEM image of
D4 PNFs. Scale bar indicates 200 nm. (D) FTIR spectrum of D4. The values in the plot refer to spectral maxima in the amide I region. (E) D4 PNF are
chemically stable for 10 days. D4 PNFs (2 mg/ml) were incubated at room temperature and 37°C and after 10 min, 1 h, 24 h and 10 days, the
chemical stability was analyzed using HPLC. Also, MALDI-TOF MS measurements were done on D4 PNFs after incubation for 10 days at RT and 37°C
(Figure S7) to confirm that the monoisotopic mass did not change due to any modification. ATR-FTIR, Attenuated total reflection Fourier transform
infrared spectroscopy; HPLC, high-performance liquid chromatography MALDI-TOF MS, Matrix assisted laser desorption ionization-time of flight
mass spectrometry; NTA, nanoparticle tracking analysis; TEM, Transmission electron microscopy; SAR, structure-activity relationship.
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GALV-RV in presence of different transduction enhancers (RM-8,

EF-C, Vectofusin-1 and RetroNectin), according to the protocol

described in Figure 2H. After cultivation for seven days, viability

and transduction efficiencies were determined. RM-8 PNFs allowed

similar transduction rates of T cells of around 28% GFP+ cells as

Vectofusin-1 and RetroNectin while not showing any cytotoxic

effect (Figures 2I, J, S5E). However, during the T cell transduction

process large µm-sized fibrillar aggregates were observed for RM-8

PNFs (Figure 2K).
3.3 Optimization of RM-8 to its derivate D4
by a structure-activity relationship study

The mm-scale RM-8 aggregates that formed in the T cell

cultures could potentially hinder approval of RM-8 PNFs as a

transduction enhancer in clinical settings. To address this, we

fine-tuned RM-8 based on a structure-activity relationship (SAR)

study, with a specific focus on minimizing aggregation (Figure 3A).

For stability, we excluded amino acids prone to oxidation

(phenylalanine, tryptophan, tyrosine, histidine, cysteine and

methionine), intra- and inter-residue cyclization (asparagine,

glutamine, aspartic and glutamic acid), and b-elimination
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(cysteine, serine and threonine) (49) from the SAR study, except

for threonine, which was already present in RM-8 and did not

induce instability.

We opted to evaluate a large peptide library composed of 40

RM-8 derivatives (Table S2). This was accomplished by mutating

the amino acids at positions 2-8 of RM-8 with isoleucine (I), proline

(P), glycine (G), threonine (T), lysine (K), and arginine (R). The C-

terminal R remained unchanged due to its critical role in

contributing to the positive surface charge and hence the

enhancement activity. We picked the positively charged amino

acids L and R with the prospect that an increase in net charge

could diminish aggregation propensity through electrostatic

repulsion (50), potentially leading to the formation of smaller,

more beneficial aggregates. Our findings revealed that, with the

exception of D17, D18, D25, and D26, all derivatives exhibited an

amyloid-specific enhancement in ThT binding, as illustrated in

Figure S6A. Additionally, out of the 40 RM-8 derivatives tested,

only 10 displayed a positive ZP, as shown in Figure S6B. Most of the

derivatives amplified g-retroviral transduction rates in Jurkat cells

comparably to RM-8 PNFs, without any noticeable cytotoxic effect

(Figures S6C, S6D).

Microscopic imaging of derivatives with similar transduction

enhancing activity to RM-8 showed no significant aggregation in
B C D

E F G

A

FIGURE 4

D4 as an efficient transduction enhancer for g-retroviral and lentiviral transduction of human T and NK cells. (A) Viability of T cells was determined
using trypan blue staining 7 days after GALV-RV transduction. Shown are average values (± SD) of four donors. Two-way ANOVA, Šidák’s multiple
comparison test. No significant differences in viability between no reagent and the transduction enhancers were determined. (B) D4 PNFs more
efficiently enhance GALV-RV transduction of T cells than RM-8, Vectofusin-1 and EF-C PNFs. GFP+ cells were determined by flow cytometry after 7
days. Data are presented as mean ± SD of four donors. One-way ANOVA, Dunnett’s multiple comparison test. **p ≤ 0.01, ***p ≤ 0.001. (C) Viability
of T cells was determined using trypan blue staining 7 days after VSV-G-LV transduction. Shown are average values (± SD) of three donors. Two-way
ANOVA, Šidák’s multiple comparison test. No significant differences in viability between no reagent and the transduction enhancers were
determined. (D) D4 PNFs more efficiently enhance transduction rates of GFP-expressing VSV-G-LV in T cells than RM-8, Vectofusin-1 and EF-C
PNFs. GFP+ cells were determined by flow cytometry after 7 days. Data are presented as mean ± SD of three donors. One-way ANOVA, Dunnett’s
multiple comparison test. **p ≤ 0.01, ***p ≤ 0.001. (E) D4 PNFs do not reduce viability of human NK cells. Activated NK cells of three donors were
incubated with different concentrations of D4 and RM-8 PNFs, and viability was determined by propidium iodide staining after 4 days. One-way
ANOVA, Dunnett’s multiple comparison test. *p ≤ 0.05. Activated NK cells of five donors were transduced with a GFP-expressing LV pseudotyped
with RD114/TR (F) or a baboon endogenous virus derived envelope (BaEV, G) with and without spinfection. GFP+ cells were determined by flow
cytometry after 4 days. Shown are average values (± SD) of five donors. One-way ANOVA, Dunnett’s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001. GALV, glycoprotein of gibbon ape leukemia virus; RD114/TR, chimeric envelope glycoprotein derived from feline leukemia virus with
the cytoplasmic tail derived from the murine leukemia virus glycoprotein; LV, lentiviral vector; RV, g-retroviral vector; Ve., Vectofusin-1; VSV-G,
glycoprotein of vesicular stomatitis virus.
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D4 and D24 (Figure S7). Using nanoparticle tracking analysis

(NTA), we found D4’s diameter to be around 200 nm, similar to

Vectofusin-1, while D24, RM-8, and EF-C showed considerably

larger diameters (Figure 3B). It is important to note that NTA can

only measure particle sizes from about 30 to 1000 nm (51), thus

making it unable to measure PNFs larger than 1 µm. This led us to

identify D4 (RRIFIISM), where a threonine was replaced by an

arginine at position 2, as the lead candidate from the SAR study.

TEM analysis depicted that the D4 peptide assembled into short

PNFs (Figure 3C). Additionally, a CR of 98% was determined, and

ATR-FTIR spectroscopy analysis confirmed a high b-sheet
content (Figure 3D).

Peptides can undergo modifications during storage that may

affect their functionality (49). Given that D4 contains a serine

residue prone to b-elimination (49), and the oxidation-sensitive
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amino acids methionine and phenylalanine (52, 53), we assessed its

stability using HPLC and MALDI-TOF MS. HPLC analysis

consistently showed a single peak with unchanged retention time

across different time points (Figure 3E). Similarly, MALDI-TOFMS

confirmed the consistent monoisotopic mass of D4 before and after

a 10-day incubation (Figure S8).
3.4 D4 PNFs efficiently enhance g-retroviral
and lentiviral transduction of human T
and NK cells

Our lead candidate, D4, underwent evaluation in a T cell

transduction procedure. This process entailed incubating different

transduction enhancers with a GFP-expressing GALV-RV, followed
B

C

D E

A

FIGURE 5

Analysis of inflammatory response of THP1-Dual and CD4+ T cells after PNFs stimulation. (A) Analysis of NF-kB pathway of THP1-Dual cells after
PNFs and LPS stimulation. One-way ANOVA, Dunnett’s multiple comparison test. ***p ≤ 0.001. (B) Analysis of IRF pathway of THP1-Dual cells after
PNFs and LPS stimulation. One-way ANOVA, Dunnett’s multiple comparison test. ***p ≤ 0.001. For A and B THP1-Dual cells, a monocyte-derived
cell line, were treated with different PNFs (RM-8, D4, EF-C and Vectofusin-1) concentrations and 0.1 µg/ml LPS as a positive control. After one day
the supernatants were simultaneously analyzed for activation of NF-kB pathway and the IRF pathway. Values were normalized to the PBS control.
Shown are mean values (± SEM) of triplicate measurements from three independent experiments. (C) Analysis of different human inflammatory
cytokines/chemokines after PNFs stimulation of CD4+ T cells using LEGENDplex Human Inflammation Panel 1. CD4+ T cells were treated with 30
µg/ml PNFs (RM-8, D4, EF-C and Vectofusin-1) and 0.1 µg/ml LPS as a positive control. After one day the cytokines/chemokines levels were
analyzed using flow cytometry. Values were normalized to the untreated cells. Shown are mean values (± SEM) of duplicates of four donors. (D)
Viability of THP1-Dual cells after PNFs and LPS stimulation. 24 h after stimulation viability was determined using CellTiter-Glo Luminescent Cell
Viability Assay. Shown are mean values (± SEM) of triplicate measurements from three independent experiments. (E) Viability of CD4+ T cells after
PNFs and LPS stimulation. 24 h after stimulation, viability was determined using CellTiter-Glo Luminescent Cell Viability Assay. Shown are mean
values (± SEM) of duplicates of two donors. IL, interleukin; IRF, interferon regulatory factor; LPS, lipopolysaccharides; TNF-a, tumor necrosis factor
alpha; SEAP, secreted alkaline phosphatase; Vecto., Vectofusin-1.
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by transduction of activated T cells. After 7 days, we assessed both the

viability and the percentage of GFP+ T cells. Importantly, neither D4

PNF nor the other transduction enhancers affected T cell viability

(Figure 4A). Furthermore, D4 PNFs amplified g-retroviral
transduction from 5% to 53% GFP+ cells, a thus a slightly

increased enhancing activity as compared to RM-8 PNF,

Vectofusin-1, and EF-C PNFs (Figure 4B). As 4 of 6 authorized

CAR-T cell products are generated using a lentiviral vector

pseudotyped with the glycoprotein of vesicular stomatitis virus

(VSV-G-LV) for CAR gene tranfer (13), we analyzed D4 PNF and

other transduction enhancers in a T cell transduction process using a

GFP-expressing VSV-G-LV. None of the transduction enhancer

reduced viability of T cells and only D4 PNFs and RetroNectin

significantly enhanced transduction rates (Figures 4C, D).

The limited efficiency of viral gene delivery in primary NK cells,

which is less effective when compared to primary T cells, presents a

noteworthy challenge in the application of NK-cell based

immunotherapy (19). Therefore, we chose to test the potential of

D4 PNFs as transduction enhancer for primary NK cells. To exclude

cytotoxic effects of PNFs on NK cells, a viability assay using

propidium iodide staining was performed. After a 4-day incubation

period, the highest concentration of RM-8 (30 µg/ml) slightly reduced

cell viability while D4 and Vectofusin-1 did not show any impact on

cell viability (Figure 4E). Following this, activated NK cells were

transduced with lentiviral vectors in the presence of different PNFs,

both with and without spinfection. Transduction efficiencies were

assessed after 4 days. Due to the inefficient enhancement of

transduction rates in NK cells using VSV-G-LVs (54), RD114 was

selected for pseudotyping. RD114 specifically binds to the sodium-

dependent neutral amino acid transporter (ASCT2) (55, 56), which is

expressed on hematopoietic cells (57). Without spinfection, D4 PNFs

significantly increased transduction rates of RD114-LV from 0.4% to

approximately 23%GFP+NK cells, while RM-8 and Vectofusin-1 did

not exhibit a significant increase at tested concentrations (Figures 4F,

S5G). However, with spinfection, both D4 and Vectofusin-1

significantly enhanced lentiviral transduction rates (Figures 4F, S5G).

An alternative envelope, derived from the baboon endogenous

virus glycoprotein (BaEV), which binds to ASCT1 and ASCT2 (44),

was also considered. Without spinfection, all concentrations of D4

PNFs significantly increased transduction rates of BaEV-LV from

15% to approximately 65% GFP+ NK cells, while RM-8 and

Vectofusin-1 were only slightly active (Figures 4G. S5H). The

lentiviral transduction rates were additionally significantly

enhanced by both D4 PNF and Vectofusin-1 when spinfection

was employed (Figures 4G, S5H).
3.5 D4 PNFs elicit no
inflammatory response

Aggregates in protein or peptide-based therapeutics often

correlate with immunogenicity (58, 59). Given the potential

application of D4 PNFs as a transduction enhancer in gene

therapy, it’s crucial that they remain undetected by the innate

immune system to prevent inflammation. To assess this, we

examined the ability of D4, RM-8, EF-C, and Vectofusin-1 PNFs
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to trigger an immune response in THP1-Dual cells. This monocyte

cell line is adept at simultaneously evaluating the NF-kB and

interferon regulatory factor (IRF) pathways, both pivotal in the

innate immune response (45). Different PNFs concentrations and

lipopolysaccharides (LPS) as a positive control were incubated with

THP-1 Dual cells for 24 h before supernatants were analyzed for

activation of NF-kB and IRF pathway. Notably, only the 50 µg/ml

concentration of D4 PNFs, which is not the concentration used in

transduction experiments, showed significant activation of the NF-

kB pathway (Figure 5A). As expected, LPS activated both pathways

(Figures 5A, B). Next, we incubated PNFs with freshly isolated

human CD4+ T cells for 24 h and subsequently used the

LEGENDplex™ Human Inflammation Panel 1, a bead-based

multiplex assay, to quantify human inflammatory cytokines/

chemokines. Only LPS induced the expression of IL-1b, TNF-a
and IL-6 of CD4+ T cells while the PNFs did not induce an

inflammatory response (Figures 5C, S9). We also confirmed that

neither the PNFs nor LPS exhibited cytotoxic effects (Figures 5D, E).
4 Discussion

The manufacturing and administration of CAR-T and CAR-NK

cells involve labor-intensive procedures and significant costs, with

the viral vector being a particularly expensive component (20).

Enhancing target cell transduction efficiency can reduce the

required quantity of viral vectors, potentially leading to cost

savings (21); more importantly, it may enhance the success rate

of the therapy by ensuring high transduction rates necessary for

effective treatment (22). In this study, we demonstrate that D4 PNFs

amplify retroviral transduction in primary T and NK cells, without

inducing cytotoxicity or triggering inflammatory reactions. When

juxtaposed with other transduction enhancers, D4 PNFs stand out

for their simplicity and cost-efficiency. Their application is

straightforward, involving a mere addition to the vector mix,

sidestepping the labor-intensive coating or equipment-dependent

spin infection processes associated with agents like RetroNectin or

Vectofusin-1. Given its concise eight-residue structure, D4 can be

synthesized more economically than lengthier peptides, such as

Vectofusin-1. Moreover, D4 PNFs outperform Vectofusin-1 by

bolstering VSV-G-LV mediated T cell transduction. These

attributes of D4 PNF, including its prevention of extensive

aggregate formation, non-toxicity, and non-inflammatory nature,

position it as a pioneering tool for enhancing viral gene transfer.

This potential is evident not just for research purposes but also

holds promise for broader clinical applications.

Using an in silico screening approach, we searched for

endogenous, non-immunogenic peptides that form into PNFs,

effectively amplifying viral transduction rates. Leveraging amyloid

prediction algorithms Tango, PASTA 2.0 and ZipperDB, a fibril-

forming segment was determined within the IL-18 sequence. Based

on this region, we synthesized five different cationic peptides named

RS-12, RK-10, RM-8, RS-7 and FK-7 and subjected them to

analysis. Among these, only RK-10 and RM-8 exhibited a positive

ZP, making them effective in enhancing viral transduction. Notably,

RM-8, an 8-mer peptide, swiftly self-organized into cationic,
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chemically stable b-sheet PNFs. Even though D4 contains a serine,

which is sensitive to b-elimination (49), and the oxidation sensitive

methionine and phenylalanine (52, 53), it stayed chemically stable

over 10 days as shown by HPLC and MALDI-TOF analysis. It is

crucial to mention that b-elimination of serine can impact peptide

structure (60), and oxidation can occur due to photosensitization

processes or the catalytic activity of transition metals (52, 61).

Moreover, protein therapeutics’ oxidation, such as in methionine

residues, can lead to adverse effects like diminished biological

activity (62), reduced folding stability (61), and higher

aggregation propensity (63). Therefore, RM-8 demonstrates

chemical stability, a crucial factor for effective storage and

development as a transduction enhancer for ex vivo gene transfer.

Notably, RM-8 PNFs demonstrated a superior ability to enhance

VSV-G-LV transduction rates compared to Vectofusin-1. In fact,

Vectofusin-1 showed no enhancement for VSV-G-LVs, aligning with

prior research that suggested Vectofusin-1 doesn’t improve VSV-G-

LV delivery into T and B cells (64, 65). This differential behavior can

likely be traced back to the distinct entry mechanisms adopted by

various vector systems. For instance, g-retroviral vectors like GALV-
RV employ a pH-independent approach for binding and fusion at the

host cell membrane (66). In contrast, VSV-G-LV operates differently,

undergoing endocytosis after binding to the host cell. This is followed

by fusion with endosomal vesicles in acidic conditions, leading to the

release of its payload into the cell’s cytoplasm (67). Therefore, it is

suspected that Vectofusin-1 could potentially decrease the rate of

endocytosis for vector particles that are attached to the cell surface

(65). RM-8 PNFs achieved comparable g-retroviral transduction rates
of T cells as Vectofusin-1 and RetroNectin, without exhibiting any

cytotoxic effects.

During the T-cell transduction procedure, we observed the

emergence of large µm-sized fibrillar aggregates of RM8. Such

aggregates could potentially induce unwanted effects if

reintroduced into a patient during CAR T-cell therapy. Peptide

aggregation is a common occurrence, culminating in either

amorphous or amyloid-like fibrils (68, 69). This aggregation is

dynamic, with amyloid-like fibrils capable of morphing into

amorphous aggregates and vice versa (70). The exact influence of

a peptide’s amino acid sequence on its propensity to form

aggregates remains not fully elucidated (71). Yet, attributes like

hydrophobicity, charge, b-sheet propensity, among others, are

recognized to play a role in this process (68, 72–74). Our recent

studies, employing a data-mining approach, revealed that high b-
sheet content and hydrophobicity in amyloidal peptides are pivotal.

They not only facilitate interactions with viral particles and cells but

also promote the assembly of fibrils into larger µm-sized aggregates

(47). In an effort to prevent the formation of large aggregates by

RM-8, we developed the D4 peptide. D4 assembles into smaller

fibrils, avoiding the formation of large aggregates during T-cell

transduction. We speculate that D4’s heightened positive net

charge, stemming from a threonine-to-arginine substitution,

deters the creation of larger aggregates, possibly due to

electrostatic repulsion (50). Interestingly, the chemically stable D4

PNFs displayed superior transduction rates in primary T and NK

cells compared to both RM-8 and Vectofusin-1. We posit that the

smaller aggregates, by offering a more expansive surface area, foster
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better interactions with viral particles and, subsequently, with

cellular protrusions. This hypothesis aligns with our previous

findings, where PNFs with numerous smaller µm-sized aggregates

typically amplified transduction more effectively than their larger-

aggregate-forming counterparts (47).

Immunogenicity refers to the ability of a molecule, typically

foreign, to provoke either a humoral or cellular immune reaction

from the patient (75). Considering the above, greater identity with

endogenous molecules implies a lower risk of immunogenicity (76).

An immune response against protein therapeutics often initiates

with the activation of innate receptors, such as pattern recognition

receptor (PRRs). This activation subsequently triggers the

stimulation of antigen presenting cells (APC) (77–79). A notable

link has been identified between aggregates in protein and peptide

therapeutics and their immunogenic potential (58, 59).

Additionally, chemical modifications, such as oxidation, can also

trigger an immune response (80). When various PNFs were

incubated with the THP1-Dual monocyte cell line, no activation

of the NF-kB and IRF pathways was detected. In contrast,

lipopolysaccharides (LPS), used as a positive control, activated

both pathways through the toll-like receptor 4 (TLR4) (81).

Moreover, the PNFs did not trigger any inflammatory response in

CD4+ T cells, wheras consistent with literature, LPS stimulated the

production of IL-1b, TNF-a and IL-6 (82). While our findings

suggest that D4 PNFs are non-immunogenic, it’s imperative to

conduct further studies to ascertain if they undergo cellular

degradation during the CAR-T/NK cell process, ensuring no

residual fibrils in the final therapeutic product.

In conclusion, D4 PNF stand out as an innovative and potent

transduction enhancer, outperforming Vectofusin-1 in facilitating

g-retroviral gene delivery into T cells and lentiviral gene delivery

into both T and NK cells. Its cost-effectiveness, attributed to its

small size, combined with its user-friendly application that

eliminates the need for additional centrifugation, positions it

favorably for incorporation into automated GMP processes

tailored for ex vivo viral transduction of primary cells.

Consequently, D4 PNFs present a promising nanotechnological

solution to augment viral transduction efficiencies in laboratory

research and the production of CAR-T and CAR-NK cell therapies.
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CD44v6 specific CAR-NK cells
for targeted immunotherapy
of head and neck squamous
cell carcinoma

Ioana Sonya Ciulean1*, Joe Fischer1, Andrea Quaiser1,
Christoph Bach1, Hinrich Abken2, Uta Sandy Tretbar1,
Stephan Fricke1, Ulrike Koehl1,3, Dominik Schmiedel1,3†

and Thomas Grunwald1*†

1Fraunhofer Institute for Cell Therapy and Immunology (IZI), Leipzig, Germany, 2Leibniz Institute for
Immunotherapy, Division of Genetic Immunotherapy, Regensburg, Germany, 3Institute for Clinical
Immunology, University of Leipzig, Leipzig, Germany
Head and neck squamous cell carcinoma (HNSCC) is a major challenge for

current therapies. CAR-T cells have shown promising results in blood cancers,

however, their effectiveness against solid tumors remains a hurdle. Recently,

CD44v6-directed CAR-T cells demonstrated efficacy in controlling tumor

growth in multiple myeloma and solid tumors such as HNSCC, lung and

ovarian adenocarcinomas. Apart from CAR-T cells, CAR-NK cells offer a safe

and allogenic alternative to autologous CAR-T cell therapy. In this paper, we

investigated the capacity of CAR-NK cells redirected against CD44v6 to execute

cytotoxicity against HNSCC. Anti-CD44v6 CAR-NK cells were generated from

healthy donor peripheral blood-derived NK cells using gamma retroviral vectors

(gRVs). The NK cell transduction was optimized by exploring virus envelope

proteins derived from the baboon endogenous virus envelope (BaEV), feline

leukemia virus (FeLV, termed RD114-TR) and gibbon ape leukemia virus (GaLV),

respectively. BaEV pseudotyped gRVs induced the highest transduction rate

compared to RD114-TR and GaLV envelopes as measured by EGFP and

surface CAR expression of transduced NK cells. CAR-NK cells showed a two-

to threefold increase in killing efficacy against various HNSCC cell lines

compared to unmodified, cytokine-expanded primary NK cells. Anti-CD44v6

CAR-NK cells were effective in eliminating tumor cell lines with high and low

CD44v6 expression levels. Overall, the improved cytotoxicity of CAR-NK cells

holds promise for a therapeutic option for the treatment of HNSCC. However,

further preclinical trials are necessary to test in vivo efficacy and safety, as well to

optimize the treatment regimen of anti-CD44v6 CAR-NK cells against

solid tumors.

KEYWORDS

CAR-NK cells, head and neck cancer, CD44v6, NK cells, solid tumor, immune cell
therapy, chimeric antigen receptor
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Introduction

Cancer immunotherapy has witnessed significant success with

the emergence of chimeric antigen receptor T-cell (CAR-T)

therapy, particularly in the treatment of blood cancers. FDA-

approved anti-CD19 CAR-T therapies such as Kymriah®,

Yescarta®, and Tecartus® (1–3) demonstrated long-lasting

remission effect in patients with various B-cell malignancies (4),

paving the way towards CAR therapy development for other

malignancies. However, the translation of CAR-T success to solid

tumors is still challenging. Though currently clinically manageable

(5), life-threatening side effects associated with CAR-T therapies

such as cytokine release syndrome (CRS) and immune effector cell-

associated neurotoxicity syndrome (ICANS) (5–7) led the search for

alternative immune cell types. In this context, the use of NK cells for

developing CAR-based cellular therapy options offers several

advantages over T cells. First, CAR-NK cells are associated with a

reduced risk of inducing graft-versus-host disease (GvHD) due to

their non-MHC-restricted mechanism of target recognition (8, 9).

Therefore, they can be administered as an allogeneic, off-the-shelf

cell therapy product generated from healthy donor cells instead of

autologous patient-individual immune cells. NK cells can be

obtained from various sources including peripheral blood (10),

umbilical cord blood (11, 12), induced pluripotent stem cells (13) or

cell lines like NK-92 (14). Regarding their off-the-shelf use, it was

previously reported that one unit of cord blood could yield

approximately 100 doses of CAR-NK cells (11), potentially

undercutting the $375,000 per infusion cost of CAR-T cells (15).

Moreover, CAR-NK cell products are considered safer for

administration because they possess a distinct cytokine profile

from the proinflammatory T cell cytokines associated with CRS

occurrence (16). Their safe administration was demonstrated in a

clinical trial (clinical trials.gov NCT03056339) (17).

Head and neck squamous cell carcinomas (HNSCC) represent a

major challenge in cancer treatment. According to GLOBCAN

estimates, in 2020 a number of 377.713 new cases and 177.757 new

deaths worldwide were attributed to cancers of the lip and oral cavity

(18). Current treatment plans for HNSCC involve a multimodal

approach, with surgery or radiation therapy being a curative option

for early-stage disease (19). However, locally advanced cases carry a

higher risk of recurrence and distant metastases, resulting in worse

prognosis (20). The introduction of targeted immunotherapeutic

options, such as cetuximab (21), an anti-EGFR monoclonal antibody,

and later the inclusion of immune checkpoint inhibitors targeting PD-

1, like nivolumab and pembrolizumab (22, 23), broadened treatment

possibilities for patients with locally advanced HNSCC. However, a

need for effective immune cell therapies remains. To date, only a few

surface markers have been studied as possible targets for CAR therapy

in HNSCC. These include EGFR (24, 25), HER2 (26), PD-L1 (27),

MUC1 (28) and CD44v6 (29). CD44v6, an isoform of the CD44

glycoprotein, emerges as a promising target for cellular therapy in

HNSCC. CD44v6 is expressed in various malignancies like multiple

myeloma (30), acute myeloid leukemia (31), breast (32), gastric (33)

and colorectal cancers (34), as well as head and neck cancers (35).

CD44v6 is also expressed by 1.5-3.6% healthy immune cells of the

myeloid lineage (36), while oral mucosa keratinocytes were found to
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express the CD44v1 and v2 isoforms of CD44 (37). Preclinical studies

demonstrated the potential of CAR-T cell therapy targeting CD44v6 in

HNSCC (29), lung and ovary adenocarcinoma (38), as well as myeloid

leukemia and multiple myeloma (39). Clinical trials utilizing CD44v6

CAR-T cells have been launched for both blood cancers (clinical

trials.gov NCT04097301) and solid tumors (clinical trials.gov

NCT04427449), highlighting the therapeutic potential of this target.

Recent research has shown the efficacy of CD44v6 CAR-NK cells

against triple-negative breast cancer in vitro (40), while in a phase 2

clinical trial, anti-PD-L1 CAR-NK cells in combination with the anti-

PD-1-antibody pembrolizumab and the IL-15 superagonist complex

N-803 are used to treat recurrent or metastatic gastric or head and neck

cancers (clinical trials.gov NCT04847466).

In this in vitro proof of principle study, we explore the use of

gamma retroviral vector-generated CAR-NK cells against CD44v6

to augment the innate cytotoxicity of NK cells against HNSCC cell

lines. In a side-by-side comparison, we tested the efficacy of three

viral envelopes in transducing primary NK cells and checked for the

impact on NK cell surface markers.
Materials and methods

Ethics statement

This work was performed with NK cells from anonymous

healthy blood donors and was approved by the State Chamber of

Physicians of Saxony, Germany, under the ethical vote number EK-

BR-79/21-1.
Cell lines and primary cells culture

HEK293-T cells (ACC 635) obtained from DSMZ (Braunschweig,

Germany) were grown in DMEM GlutaMAX (Gibco, New York,

United States) supplemented with 10% fetal calf serum (FCS; Gibco,

New York, United States) and 1% (v/v) penicillin-streptomycin (pen./

strep., Gibco, New York, United States). Prof. Reidar Grénman,

University of Turku, Finland kindly provided the human head and

neck cancer cell lines UT-SCC-14 (tongue squamous cell carcinoma)

and UT-SCC-42B (laryngeal squamous cell carcinoma). UT-SCC-14

and UT-SCC-42B cells were grown in DMEM high glucose medium

(Sigma-Aldrich, St. Louise, United States) supplemented with 10% (v/

v) FCS and 1% (v/v) GlutaMax (Gibco, New York, United States). The

tongue squamous cell carcinoma derived SCC-25 cell line (ACC 617)

obtained from DSMZ (Braunschweig, Germany) was kept in DMEM/

F12 high glucose medium (Gibco, New York, United States)

supplemented with 10% (v/v) and 1% (v/v) GlutaMax. The

glioblastoma cell line LN-299 purchased from ATCC (CRL-2611)

was cultivated in DMEM high glucose medium (Sigma-Aldrich, St.

Louise, United States) supplemented with 10% (v/v) FCS. All adherent

cancer cell lines were harvested after a 20-30 min incubation with

accutase cell detachment solution (Corning, New York, United States).

NK-92, a malignant non-Hodgkin’s lymphoma cell line (ATCC CRL-

2407) was kept in RPMI 1640 HEPES modified medium (Sigma-

Aldrich, St. Louise, United States) supplemented with 20% (v/v) FCS,
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1% (v/v) GlutaMax, 1% (v/v) MEM non-essential amino-acids (Sigma-

Aldrich, St. Louise, United States) and 100 IU/ml recombinant rhIL-2

Proleukin®S (Clinigen Healthcare B.V, Schiphol, Netherlands). All cell

lines were cultivated at 37°C, 5% (v/v) CO2, and 95% (v/v) humidity

and were split every 2 to 3 days. Regular testing for Mycoplasma was

performed for all cell lines using a LookOut® Mycoplasma PCR

Detection Kit (Sigma-Aldrich, St. Louise, United States).

Primary NK cells were purified from healthy donor buffy coats

by negative selection using the RosetteSep™ human NK cell

enrichment cocktail according to the manufacturer’s instructions

(STEMCELL Technologies, Vancouver, Canada). After NK cell

isolation, 1 × 106 cells per well were cultivated in a 24-well plate,

in 1 ml of NK MACS® medium (Miltenyi Biotec, Bergisch-

Gladbach, Germany) supplemented with 5% (v/v) human serum

(Sigma-Aldrich, St. Louise, United States), 500 IU/ml of

recombinant rhIL-2 Proleukin®S and 140 IU/ml of IL-15

(Miltenyi Biotec, Bergisch-Gladbach, Germany). NK cell purity

was determined by flow cytometry post-isolation. All NK cell-

isolations had a purity higher than 72% on the day of isolation

and higher than 95% on the day of transduction.
Transgene constructs

The anti-CD44v6 CAR construct was cloned in the pBullet (41)

gamma retroviral vector by replacing the BW431/26-scFv-Fc-CD28-

CD3z CAR (42). An enhanced GFP (EGFP) reporter gene flanked by

the PacI (5´) and XhoI (3´) restriction sites (Eurofins, Luxembourg,

Luxembourg) was first cloned into the original vector construct,

downstream of the CAR construct. For the construction of the anti-

CD44v6 specific CAR, the anti-CD44v6 single chain variable fragment

(scFv) sequence was synthetized in a lentivirus expression plasmid

from Invitrogen GeneArt (Thermo Fisher, Waltham, MA, USA). In

brief, the anti-CD44v6 scFv with a VL-VH orientation consists of the

following encoding sequences: CD8a signaling peptide, sequences of

the VL and VH region of the humanized BIWA8 antibody (43)

connected by a (G4S)3 linker. The scFv was amplified from the

lentivirus expression plasmid via PCR using the following

primers (Biomers.net GmbH, Ulm, Germany): BIWA_for

(AGCCACCATGGCCTTACCAGTGAC) and BIWA_VL-VH_rev

(GCATGGATCCAGGCTGCTCACGGTCACCAGG). PCR products

were purified using a Macherey-Nagel™ NucleoSpin™ Gel and PCR

Clean-up Kit according to the manufacturer’s instructions (Machery-

Nagel GmbH & Co.KG, Düren, Germany). Ligation of the scFv into

the pBullet gRV CAR backbone was performed with 50 ng vector and

16 ng of scFv insert at a molar insert to vector ratio of 3:1, using T4

DNA Ligase (New England Biolabs, Ipswich, UK) according to the

manufacturer’s instructions and incubated overnight at 16°C. For the

bacterial transformation step, 4 to 8 µl of the ligation mixture was

added to 50 µl of chemical competent NEB stable E. coli (C3040, New

England Biolabs, Ipswich, UK) and incubated on ice for 30 min. This

was followed by a 30 s heat shock at 42°C and a cool down step of

2 min on ice. 950 µl of NEB® 10-beta/stable Outgrowth (New England

Biolabs, Ipswich, UK) medium was added and the bacteria was

incubated at 30°C, 400 rpm for 1 hour (h). Next, the transformed

bacteria were plated on LB agar plates containing 100 µg/ml ampicillin.
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Bacterial colonies were grown overnight at 30°C and clones were

picked on the next day and expanded in appropriate LB medium.

Plasmids were isolated from bacterial liquid cultures using the

E.Z.N.A.® DNA Mini Kit according to the manufacturer’s

instructions (Omega Bio-tek Inc., Norcross, USA). DNA sequences

were checked by Sanger sequencing (Microsynth AG, Balgach,

Switzerland), the clone with the correct sequence was further

expanded and plasmid-working stocks were generated using the

EndoFree Plasmid Maxi Kit (10) according to the manufacturer’s

instructions (Qiagen GmbH, Venlo, Netherlands).

Lentivirus vectors encoding firefly luciferase (F.luc) and

puromycin (Puro) were used to generate tumor target cell lines that

have a stable expression of the luciferase enzyme. The used

pGreenFire_Puro_Luciferase plasmid was generated by exchanging

the GFP reporter in the pGreenFire1-CMV Plasmid (TR011PA-1-

SBI System Biosciences) backbone with a puromycin resistance gene.
Gamma retroviral vector generation,
concentration and titration

Transient transfection of HEK293-T cells using a calcium

phosphate transfection kit (Thermo Fisher, Waltham, MA, USA)

was used to generate gRV vector particles. The viral packaging

system used included a plasmid expressing the Gag and Pol

retroviral core proteins (pHIT60) (41) and one of the three

envelope plasmids: envelope derived from the baboon

endogenous virus envelope (BaEVRless, BaEV for short) (44),

feline leukemia virus (FeLV, termed RD114-TR, RD114 for short)

(45) and gibbon ape leukemia virus (GaLV) (41), respectively. One

day before transfection, 7 × 106 HEK293-T cells were seeded per

flask into 10 x T175 flasks. In total, 35 mg plasmid DNA (plasmids

expressing transfer gene, Gag/Pol and envelope in a ratio of 5:3:2)

was mixed with 1.26 ml 2M calcium chloride and topped with

sterile ultra-filtrated water up to 10.5 ml. The 2X HEPES buffered

saline was added dropwise to the DNA mix for a final 1:1 dilution

and incubated for 10 min at room temperature. The culture

medium was exchanged to 35 ml DMEM GlutaMAX

supplemented with 1.5% (v/v) FCS and 1% (v/v) pen./strep.

solution before the transfection solution was added dropwise over

the HEK293-T cells. Eight hours later, the medium was replaced

with fresh DMEM GlutaMAX supplemented with 10% (v/v) FCS

and 10.000 U/ml penicillin; 10 mg/ml streptomycin; the flasks were

further incubated for approximately 72 h. Three days after

transfection, the cell culture supernatant was collected,

centrifuged down for 5 min, 800 x g to get rid of cell debris and

then filtered through a 0.45 mm filter. Part of the viral vector

suspension was kept and frozen, while the rest of the suspension

was mixed at a 1:3 ratio with the Retro-X concentrator solution

(Takara Bio Inc., Kusatsu, Japan) and incubated at 4°C overnight.

The following day, the vector suspension was centrifuged for

45 min, at 4°C and 1,500 x g; the supernatant was discarded, and

pellets were resuspended in 2-3 ml DMEM GlutaMAX medium

supplemented with 10% (v/v) FCS and 1% (v/v) pen./strep. for a 75-

90 x concentration effect. Concentrated viral vector stocks were

aliquoted and frozen at -80°C. To determine vector titers, frozen
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vector aliquots were titrated on HEK293-T cells using six serial

dilutions of the vector particles. HEK293-T transduction efficacy

was checked by flow cytometry after 4 days and was quantified as

percentage of the EGFP+ cells.
Anti-CD44v6 CAR-NK generation

Primary NK (pNK) cell transduction was done in 24-well flat-

bottom plates for suspension cells using 0.25 x 106 cells/well.

Unconcentrated and concentrated viral vectors from the same

stocks were used to transduce pNKs on day 6 post isolation and

IL-2/IL-15 cytokine-expansion. From the viral vector stocks,

unconcentrated vectors (UNC) and three MOIs of 0.5; 1 and 5

concentrated viral vectors were used. Briefly, DMEM GlutaMAX

with 10% (v/v) FCS and 1% (v/v) pen./strep. was added in the 24

well plate and topped with virus up to 500 µl per well. Vectofusin-1

(Miltenyi Biotec, Bergisch-Gladbach, Germany) was added at a final

concentration of 10 mg/ml, the solution was mixed and incubated

for 5-10 min at room temperature. pNKs were finally added to the

wells, mixed and centrifuged down at 400 × g, 32°C for 90 min to

increase transduction efficacy. Afterwards, the plates were set in the

incubator for a 30 min rest. Finally, 500 µl of fresh NK MACS with

5% (v/v) human serum, IL-2 and IL-15 were added and the NK cells

were gently resuspended by pipetting. pNK cells were maintained at

a concentration of approximately 1 x 106 cells/ml; medium was

refreshed every 3-4 days and cells were moved to 12-well flat-

bottom plates on day 7 post transduction. Transduction rates were

assessed on days 3, 7, 10 and 14 post-transduction using flow

cytometry to detect EGFP signal and surface CAR expression

through anti-IgG1 staining (Miltenyi Biotec, Bergisch-Gladbach,

Germany). Transduction efficacy was considered to be the sum of

EGFP+; EGFP+CAR+ and CAR+ cells. NK cells that underwent

transduction without viral vectors served as process control (PC

pNKs) and cytokine-expanded NK cells (EXP pNKs) were included

as negative controls.
Lentiviral vector generation tumor target
cell transduction with firefly luciferase

The lentiviral vectors encoding firefly luciferase (F.luc) were

produced by transfection of HEK293-T cells using the calcium

phosphate transfection kit (Thermo Fisher, Waltham, MA, USA).

The packaging system assembled VSVG-pseudotyped lentiviral

vectors by using the pMDLg/pRRE (Addgene #12251) plasmid

encoding HIV-1 Gag and Pol and the pRSV-Rev (Addgene

#12253) plasmid. Briefly, 3 x 106 HEK293-T cells were seeded one

day in advance in a T75 flask. In total, 30 mg total plasmid DNA

(plasmids expressing transfer gene, VSV-G, Gag/Pol and Rev in a

ratio of 16.2 µg: 4.5 µg: 3 µg: 6.3 µg) was mixed with 54 µl 2M

calcium chloride and topped with cell culture water up to 500 µl,

and 2X HEPES buffered saline was added dropwise to a final 1:1

dilution. Cell culture medium was changed from 15 ml DMEM

GlutaMAX supplemented with 10% (v/v) FCS and 1% (v/v) pen./

strep. to 15 ml DMEM GlutaMAX supplemented with 1.5% (v/v)
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FCS and 1% (v/v) pen./strep. before the transfection solution was

added dropwise to the medium. Eight hours later, the medium was

replaced with fresh DMEM GlutaMAX supplemented with 10%

(v/v) FCS and 1% (v/v) pen./strep and the flasks were further

incubated until the next day. After 24 h, cell culture medium was

refreshed and the medium containing lentiviral vectors was filtered

with a 0.45 µm filter and added over pre-seeded tumor target cells

(UT-SCC-14, UT-SCC-42B, SCC-25 and LN-299). This procedure

was repeated twice with an extended incubation time of 72 h after

the third addition of lentiviral vectors. Subsequently, the transduced

cells were expanded and selected with ascending puromycin (Gibco,

New York, United States) concentration (1-6 µg/ml). Luciferase

expression was confirmed using the Bright-Glo™ Luciferase Assay

System (Promega GmbH,Walldorf, Germany) in a 1:1 dilution with

2.5x104 cells/well. After a 2 min incubation time, luminescence was

detected using a Centro XS3 LB960 Luminometer (Berthold

Technologies GmbH & Co.KG, Bad Wildbach, Germany).
Cytotoxicity luminescence assay for testing
NK-effector cell functionality

To determine specific killing of the CAR-NK cells, a kinetic

cytotoxicity assay was performed based on the activity of living,

luciferase expressing tumor cells. Luciferase engineered tumor cells

(UT-SCC-14-F.luc; UT-SCC-42B-F.luc, SCC-25-F.luc and LN-299-

F.luc cells) were seeded at a concentration of 1 x 104 cells/well into a

96-high binding LUMITRAC™ well plate (Greiner Bio-One

GmbH, Frickenhausen, Germany) and incubated for two hours

before co-culture started. Effector cells (expanded NK, CD44v6/

CD19 CAR-NK, NK92 and CD44v6 CAR-NK92 cells) were added

to the plates in cytokine free medium at indicated effector to target

ratios (2.5:1; 1:1and 0.1:1) and incubated up to 24 h at 37°C. For the

readout, D-Luciferin (Perkin Elmer, Waltham, MA) was added to

the wells to a final concentration of 0.15 mg/ml and luminescence

was measured using a Centro XS3 LB960 Luminometer (Berthold

Technologies GmbH & Co.KG, Bad Wildbach, Germany) after 4, 6,

8 and 24 h of co-culture. Tumor cell viability was calculated as

previously described (46): ((Emission − Background)/(Tumor cell

alone − Background)) × 100%. The cytotoxic effect was determined

by subtracting tumor cell viability: cytotoxicity (%) = 100% - tumor

cell viability (%). Each condition was tested in triplicates and the

following controls were used: tumor cells alone, medium only

(background) and maximum killing (1% Triton X-100).
Flow cytometry

CAR expression on the NK cell surface, CD44v6 and PD-L1

expression on target cells were assessed on a BD FACSCanto II,

while NK cell purity and phenotyping were analyzed on a

MACSQuant X. Acquired data was evaluated with the FlowJo

v10.7 software (Becton Dickinson and Company, Franklin Lakes,

NJ, USA). Staining was carried out according to the manufacturer’s

instructions using the following antibodies: CD44v6-PE (Becton,

Dickson and Company, New Jersey, USA); PD-L1-PE-Vio770;
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IgG1-APC; CD8-FITC; CD4-PE; CD19-PE-Vio770; CD16-PE-Vio

615; CD14-APC, CD3-VioBlue; CD45-VioGreen; NKG2A-PE;

NKp44-Vio Bright B515; NKG2D-APC; NKp46-PE-Vio 615;

CD16-VioGreen; CD56-APC-Vio 770; PD-1-PE-Vio770; CD69-

PerCP-Vio 700; DNAM-1-Vio Bright R720; TIGIT-PE. Unless

otherwise specified, all antibodies were supplied from Miltenyi

Biotec, Bergisch Gladbach, Germany.
Statistical analysis

Statistical analysis was performed with the GraphPad Prism 6

software (GraphPad, San Diego, CA, United States). Statistical

significance was determined by applying the two-way ANOVA

and Turkey’s multiple comparison tests; p values < 0.05 were

considered significant.
Results

Engineering of anti-CD44v6 CAR-NK cells

A second-generation CAR targeting CD44v6 was constructed

using the coding sequence of the recognition domain from the

humanized anti-CD44v6 antibody bivatuzumab, clone BIWA8 (43).

The single chain variable fragment (scFv) targeting CD44v6 is

connected through an IgG1 hinge region to the CD8a

transmembrane, CD28 costimulatory and CD3z signaling

domains. The enhanced GFP (EGFP) reporter gene was co-

expressed (Figure 1A). The entire CAR construct is encoded by

the previously described gamma retroviral vector pBullet (41).

Different versions of the CAR construct were tested

(Supplementary Figure 1A), but the decision to proceed with the

CAR-P2A-EGFP construct was made to facilitate monitoring both

transfection and transduction efficiency through the EGFP

transgene expression (Supplementary Figure 1B). Transduction

rates in primary NK were quantified as the total amount of EGFP

+, EGFP+CAR+ and CAR+ cells as exemplified in Figure 1B. From

the tested pseudotyped vectors, the BaEV pseudotyped gamma

retroviral vectors (BaEV-gRV) induced the highest transduction

rates in primary NK cells compared to the RD114 (RD114-gRV)

and GaLV- pseudotyped gRV (GALV-gRV) (Figure 1C). By day 14

post transduction, BaEV-gRV induced mean transduction rates of

21% at an MOI of 1 for the CD44v6 CAR construct and 17.8% for a

CD19 CAR construct. At the same MOI, a mean 7.6% transduction

rate was obtained with RD114-gRV, while the GALV-gRV

transduction was below the detection limit of 1% (Figure 1C).

Using different MOIs of the viral vector stocks yield a titration effect

in pNKs, for which the highest mean levels of CAR expression of

39.3% corresponded with the use of concentrated BaEV-gRV at an

MOI of 5 (Figure 1C). Concentrated viral vector stocks were

generated as outlined in the methods section, with additional

information on vector titers available in Supplementary Table 1.
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Primary NK cell phenotype profile post
transduction with gamma retrovirus
pseudotyped with BaEV and RD114

In order to see whether transduction with different viral

envelopes affects NK cell receptor expression, we checked the

level of activation and inhibitory markers on the surface of

donor-derived and cytokine-expanded NK cells 10 days post

transduction (Figures 2A–H). We had a closer look at the two

fractions within the transduced cells subpopulation namely

untransduced CD56+ cells (CD56+EGFP-) and transduced CD56

+ cell fraction (CD56+EGFP+). Due to the fact that only BaEV-gRV

and RD114-gRV induced detectable levels of CD56+EGFP+ cells,

surface marker profiles are presented only in these versions of

genetically engineered NK cells. While the NKG2D and DNAM-1

activation markers were present on NK cells at similar levels on the

isolation day and 10 days post cytokine-stimulation (Figures 2A, E),

other activation markers like NKp44, NKp46 and CD69 were

upregulated during cytokine-expansion of NK cells (Figures 2B,

C, D). The inhibitory marker NKG2A was found at higher levels in

NK cells that were cytokine stimulated, with similar expression in

all transduced cells (Figure 2F). TIGIT and PD-1 immune

checkpoint inhibitor expression was also upregulated on NK cells

after cytokine expansion (Figures 2G, H). No difference in the

expression of investigated surface markers was detected between the

BaEV and RD114 viral envelope proteins. The activation marker

NKp46 was upregulated in the CD56+EGFP+ cell fraction as

compared to the CD56+EGFP- fraction. In two donors, higher

PD-1 expression was found in expanded NK cells, process control

NK cells, as well as in the untransduced, CD56+EGFP- cells,

compared to CD56+EGFP+ cells (Supplementary Figure 2A).
Anti-CD44v6 CAR-NK cells display
redirected killing activity against HNSCC
cell lines compared to controls

Functionality of genetically modified NK cells was determined

through co-cultures with firefly-luciferase (F.luc) expressing target

cells and quantified at different time points by measuring the

activity of living target cells that reduced the D-luciferin substrate

to oxyluciferin as shown in Figure 3A. Using this setup, killing

kinetics was measured in the same well at different time points. For

this assay, F.luc positive HNSCC cell lines UT-SCC-14-F.luc, UT-

SCC-42B-F.luc and SCC-25-F.luc were analyzed for their CD44v6

surface expression (Figures 3B–D) and NK cells transduced with an

MOI of 1 from each of the CAR variants were chosen as effector

cells. Transgene expression level was in average between 21% for

BaEV-gRV, 7.6% for RD114-gRV and below 1% for GALV-gRV.

An anti-CD19 CAR (CD19 CAR-BaEV) as well as expanded NK

cells (EXP pNKs) and a no-virus process control pNKs (PC pNKs)

were used as controls. All effector cells were tested functionally on

day 17 post isolation and cytokine expansion using the
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luminescence-based cytotoxicity assay. In the case of the UT-SCC-

14-F.luc target cells, CD44v6 CAR-NKs transduced with BaEV-gRV

induced significantly higher killing than cytokine-expanded NK

cells at effector to target ratios of 2.5 to 1 and 1 to 1 even at the early

time points of 4, 6 and 8 h of the co-culture (Figure 3B). After 24 h, a

significant CAR effect was seen only at the lowest 0.1 to 1 effector to

target ratio against the same cell line (Figure 3E). Similar effects

were visible in the case of the UT-SCC-42B-F.luc cells, but a

significant difference between the CD44v6 CAR-BaEV and the

expanded NK cells control was recorded starting with 6 h post

co-culture setup (Figures 3C, F). For the SCC-25-F.luc cell line, a

higher donor variation in killing efficacy was seen (Figure 3D).
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Significant difference between the CD44v6 CAR-BaEV and the

expanded NK cells control in killing SCC-25-F.luc targets was

visible after 6 h of co-culture and remained consistent for 24 h

(Figure 3G). Overall, anti-CD44v6 CAR-NK cells outperformed

cytokine-expanded primary NKs from the same donor with an

approximately two- to threefold increase in killing efficacy. We

recorded a different killing kinetics for two donors found to have

high PD-1 expression (Supplementary Figure 2A). PD-1/PD-L1

inhibition is an established treatment option for HNSCC patients

(47). The tested cell lines were also found to express PD-L1 at

different levels (Supplementary Figure 2B). NK cells from donors

expressing PD-1 exhibited poorer performance against UT-SCC-
A

B

C

FIGURE 1

Optimization of the anti-CD44v6 retroviral vector CAR delivery and expression in primary NK cells. (A) Schematic representation of the anti-CD44v6
CAR construct used to generate CAR-NK cells. The anti-CD44v6 scFv (aCD44v6 scFv) derives from the BIWA8 clone of the anti-CD44v6 humanized
antibody bivatuzumab. A human IgG1 hinge domain (huIgG1 hinge) links the scFv to a CD8 transmembrane domain (CD8a TMD), CD28 costimulatory
domain (CD28) and CD3z signaling domain (CD3z). The genes for the enhanced GFP (EGFP) reporter and the CAR are connected through a P2A
self-cleaving peptide sequence. The constitutive expression of the CAR gene in primary NK is controlled by the cytomegalovirus (CMV) promoter.
The expression cassette is cloned into a gamma retroviral vector (gRV). (B) Example of gating strategy and comparison between different MOIs of the
gamma retroviral vectors produced in HEK293-T cells and used to transduce primary NK cells. The two-parameter dot plots represent EGFP+, EGFP
+CAR+ and CAR+ expression in transduced primary NKs with gRV pseudotyped with BaEV on day 10 post transduction. CAR surface expression
was detected by staining with an APC IgG1 monoclonal antibody. (C) NK-cell transduction and percentage of total transduced cells (EGFP+, EGFP
+CAR+, CAR+) at days 3, 7, 10 and 14 post transductions with gRV pseudotyped with BaEV, RD114 and GaLV. Unconcentrated viral vectors (UNC) and
three MOIs of 0.5, 1 and 5 concentrated viral vectors were used to transduce NK cells. Expanded NK cells (EXP pNKs) and the process control NK
cells (PC pNKs) serve as controls. Data of five independent experiments using five different healthy NK cells donors is presented as mean and
standard deviation.
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42B and SCC-25 HNSCC cell lines during the functionality test

(Supplementary Figure 2C). A direct correlation between PD-1

expression and the cytotoxicity of effector NK cells was indicated by

the difference between CAR-NK and expanded NK cell cytotoxicity.

As PD-1 expression increased, the discrepancy in killing efficacy

decreased (Supplementary Figures 2D, E).

To determine if the anti-CD44v6 CAR-NK cells also target

other types of tumor cells, genetically modified NK cells were set in

co-culture with a glioblastoma cell line, LN-299-F.luc. Although

LN-299-F.luc cells express CD44v6 to a lesser extent than HNSCC

cell lines (Supplementary Figure 3A), specific CAR mediated killing

was induced at an effector to target ratio of 1 to 1 after 4 h

(Supplementary Figure 3B) which was maintained up to 8 h of

co-culture (Supplementary Figures 3C, D).
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We also conducted efficacy testing comparing primary NK cell-

derived CARs with CAR-NK-92 cells. Anti-CD44v6 CAR-NK-92

cells were generated from the NK-92 cell line using a BaEV-gRV

with a co-expressed EGFP reporter. Transduction efficacy in NK-92

cells was still over 93% after long-term culture (Supplementary

Figure 4A), while positively transduced primary NK cells at an MOI

of 1 had an average CAR expression of 21% (Supplementary

Figure 4B). We compared CAR-mediated cytotoxicity using

transduced primary NKs and transduced NK-92 cells after 4, 6

and 8 h of co-culture with target HNSCC cell lines (Supplementary

Figures 4C, D, E). Killing efficacy of the tested CARs was target cell

line depended, with higher killing seen in UT-SCC-14-F.luc and

UT-SCC-42B-F.luc targets. For these two target cell lines,

significant difference between primary NKs and NK-92 was
A

B

D

E

F

G

H

C

FIGURE 2

Surface marker expression on healthy donor NK and genetically modified NK cells was analyzed using flow cytometry. The histograms (A–H)
illustrate exemplary data showcasing surface marker expression on different cell populations: unstimulated pNK cells on day 0 (Day 0 pNKs – white),
expanded NK cells (EXP pNKs - black), no-vector transduced, process control NK cells (PC pNKs - grey) and viral vector transduced NK cells on day
10 post transduction. For the viral vector transduced pNKs, the following populations are highlighted: CD56+EGFP+ subpopulation from pNK cells
transduced with BaEV MOI 5 (dark orange), CD56+EGFP- subpopulation from pNK cells transduced with BaEV MOI 5 (light orange), CD56+EGFP+
subpopulation from pNK cells transduced with RD114 MOI 5 (dark blue), and CD56+EGFP- subpopulation from pNK cells transduced with RD114
MOI 5 (light blue). The column dot plots display the mean and individual data of the investigated markers (n=3 NK donors for activation/inhibitory
markers, n=4 NK donors for check point inhibitors). Percentages of the transduced pNK cell subpopulation (CD56+EGFP+) and untransduced
subpopulation (CD56+EGFP-) expressing the activation markers NKG2D (A), NKp44 (B), NKp46 (C), CD69 (D), inhibitory markers such as DNAM-1
(E), NKG2A (F), as well as the check point inhibitors TIGIT (G) and PD-1 (H).
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detected starting at 4 h post co-culture, and remained constant

throughout the 8 h of experiment (Supplementary Figures 4C, D).

The SCC-25 cell line, was effectively targeted and killed by both

CAR-NK cells at similar rates throughout the assay (Supplementary
Frontiers in Immunology 0891
Figure 4E). Despite their high CAR expression, the difference in

efficacy of CD44v6 CAR-NK92 compared to the NK-92 control was

marginal. An advantage of NK cell redirection with CAR molecules

was detected only at later time points, and seemed to be more
A

B D

E F G

C

FIGURE 3

Killing efficacy of anti-CD44v6 CAR-NK cells against different HNSCC cell lines after 4, 6, 8 and 24 h of co-culture. (A) Schematic representation of
the kinetic killing assay in which target cells genetically modified to express firefly luciferase (F.luc) are co-cultured with effector NK cells. Killing
efficacy is monitored by recording living cells through the use of D-luciferin as substrate. This substrate is reduced to oxyluciferin by living cells. The
bioluminescent signal is quantified and normalized to indicate cell killing. (B–D) CD44v6 positive UT-SCC-14-F.luc; UT-SCC-42B-F.luc and SCC-25-
F.luc cells are set in co-culture with EXP pNKs; PC pNKs and CD44v6 CAR-NKs at 2.5:1 and 1:1 effector to target ratios. Killing efficacy is quantified
after 4, 6 and 8 h of co-culture (n=5 donors). (E–G) Killing efficacy against the same target cell lines was checked after 24 h using 2.5:1, 1:1 and 0.1:1
effector to target ratios (n=3 donors). Data is presented as mean and standard deviation of 5 or 3 independent experiments. Descriptive statistics
were calculated using two-way ANOVA and Turkey’s multiple comparison test (* p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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pronounced against the SCC-25 target cell line (Supplementary

Figures 4C, D, E).
Discussion

Effective treatment of HNSCC still remains challenging despite

current advancements in immunotherapy. Approved immunotherapies

like PD-1 checkpoint inhibitors have limited efficacy, extending overall

survival with around 13 months in combination with chemotherapy

(48). Despite intense pre-clinical efforts, the success of CAR-T cell

therapy has yet to be transferred for solid tumor treatment (49). In this

setting, natural killer cells provide a good alternative to the T effector-

cell. Through the use of CARs, NK cells are redirected towards specific

surface antigens on tumor cells, allowing for antigen-specific targeting

and enhanced killing (50). In this study, we genetically modified NK

cells to express CARs redirected against the CD44v6 surface protein, a

target associated with HNSCC during metastasis and disease

progression (51, 52). Various CD44v6 expression levels were

previously reported in HNSCC, depending on the choice of

antibodies, detection method and scoring systems used. Overall,

CD44v6 was found to be higher expressed than other surface

markers in HNSCC, underlining its use as a good option for solid

tumor targeted therapy (53). Prior research demonstrated the

usefulness of CD44v6 as a solid tumor target in both CAR-T and

CAR-NK preclinical applications (29, 38, 40), as well as in phase I/II

clinical trials (clinical trials.gov NCT04097301 and NCT04427449).

In the presented study, a second-generation anti-CD44v6 CAR

was successfully expressed in primary NK cells when using a

pseudotyped gRV vector. Safety concerns in regard to insertional

oncogenesis limited gRV use in gene therapy applications despite

their efficiency in genetic modification of cells (54). However, vector

optimization (55) enabled gRV use in approved cell therapies such

as the anti-CD19 CAR-T Yescarta® (56). Furthermore, gRV were

successfully and safely tested in a clinical trial using genetically

modified NK cells (17). Efficient genetic modification of primary

NK cells relies on the utilization of an optimal envelope for vector

pseudotyping. In this paper we describe the comparative use of

three different envelopes for NK cell transduction: BaEV, RD114

and GALV. Alpha retroviral vectors pseudotyped with RD114 were

previously reported to induce higher transduction rates in blood-

derived primary NK cells compared to gamma retroviral and

lentiviral vectors when using CAR constructs (57). Transduction

rates of up to 87.4% were also achieved by utilizing RD114-

pseudotyped gRV to express a CD19-CAR into cord-blood

derived NK cells (11). In contrast to published data, we obtained

mean transduction rates of 7.6% in blood derived primary NKs

when using RD114-gRV, and rates below detection limit for GALV-

gRV modified NK cells. We achieved the highest transduction rates

when using BaEV-gRV, which is in line with prior studies by

Colamartino et al. (58) and Bari et al. (59). These studies

demonstrated a transduction efficacy of over 38% in primary NK

cells when using lentiviral vectors pseudotyped with BaEV at MOIs

of 5, as opposed to the RD114 and vesicular stomatitis virus G

protein (VSV-G) pseudotyped variants.
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For the present study, the design of the CAR molecule was

based on a T cell specific construct (42), with intracellular signaling

domains that, although not NK cell specific, were previously shown

to induce efficient and targeted killing for an anti-CD19 CAR-NK

cell therapy; and consequently with notable therapeutic outcome in

a phase I clinical trial (17, 60).

Examination of NK cell phenotype post transduction revealed

an increase in the expression of markers such as NKp44, NKp46,

CD69 and NKG2A post cytokine-expansion of NK cells. No

correlation with the used viral envelope proteins and NK cell

surface marker expression was found. Similar NK cell phenotypes

were reported when using either RD114 on alpha retroviral (57),

BaEV on lentiviral (58) or RD114 on gamma retroviral vectors (11).

We noticed an upregulation of NKp46 expression in the transduced

CD56+EGFP+ cell subpopulation, while other studies reported a

slightly higher NKp44 positive population in transduced cells as

compared to expanded cells (11). The differences in receptor

expression observed in expanded and transduced NK cells could

be attributed to the source of NK cells (peripheral blood versus cord

blood) or to the expansion methods used (cytokine-expansion

versus feeder-cell expansion).

The efficacy of NK cells in HNSCC was and is being investigated

in various clinical trials, that include the use of off-the-shelf NK

products combined with monoclonal antibodies (clinical trials.gov

NCT05674526), autologous and ex vivo expanded NK cells (clinical

trials.gov NCT00717184) with or without bispecific antibodies

(clinical trials.gov NCT05099549) as well as genetically modified

NK cells expressing anti-PD-L1 (clinical trials.gov NCT04847466)

or anti-NKG2D-ligand CARs (clinical trials.gov NCT03415100). In

our study, we demonstrate two- to threefold enhanced cytotoxicity

against HNSCC in vitro when using CD44v6-targeted CAR-NK

cells, as compared to expanded non-engineered NK cells. Similar

results were obtained with anti-CD44v6 CAR-NK cells directed

against triple negative breast cancer (40) and anti-CD44v6 CAR-T

cells targeting HNSCC (29), or lung and ovarian carcinomas (38).

Using anti-CD44v6 CAR-NK cells, we also saw effective killing

against the glioblastoma cell line LN-299 expressing low levels of

CD44v6. Currently, an anti-HER2-CAR-NK-92 cell-based therapy

is under investigation in a phase I/II clinical trial (clinical trials.gov

NCT03383978) for glioblastoma. However, additional CAR targets

are likely beneficial for the treatment of such a challenging tumor.

The CD44v6 splice variant is expressed also by brain tumor stem-

like cells (BTSC), implying a promising target for redirected therapy

of brain tumors (61). These findings highlight CD44v6 as a

promising target for CAR therapy across multiple cancer types.

Inter-donor variability in primary NK cells can significantly

influence NK cell phenotype, inherent transduction efficacy and

overall function (62). Prior studies revealed the occurrence of

functionally different capabilities in eliminating tumor cells

between different NK cell subtypes and individuals (63, 64). In

accordance to these findings, we have seen donor variability in

transduction efficacy and basal functionality of expanded NK cells,

as well as donor-to-donor variation in NK cell phenotypes post

cytokine-expansion. PD-1 expression on primary NK cells was

reported in different types of cancer (65–67) and linked to poor
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anti-tumor activity (68). We found PD-1 expression in two of our

tested donors in cytokine-expanded NK cells and the CD56+EGFP-

subpopulation of transduced cells. Both the use of IL-2 and IL-15 as

well as a combination of IL-12, IL-15, and IL-18 may induce PD-1

expression on expanding NK cells (67, 69). We noticed that PD-1

expression in the CD56+EGFP- subpopulation of CAR-NK cells

can affect their overall cytotoxicity, suggesting that the presence of

this immune check point could be a limiting factor for CAR-therapy

(as shown in Supplementary Figure 2). Nevertheless, further PD-1

blocking experiments are required to determine the validity of the

effect of PD-1 presence on NK cells. In support of this, recent

preclinical research has highlighted the advantages of incorporating

competitive PD-1 blocking by co-expression alongside the CAR

construct (40). Moreover, a phase II clinical trial evaluating anti-

PD-L1 CAR-NK cells together with an immune check point

inhibitor for the treatment of advanced HNSCC is currently

recruiting (clinical trials.gov NCT04847466).

In terms of effector cells, NK-92 cells were reported to have

higher cytotoxicity compared to donor-derived NK cells due to

increased granzyme content and fewer inhibitory killer Ig-like

receptors (KIR) receptors (70). In contrast, we recorded a

superior cytotoxic effect of the expanded primary NK and anti-

CD44v6 CAR-NK compared to the NK-92 or anti-CD44v6 CAR-

NK-92 cell lines, despite a stable, over 95% CAR expression in the

last-mentioned effector cell type. Furthermore, there seemed to be a

marginal effect of the CAR presence on NK-92 cells. These

observations may be explained by the different expansion and

activation methods applied to the two cell types. The IL-2/IL-15

cytokine combination used for primary NK cell culture might have

induced stronger signaling in these cells through the IL-2/IL-15

receptor complex, potentially enhancing their killing efficacy

compared to the IL-2 stimulated NK-92 cells (71). Furthermore,

there seemed to be a tumor cell line susceptibility to effector cell

killing, with UT-SCC-14-F.luc and UT-SCC-42B-F.luc cell lines

being more efficiently killed by primary NK cells as opposed to NK-

92 cells, likely as a result of a more favorable match between

primary NK cell receptors and tumor target ligands (72).

While our findings show that anti-CD44v6 CAR-NK cell therapy

has specific anti-tumor cell line efficacy, further testing is required to

optimize the efficacy of this cell-based therapy against HNSCC. Amore

comprehensive examination using patient derived tumor material or

3D tumor models would underline the potential of this CAR-NK cell

therapy under the appropriate microenvironment. Furthermore, in

vivo preclinical testing would aid in understanding CAR-NK cell

longevity and homing patterns to various body compartments, as

well as determining whether it induces off-tumor effects.
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To accelerate the development of Advanced Therapy Medicinal Products

(ATMPs) for patients suffering from life-threatening cancer with limited

therapeutic options, regulatory approaches need to be constantly reviewed,

evaluated and adjusted, as necessary. This includes utilizing science and risk-

based approaches to mitigate and balance potential risks associated with early

clinical research and a more flexible manufacturing paradigm. In this paper,

T2EVOLVE an Innovative Medicine Initiative (IMI) consortium explores

opportunities to expedite the development of CAR and TCR engineered T cell

therapies in the EU by leveraging tools within the existing EU regulatory

framework to facilitate an iterative and adaptive learning approach across

different product versions with similar design elements or based on the same

platform technology. As understanding of the linkage between product quality

attributes, manufacturing processes, clinical efficacy and safety evolves through

development and post licensure, opportunities are emerging to streamline

regulatory submissions, optimize clinical studies and extrapolate data across

product versions reducing the need to perform duplicative studies. It is worth

noting that this paper is focusing on CAR- and TCR-engineered T cell therapies

but the concepts may be applied more broadly to engineered cell therapy

products (e.g., CAR NK cell therapy products).

KEYWORDS

advanced therapy medicinal products (ATMP), engineered T cell therapies, clinical
development, multiple product candidates, parent-child approach
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Evaluating multiple versions of an
engineered T Cell product
and process

In the absence of predictive non-clinical models, developers of

CAR- and TCR-engineered T cells may need to determine in early

clinical development which version(s) of a product should be

advanced into later-stage clinical trials. Several engineering

options or major manufacturing process alterations may need to

be evaluated to arrive at the T cell product candidate with the

optimal safety and efficacy profile.

To determine the best candidate and/or manufacturing process

to progress in later phases of development, developers may test

multiple iterations and/or versions of a product that may or may

not utilize the same platform technology or manufacturing process.

In other circumstances, developers may intend to advance

(simultaneously or subsequently) multiple product candidates

based on the same platform technology but aimed at treating

different targets for the same or different diseases (Figure 1).

Several closely related potential product candidates could be

most efficiently tested in a single, small, early-phase clinical study.

The current framework is reviewed here to explore options for

efficient parallel vs. iterative clinical development.
Current approaches for studying multiple
versions of a product

For developers and regulators, being able to investigate several

versions of their potential medicines or several products generated

from their platform technology in an umbrella trial (a single trial

aiming at investigating several investigational medicinal products
Frontiers in Immunology 0297
(IMPs) in a single disease), will save time and resources. Umbrella

studies in early phases of development would be aimed at guiding

decisions on which version(s) of the product to pursue for further

development in later-phase studies. This approach can be especially

helpful for developers of cell and gene therapy (CGT) products,

where a sponsor may need to evaluate which vector or which exact

version of transgene to use, or for platform technology developers

exploring different targets. Current regulatory procedures for

complex clinical trials can make it difficult and burdensome to

manage testing several closely related potential candidates.

Some publications (2, 3) discuss a more efficient regulatory

approach for early development studies by advocating for a ‘parent-

child’ approach to Investigational New Drug (IND) submissions,

which relies heavily on cross-referencing between a parent IND,

containing the master protocol and all common elements of the

study and several child INDs containing product-specific details. It

is important to note that currently the parent-child IND concept

only applies in the US regulatory framework (Figure 2).

In 2022, this approach was adopted in the FDA guidance on

‘studying multiple versions of cell and gene therapies’ (4). If a

sponsor is using an umbrella trial to study multiple versions of a

cellular or gene therapy product for a single disease, the guidance

provides recommendations on how sponsors can structure and

cross reference INDs to provide all necessary information to the

FDA while minimizing redundant submissions of the same

information for multiple INDs. However, the studies performed

under this guidance are not expected to provide primary evidence of

effectiveness to support a marketing authorization application and

generally are not adequately powered to demonstrate a statistically

significant difference in clinical efficacy between the study arms.

According to the FDA, it is recommended that for a clinical

study with two different versions of the investigational product

(Product A and Product B), the sponsor still submits two separate
FIGURE 1

Example of a technology platform using the same starting materials and same manufacturing process before being differentiated into different CAR
constructs, for example a CD19/CD20 CAR (1).
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INDs, IND A and IND B. One of the INDs (IND A) would be

designated as the primary IND and would contain all common

clinical information for the umbrella trial. A subsequent secondary

IND (IND B) would be able to cross-reference the primary IND for

this information, which could be followed by additional secondary

INDs (e.g., IND C and IND D). Each IND would still contain

specific CMC (Chemical, Manufacturing and Controls) and

pharmacological/toxicological data for the respective product

version (Figure 3).

Potential benefits of such an approach may include the use of

synergies in study start-up and management, ability to use a single

protocol with a shared control arm and generating data for quicker

decisions on the optimal product design. Some considerations may

however lead a sponsor to decide against using this approach,

including the lack of harmonization globally across regions in case a

multi-regional clinical trial is considered, a larger and more

complex protocol to manage, and the need to submit a separate

protocol to continue development of a selected candidate into a

later phase. As noted by Taps (5), these considerations may make

this approach more suitable for sponsors seeking to expedite
Frontiers in Immunology 0398
selection of an optimal product candidate rather than to

accelerate an investigational product to the market faster.

Taps depicts two potential scenarios to maximize the benefits of

this approach (Figure 4). First, as mentioned in FDA’s guidance (4), a

design aimed at parallel evaluation of multiple versions of a product

offers the potential to randomize between arms of the study

facilitating comparison of safety and efficacy between versions.

However, these comparisons are unlikely to be powered to

demonstrate statistically significant differences, particularly where

effect sizes between versions are not large. Second, an alternative

can be to stagger introduction of a new version in a version escalation

approach, where like a traditional dose escalation study, each new

version is introduced after some preliminary data are obtained on a

prior version. The decision on which data and at what timepoint it

would be collected to inform inclusion of an additional version of the

product in the study would be pre-specified. Subsequent versionsmay

be more complex or more active than the previous one. This

approach offers the opportunity to establish the safety of a less

modified or active product version and obtain data that would

guide the selection of a potential optimized next generation product.
FIGURE 3

Schematic representation of the primary and secondary IND framework. Source: FDA Guidance for Industry Studying Multiple Versions of a Cellular
of Gene Therapy Product in an Early-Phase Clinical Trial (4).
FIGURE 2

Parent-child approach adapted from Britten et al. (3).
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Is the FDA’s parent-child approach
translatable to the EU?

The approach described in the aforementioned papers (2, 5)

and FDA guidance (4) is not directly translatable to the EU context

as the regulatory systems for clinical trial authorization in the US

and the EU are different. US INDs and EU Clinical Trial

Authorization (CTA) applications show some fundamental

differences (Table 1). INDs are submitted per product and

indication and allow for new data and additional clinical study

protocols to be accumulated in a single file over time. In contrast,

EU CTAs are trial specific and require standalone applications for

each new trial. There are also structural differences in how products

are assessed by regulators in the EU as compared to the US. In the

US, the FDA as a single agency is responsible for regulatory

oversight of clinical trials and marketed products. Whereas in the

EU, applications for marketing authorization of an ATMP are

submitted to European Medicines Agency (EMA) for review on

behalf of all Member States but regulatory oversight and assessment

of clinical trials is the responsibility of national competent
Frontiers in Immunology 0499
authorities in each EU Member State. The Clinical Trial

Regulation has resulted in more harmonization in the scientific

assessment of clinical trials, however, depending on the countries

participating in a clinical trial, the outcome of the assessment could

still be different. For example, when different countries are

participating in trial A than trial B the outcome of the assessment

could be different even if the trials are using the same or similar

compounds. While the IND approach is not applicable in the EU, a

more general ‘parent-child’ concept towards product development

that allows simultaneous study of different engineering and

manufacturing enhancements resulting in a different version of

CAR T cell product could be explored in an EU regulatory context.
What guidance and tools are available
in the EU to support a parent-child
approach?

Definition of a new product

One of the important questions to ask when embarking on a

parent-child approach to development is whether the specific

change to the manufacturing process or engineering enhancement

being made to a reference product leads to a new product version or

not. FDA’s guidance (4) contains an annex that outlines what the

Agency considers to be a new product version vs. unrelated product

vs. same product. It is important to point out that while a new

product version may have commonalities with its reference

product, it could still be considered a distinct product from a

regulatory perspective and thus would require a separate

marketing authorisation in the end. In the EU, regulators have

not elaborated on the concept of different versions of a product.

The EMA published a draft reflection paper (6) providing

guidance on the types of differences that could be used to justify a

new active substance claim for a genetically modified cell product,

and essentially what kind of changes would lead to a new product. A

new active substance claim relies on demonstrating that differences

are substantial regarding biological characteristics and/or biological
TABLE 1 Differences between the US and EU system for clinical trials.

IND (US) CTA (EU)

• Product & Disease/Indication based • Trial based

• Preclinical data, manufacturing
information, detailed clinical protocols
and investigator qualifications submitted
CTD structure

Content in two parts –
1. Core documents common for
all Member States (e.g., Protocol, IB,
IMPD, SA, PIP) – single assessment
for all
2. Country specific aspects (e.g.,
ICF, insurance, site details) –
Member State assessment

• New information and additional
protocols can be added to the IND as
product development advances

• A separate CTA is submitted for
each new trial with a new/updated
IMPD

• Reviewed by single regulatory
authority (US FDA)

• Reviewed by competent
authorities of each Member State
participating in the trial
FIGURE 4

Potential use cases of a parent-child approach.
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activities and/or basic structural elements of the active substance or

that the product differs significantly in properties related to safety

and/or efficacy.

Justifying a new active substance is a different exercise than

demonstrating comparability, where the aim is to show the expected

safety and efficacy remains the same/similar after a change is

introduced to justify a product should be considered the same as/

similar to the reference product (7). EMA’s ‘Toolbox guidance on

scientific elements and regulatory tools to support quality data

packages for PRIME and certain marketing authorisation

applications targeting an unmet medical need, (8) provides some

guidance regarding the use of a risk-based approach to tailor a

comparability study. These tools are open to interpretation when it

comes to translating the parent-child concept to an EU

environment. Currently, there is no specific guidance on the types

of product versions that could be studied in a parent-child like

approach in the EU.
Master protocol and CTA submission

In the EU, a master protocol can be used for umbrella trials

studying multiple versions of a CGT product in a single disease.

Managing master protocols in the current EU Clinical Trials

Information System (CTIS) can be very complicated for

developers and there is some guidance available to assist sponsors

who want to make use of this approach.

As reported by Clinical Trials Facilitation Group (CTFG),

complex clinical trial designs were put in place to increase

efficiency by optimizing the use of operational resources and

allocation of trial subjects to the most suitable sub-protocol or

arm. Two different options are proposed for submitting CTAs for a

complex clinical trial with a master protocol: (a) as a single CTA

including all sub-protocols or (b) as separate CTAs for each sub-

protocol (8) (Figure 5). Current guidance (9) encourages sponsors

to submit each sub-protocol as a separate application, but this is

cumbersome for sponsors to manage and defeats the purpose of

having a master protocol representing the design of a single trial.
Frontiers in Immunology 05100
Regulatory guidance (9–11) provided to date has primarily been

aimed towards clinical trials powered to demonstrate a statistically

significant difference in efficacy between the study arms to provide

primary evidence to support a marketing application. Not all

aspects described in these guidelines can be followed for early-

phase development programmes and so far, little guidance has been

provided in terms of complex clinical trials designs in earlier phases

where a parent-child approach may be used.

Other challenges also need to be considered. For example:

Under the new EU CTR, cross-referencing can only be made to

a full IMPD. If the child trial involves countries that did not

participate in the parent trial, then cross referencing is not

possible. In addition, according to Question 2.15 in EU CTR

Q&A, v6.5 (July 2023) (12), submission of IMPD-Q to CTIS via

an initial application for Part I only is possible (“IMPD-Q only

application”). Some authorities have already agreed that this option

can be used for submission of information on the starting material

to ensure that confidential parts are not shared with a third party. In

the current framework, this approach would lead to separate

submissions for the IMPD-Q only application i.e., IMPD-Q only

application for starting material and IMPD-Q only application for

the drug product – illustrated in Option B of Figure 6. This would

be particularly relevant for those developers working with

platform technologies.
Leveraging data across versions

Another aspect of the parent-child approach which is directly

linked to the use of platform technologies may be to consider what

type of data could be leveraged across product versions to tailor the

extent of data to be included in a Clinical Trial Application or the

number and type of studies to perform. An example of extrapolated

data across the same technology platform has recently been

described at the EMA regulatory and scientific virtual conference

on RNA-based medicines (13). This could be of particular interest

when product versions are being developed sequentially or when

more than one version of a product is selected for further
A B

FIGURE 5

(A) Submission of complex clinical trial as one trial with one EU CT number issued; (B) Submission of sub-protocols in a complex clinical trial as
separate (but linked) trials with separate EU CT numbers issued.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1280826
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ammar et al. 10.3389/fimmu.2023.1280826
development based on early-phase 5studies. As similarly illustrated

in Figure 7 (proposed decision-tree), when product versions are

closely related or based on the same platform technology, it should

be possible, if scientifically justified, to extrapolate some data from

one product version to the next without repeating studies or re-

submitting the same information (14).

Justifications/data should be submitted to the Competent Authority

to support proposed extrapolation of data as illustrated in Figure 1.

Additionally, a white paper on ‘Accelerating The Development

of Engineered Cellular Therapies: A Framework for Extrapolating

Data Across Related Products’ from Friends of Cancer Research

(14) proposes a risk-based approach for extrapolating non-clinical,

clinical and CMC data across related product versions.
Frontiers in Immunology 06101
A concept of the ‘risk-based’ approach for ATMPs has already

been introduced in EU legislation (15) and elaborated in EMA

guidance (16). The risk-based approach provides an optional

strategy for determining the extent of quality, non-clinical and

clinical data to be included in a marketing authorisation application

(MAA). EMA’s draft guideline on quality, non-clinical and clinical

aspects for investigational ATMPs (17) also suggests the risk-based

approach may be used to determine the content of an IMPD for

clinical trials. The content of an IMPD may be adapted to the risks

identified at the beginning of development based on existing

knowledge on the type of product and its intended use. This

suggests prior knowledge, including that from a previous version

of a product, may be used.
FIGURE 7

Proposed decision tree for leveraging data from parental generation product to 2nd generation product.
FIGURE 6

This figure illustrates two currently available options (Option A & B) to use an IMPD-Q only application, either by submitting the entire quality dossier
or by submitting a specific part related to the starting material (e.g. supplied by a third party) and a specific part related to the active substance and
drug product (Option B would benefit from further guidance to allow a harmonized practice across all NCAs). Finally, this figure illustrates the future
practice with the option to have a Q-Master file as described in the new EU regulation.
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Prior knowledge is also identified in the toolbox guidance for

PRIME and other applications targeting an unmet medical need (8)

as a potential scientific tool that can be used in determining quality

data packages. This guidance also notes “platforms” such as similar

manufacturing processes and/or analytical tests used across many

different products within a group, including genetically modified

cell therapies, can generate prior knowledge.

As highlighted in the presentation given during the recent EMA

regulatory and scientific virtual conference on RNA-based

medicines (13), registration of COVID-19 medicines during the

pandemic have opened doors for more flexibilities which could lead

to acceleration of the development of innovative medicines. This

example demonstrated that it is possible to avoid repetition of

unnecessary non-clinical tests for subsequent medicines being

developed using the same platform technology. This highlights

the importance of looking at lessons learned, and experiences

gained during the COVID-19 pandemic to develop mechanisms

and guidelines allowing more flexibility when developing such

medicines using very complex technologies.
Scientific advice and dialogue

Due to the complexity and potential methodology

considerations involved in a parent-child approach, it is best to

seek early advice from EU regulators to ensure the data generated in

any studies are sufficient for regulatory purposes. The EMA and

national competent authorities provide many opportunities for

developers to seek advice (18).

National competent authorities provide scientific and/or

regulatory advice, which is particularly useful if a developer is

undertaking a study in one or a limited number of countries. The

second phase of a pilot for Simultaneous National Scientific Advice

(SNSA) is also currently running (19). The pilot aims to create a

more efficient process for developers seeking advice from multiple

National Competent Authorities (NCAs) on the same questions.

However, one of the caveats is that no more than two NCAs could

be consulted simultaneously and a third one acting only as observer.

EMA also offers centrally coordinated scientific advice procedures

to respond to specific questions about the development of a

particular medicine (18). EMA scientific advice is typically sought

prior to pivotal clinical trials where the data are expected to form

the basis for a marketing authorization application. It is worth

noting that EMA does not advise on which data are needed to

obtain approval for a trial as opposed to National Scientific advice.

The EMA Innovation Task Force (ITF) and national innovation

offices provide an early entry point for a more general discussion on

emerging therapies and technologies. However, these meetings are

aimed for products that are still very early in the development and

only offers opportunities for general discussions on regulatory

pathways for approval of clinical trials. Indeed, as part of those

interactions, developers will be given opportunities for

brainstorming discussions on general aspects with regulators and

national experts.

Several activities are also foreseen to reinforce coordination and

facilitate clinical trials through the Accelerating Clinical Trials in
Frontiers in Immunology 07102
the EU (ACT EU) initiative (20). The aim will be to ensure

consistency between the different bodies providing scientific

advice throughout the lifecycle of a product.
What additional tools are currently
being developed?

Reflection paper on platform trials

A parent-child approach may involve a platform approach.

EMA’s Methodology Working Party is working on a Reflection

Paper on Platform Trials that it intends to release for public

consultation in March 2024 (21). The paper will aim to clarify

terminology and key concepts; describe key methodological aspects

unique to platform trials and important design features to help

guide planning and protocol development; and outline the

Committee for Medicinal products for Human Use (CHMP)

position on the increased complexity and uncertainty resulting in

platform trials for confirmatory evidence generation.
ACT-EU – a multi-stakeholder platform

ACTEU is setting up amulti-stakeholder discussionplatform (22)

aimed at identifying relevant scientific, methodological and

technological advances to develop the clinical trial environment in

the EU. This forum could provide an opportunity to raise current

challenges encountered by developers of CAR T and engineered T cell

products and could propose efficient ways to handle multiple versions

of a same products or follow-on products developed from a same

platform technology. Authorities are expected to release a roadmap

with all currently applicable guidance relevant to methodology (inc.

complex clinical trials) and any planned guidance for development

together with stakeholders, including Sponsors. A workshop

specifically focusing on methodology will also be organized.
Proposed revision to EU legislation

In April 2023 the European Commission proposed a revision of

EU pharmaceuticals legislation (23). Included in the proposed

changes is the potential for additional quality master files that

could address the current lack of options in the EU to cross-

reference starting materials. However, it is still unclear whether

this proposal will be adopted, and it will likely take several years

before it can be implemented.
Case-study: introduction of a 2nd

generation T cell product in an
ongoing first-in-human clinical trial

Dr. Miriam Meyer (Immatics Biotechnologies GmbH,

Tübingen) presented a successful case study at a recent
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conference organized by the German Society of Gene Therapy and

the Paul Ehrlich Institute (PEI) on the 27th of April 2023 in Langen,

Germany (24). The presentation showcased the investigation of two

versions of a TCR T cell therapy in a FIH clinical trial.

The clinical trial presented was ACTengine® IMA203-101 (25),

a Phase 1/2 study evaluating genetically modified autologous T cells

expressing a T cell receptor (TCR) recognizing a cancer/germline

antigen as monotherapy or in combination with nivolumab in

patients with recurrent and/or refractory solid tumors. The study

is conducted in the US as well as in Germany (under the Clinical

Trial Directive 2001/20/EC which has been replaced by the Clinical

Trial Regulation EU 536/2014 (CTR)).

The clinical trial design was initially set up to investigate

IMA203, an autologous CD8+ T cell product candidate for

intravenous (i.v.) infusion derived from cancer patients’ own

peripheral blood and engineered to express a TCR specific for an

HLA-A*02:01-restricted peptide derived from PRAME

(preferentially expressed antigen in melanoma). IMA203 was

developed based on Immatics’ target and TCR discovery

platforms XPRESIDENT® and XCEPTOR®. At this stage, the

clinical trial design was composed of a IMA203 dose escalation

part, a dose expansion part at the recommended phase II dose, and a

cohort for combination of IMA203 with the checkpoint

inhibitor nivolumab.

Encouraged by a well manageable tolerability profile and first

signs of anti-tumor activity during dose escalation with the 1st

generation product candidate, Immatics decided to introduce a

potency-enhanced 2nd generation TCR T approach called

IMA203CD8 in a separate cohort in the ongoing IMA203-101

trial and leverage data from the 1st generation product as well as

existing operational processes to accelerate clinical evaluation of the

2nd generation asset.

To implement the new 2nd generation cohort in the IMA203-

101 clinical trial protocol, the primary-secondary IND approach has

been employed by Immatics according to FDA Industry guidance

on “Studying Multiple Versions of a Cellular or Gene Therapy

Product in an Early-Phase Clinical Trial”, Nov 2022. The IND for

the IMA203 1st generation product candidate was assigned the

primary IND. An amended clinical trial protocol introducing the

2nd generation product candidate IMA203CD8 with an abbreviated

dose escalation scheme and a dose expansion cohort was submitted

to the primary IND. In parallel, a submission for a new IND

assigned secondary IND for the 2nd generation product candidate

IMA203CD8 was performed. This secondary IND comprised all

information specific to IMA203CD8.

In Germany, Immatics presented the plans for the introduction

of the 2nd generation product candidate IMA203CD8 to the PEI for

a written advice and aligned with the agency that the updated

clinical trial protocol and documentation specific to this asset could

be submitted to the already approved CTA for IMA203-101 as a

substantial amendment.

This example shows that - at least under the former Clinical

Trial Directive - the European regulatory system allowed the

flexibility that is required to study different versions of a cellular

therapy in one trial.
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During the panel discussion with regulators at the German gene

therapy/PEI theme day “The next frontiers in ATMP development”

on 27th of April 2023 in Langen it was emphasized by regulators

that this flexibility would still be possible in the EU under CTR.
What are the T2EVOLVE
recommendations?

Currently, there is a lack of EU guidance and mechanisms on

how to efficiently handle early clinical trials aimed at selecting the

version(s) of the product to be pursued for later-stage of the

development and how to efficiently handle CTAs based on

platform technology.

T2EVOLVE would like to provide the following recommendations:
Workshops and Q&As

Guidance for complex clinical trials is designed for products

that are intended to be marketed. Currently, there are no guidelines

for early-phase development trials. Cell and gene therapies are

rapidly evolving, whereas development of new guidelines can be

very lengthy and by the time guidelines are developed science has

evolved and some of the aspects may no longer be applicable.

Additionally, during the pandemic we have gained experience in

efficiently handling innovative technologies. It is important that

lessons learned from the products approved during the pandemic

are considered to adapt our current guidance based on experience.

Therefore, developers would welcome dialogue focused on specific

solutions for cell and gene therapies in the form of workshops/

Q&As with more concrete examples between developers and

regulators perhaps under the umbrella of ACT EU.
Scientific advice

Lack of specific guidance could be mitigated by scientific advice

between regulators and developers to discuss study design and get a

harmonized view across the different NCAs. Regulators encourage

early dialogues to discuss complex clinical trials as discussed above.

However, developers would benefit from having a multi-

disciplinary discussion platform at different stages of the

development to ensure that innovative clinical trials are being

assessed properly and that the best options/route are selected by

the sponsors. It would be important that all National Competent

Authorities participate to these dialogues since EMA is not

responsible for approval of Clinical Trial Applications.

At the moment, although the SNSA pilot allows simultaneous

scientific advice involving two countries and one country observer,

there is still a lack of forum for which this type of clinical study

could be openly discussed in more detail with regulators allowing

developers to get a consolidated advice across EU countries. Indeed,

T2EVOLVE would welcome a similar program as the Complex

Innovative Trial Design (CID) meeting program put in place by the
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FDA (26). This pilot gives the opportunity to developers to meet

with FDA (face-to-face or virtually) multiple times to have a

multidisciplinary discussion to assess the proposed innovative

clinical trial design and ensure that the best possible option for

testing a specific drug is selected.

ACT EU is encouraged to address this need as the initiative

establishes the multi-stakeholder platform to facilitate dialogue

between clinical trial stakeholders, including patients, healthcare

professionals and academia.
Guidelines on the following aspects would
be welcomed

Regarding the case study related to IMA203 described above,

the flexibility from PEI in allowing a substantial amendment to

include a different version of a product in the same clinical trial was

very welcomed. However, it is unclear whether this flexibility will be

accepted by all Member States and therefore, T2EVOLVE would

highly welcome EU guidance on this matter so that this approach

can be applicable and harmonized across all EU competent

authorities and within CTIS.

As described in this paper, various tools are already available in

the EU. However, those tools cannot always be translated to the

development of different versions of the same products at an early

stage of the development or when multiple products are being

developed from the same platform technology. It would be helpful

for developers to have consolidated recommendations provided in a

specific guideline. Indeed, having more specific guidelines would

guide less experienced authorities/developers on this approach

thereby fostering innovation and faster patient access in the EU.

Such guidelines would cover for example:
Fron
- Clearer guidance on what is defined as a new product version

vs. unrelated product vs. same product and on how to

extrapolate data between different versions.

- For companies working on platform technology, guidance on

what could be considered a platform technology and how to

justify cross-reference of certain sections of the dossier

would be necessary to ensure efficiency. Some guidelines

refer to risk-based approach, but further guidance on

platform technologies is necessary to help companies

leveraging scientific knowledge from a single platform

technology and ensuring that an adequate risk-based

approach is performed to avoid repeated testing (for

instance toxicological studies) (11).

- An updated version of initiation and conduct of complex

clinical trial guidance relating to CTR and CTIS

implementation is needed. As CTIS is working on CTA

level, a guidance for cross-referencing/cross-linking to

master protocol and practical implementation through

CTIS improvements would be welcomed. For regulators,

having a mechanism that would ensure that sections of the

dossiers/CTA already reviewed and approved could easily

be retrieved would be largely beneficial to avoid duplication
tiers in Immunology 09104
of work and ensure that knowledge related to a specific drug

or platform technology is transferred adequately across the

different countries/assessors.
Further improvement to the EU CTR and CTIS is needed to

ensure greater efficiency. An interesting proposal would be to

consider having all Part 1 applications including all documentation

and assessment reports available to all Member States irrespective of

whether they are participating in a specific Clinical Trial. This would

give the option to refer to already submitted data even though, it

would not eliminate the need for Member States who have not

participated in the previous trial, to assess the newly submitted data to

them and make their own decision on whether the data could be

accepted from their point of view.
Master file or IMPD master protocol

The use of a master file or IMPD master manufacturing

protocol linked to a clinical trial (like what is done for

conventional ASMF) can potentially match ideas from improved

parent-child approach. IMPD-Q master manufacturing protocol

will contain elements subject to standardization and will reflect part

of the production that is less subjected to modifications. If adopted,

the new EU legislation would allow the option to file additional

quality master files and would help companies to handle complex

platform technology in a more efficient and agile manner but it is

unclear when and how this would be made available to companies

(future practice of Figure 6).

In the meantime, and as described in Figure 6, developers can

use the IMPD-Q only application (Option A – Figure 6). However,

at the moment there are no harmonized views as to whether all

Member States would accept to have a separate submission of

confidential sections (Option B - Figure 6) such as for instance

starting materials supplied by a third party.

Currently, developers would need to consult with National

Competent Authority to get some clarifications on how to handle

IMPD-Q applications to allow confidential information to be

submitted in CTIS. With the objective that improvements are made

to CTIS in the long run, T2EVOLVE would expect that further

guidance will be provided by EMA in the future. However, if we

consider the potential Q-Master file option as described in the new

EU legislation, we could wonder whether CTIS would be able to

support multiple Q-Master Files to address confidentiality aspects.
Conclusion

As described in this paper, the parent-child approach as

proposed by the FDA is not directly translatable to the EU

regulatory framework. Multiple tools/guidelines are already

available but there are no specific guidelines for developing

several versions of a product at an early phase of a clinical trial or

developing several versions aiming at targeting a single patient/

single disease or multiple patients/multiple diseases derived from

the same platform technology.
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Indeed, it was reported that EU is not very attractive when it

comes to the choice of opening clinical trials compared to the US or

Asia which is further reflected in the recent ARM report

Regenerative Medicine: The Pipeline Momentum Builds (27). It

shows that US and Asia are leading in active ATMP clinical trials

with EU taking the smallest share of new trials. Helping developers

to navigate this complex EU regulatory framework with agility

when developing innovative technologies will lead to greater

efficiencies and be a step forward to make EU more attractive.

T2EVOLVE is therefore advocating to have a clear mechanism

and specific guidelines that would aim at helping developers to

accelerate the development of innovative cellular therapy products.

This would be in line with the current objective set by ACT EU (25)

and would aid in attracting new clinical trials in the EU.
Glossary and definitions

Platform technology

Article 8 of the new Directive indicates that a platform

technology is ‘a medicinal product comprised of a fixed

component and a variable component that is pre-defined in order

to, where appropriate, target different variants of an infectious agent

or where necessary to tailor the medicinal product to characteristics

of an individual patient or a group of patients (‘platform

technology’)’ (article 15(2) of revised Directive proposed by

European Commission on 26 April 2023 (23).
Parent-child concept

As described by Stewart et al. (2020), Parent IND or CTA would

contain common sections providing all relevant information for the

candidates or manufacturing alterations (2). Each child IND or

CTA would cross-reference common sections while providing only

the candidate- or process-specific information.
Umbrella trial

A trial designed to investigate the safety/efficacy/effects of

several IMPs in a single population with the same disease (9).
Platform trial

A type of complex clinical trial characterized by a shared

operational framework that allows for the investigation of

multiple IMPs in a continuous manner, possibly in different

diseases/conditions, with different IMPs ‘entering’ and ‘leaving’

the platform at different times based on pre-specified decision

rules (10).
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Master protocol

A typical master protocol describes the overall clinical trial

design including components and operational aspects applicable to

all related sub-protocols such as the clinical trial rational, objectives,

endpoints, benefit-risk assessment, shared procedures regarding

safety monitoring and reporting, and a common screening

platform dictating trial subject eligibility and/or treatment

allocation. The master protocol should clearly describe how trial

subjects are allocated to the individual sub-protocols or arms and

should describe decision criteria for opening and closing of sub-

protocols/arms as well as for re-allocating trial subjects from one

sub-protocol to another, if applicable. Master protocols are often

applied to particular study designs such as basket, umbrella, or

platform designs (10).
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Engineering immune cells to treat hematological malignancies has been a major

focus of research since the first resounding successes of CAR-T-cell therapies in B-

ALL. Several diseases can now be treated in highly therapy-refractory or relapsed

conditions. Currently, a number of CD19- or BCMA-specific CAR-T-cell therapies

are approved for acute lymphoblastic leukemia (ALL), diffuse large B-cell lymphoma

(DLBCL), mantle cell lymphoma (MCL), multiple myeloma (MM), and follicular

lymphoma (FL). The implementation of these therapies has significantly improved

patient outcome and survival even in cases with previously very poor prognosis. In

this comprehensive review, we present the current state of research, recent

innovations, and the applications of CAR-T-cell therapy in a selected group of

hematologic malignancies. We focus on B- and T-cell malignancies, including the

entities of cutaneous and peripheral T-cell lymphoma (T-ALL, PTCL, CTCL), acute

myeloid leukemia (AML), chronic myeloid leukemia (CML), chronic lymphocytic

leukemia (CLL), classical Hodgkin-Lymphoma (HL), Burkitt-Lymphoma (BL), hairy

cell leukemia (HCL), and Waldenström’s macroglobulinemia (WM). While these

diseases are highly heterogenous, we highlight several similarly used approaches

(combination with established therapeutics, target depletion on healthy cells),

targets used in multiple diseases (CD30, CD38, TRBC1/2), and unique features that

require individualized approaches. Furthermore, we focus on current limitations of

CAR-T-cell therapy in individual diseases and entities such as immunocompromising

tumor microenvironment (TME), risk of on-target-off-tumor effects, and differences

in the occurrence of adverse events. Finally, we present an outlook into novel

innovations in CAR-T-cell engineering like the use of artificial intelligence and the

future role of CAR-T cells in therapy regimens in everyday clinical practice.

KEYWORDS

CAR-T-cell therapy, T-cell malignancies, AML, CML, CLL, lymphoma, hairy cell
leukemia, Waldenström’s macroglobulinemia
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1 Introduction

The diverse cluster of mature hematologic malignancies can

broadly be classified into five groups using genetic, molecular, and

clinical parameters: mature B-cell neoplasms, classic Hodgkin-

Lymphomas, mature T- and natural killer (NK)-cell-neoplasms,

histiocytic and dendritic cell neoplasms, and immunodeficiency-

associated lymphoproliferative disorders (1).

These groups feature a wide spectrum of pathophysiological

mechanisms of disease, pathological features, and therapeutic

options. The clinical characteristics of these diseases differ

significantly: While some, like CLL, do not necessarily require

therapy upon diagnosis (2), diseases such as aggressive T-cell

malignancies still present a highly complex clinical challenge with a

median overall survival of less than 12months (3). Patient groups like

people living with HIV (PLWH) are at increased risk of developing

hematologic malignancies (4). Some diseases are more common in

pediatric (acute leukemias) or geriatric (CLL) patients (5). The

treatment and management of these malignancies have significantly

benefited from the implementation of CAR-T-cell therapies and this

technology remains the most successful of several cellular

immunotherapies developed in the 21st century (6, 7).

Research currently focuses on expanding this technology

towards treatment of solid tumors. Other possible areas of

application are infectious diseases (e.g. HIV, HBV, other viral and

fungal infections), and auto-immune disorders (such as rheumatoid

arthritis, systemic lupus erythematosus). While these areas are

prominently featured in the current CAR-T-cell research

landscape, there are also approaches for its implementation in

novel hematologic malignancies. Currently, many of these

diseases are treated utilizing a combination of chemotherapy and

immunotherapy, and in some cases, autologous or allogeneic

hematopoietic stem cell transplantation (allo-HSCT), leading to

high response rates and potential long-lasting complete remission.

However, patients with relapsed or refractory disease often have a

poor prognosis (8, 9). Furthermore, particular patient populations

like heavily pretreated patients and those over the age of 60 years

often suffer from reduced response to therapy or limited life

expectancy (10).

To extend the remarkable achievements of CAR-T-cell therapy

to more diseases and patient populations, researchers are currently

employing an array of different technologies and approaches. These

include CRISPR/Cas9- and TALEN-based (Transcription activator-

like effector nucleases) gene-editing, OMICs methods (including

transcriptomics, surfaceomics, and proteomics), nanotechnology,

single-cell technologies, and advanced combination regimens with

established therapies. Through these approaches, more and more

malignant entities become possible targets of CAR-T-cell therapy

(11–13).

However, severe adverse events including immune effector cell-

associated neurotoxicity syndrome (ICANS) and cytokine release

syndrome (CRS) (14) as well as T-cell dysfunction, resistance, and

tumor escape mechanisms still pose difficulties (15, 16). Novel

approaches for the management of these adverse events are

currently under development, including subcutaneous injection of

IL-6-adsorbing hydrogel (17) and the implementation of inducible
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“on-and-off” systems (18). Recent research has highlighted the

possibility to employ sequential CAR-T-cell therapies to tackle

post-CAR-T-cell relapse, a major cause of death in CAR-T-cell

treated patients (19). Additionally, tools are being developed to aid

in the management of CAR-T-cell patients and improve clinical

care (20).

After initial hopes that CAR-T cells could present a potentially

universal therapeutic approach for malignant diseases, researchers

are currently understanding that CAR-T cells are most likely just

one of several options in personalized therapies (21). Therefore,

other innovative immunotherapeutic strategies are being

investigated, including different immune cell groups, oncolytic

viruses, technologies like T-cell engagers, T-cell receptor (TCR)

engineering, and combinations of these technologies with CAR-T

cells (22). The ultimate goal of these approaches and innovations is

the improvement of clinical outcomes like overall survival (OS),

progression-free survival (PFS), prevention of adverse events,

improvements in patients’ quality of life, and above all the

identification of curative therapeutic strategies.

While many of these techniques are still in their early

development, several CAR-T-cell therapies have already been

approved and are utilized in the clinical setting. Therefore, we

highlight potential applications of CAR-T-cell technology in

hematologic malignancies beyond the currently approved

indications. We also provide an overview of the current research

and possible innovations regarding different lymphomas and

leukemias. We further focus on aspects such as safety, efficacy,

and organizational issues.
2 T-cell malignancies

2.1 Current state of treatment

T-cell malignancies include lymphomas and leukemias

originating from T cells and their precursor cells. Within the past

decade, the prognosis of acute lymphatic T-cell leukemia (T-ALL)

has improved, especially due to new chemotherapy protocols and

monitoring of minimal residual disease (MRD) after therapy (23).

However, these diseases still pose a difficult task for oncologists as

the treatment and management of complications remain complex

with poor outcome (24). Especially patients with cases of refractory

or relapsing disease rarely respond well to established salvage

protocols (25). Standard therapy regimens include chemotherapy,

histone deacetylase inhibitors (HDACi) and monoclonal antibodies

targeting antigens such as CD30 or CCR4 (26).

The lack of malignant T-cell-specific target antigens for CAR-T

cells is one of the main difficulties as most of the targeted antigens in

T-cell malignancies (such as CD3, CD5, CD7) are expressed by

healthy T cells as well. A T-cell depleting therapy would lead to a

complete eradication of T cells, resulting in detrimental infectious

complications (27). The second fundamental challenge in

employing CAR-T-cell therapy for T-cell malignancies is the

apheresis of exclusively healthy T cells from the patient in order

to generate CAR-T cells without contamination with circulating

tumor cells (28).
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2.2 CD7-directed CAR-T-cell therapy

To account for these limitations, a CAR-T-cell therapy needs to

be able to distinguish between healthy and malignant T cells to a

required extent. This poses a substantial challenge to researchers as

the expressed proteins on healthy and malignant T cells differ only

marginally (29). The most comprehensively studied T-cell-specific

target is CD7 due to its abundant expression in T-cell malignancies

compared to limited presence on healthy T cells (30).

An important issue in the use of anti-CD7 CAR-T cells against

T-cell malignancies is the concept of “fratricide”, meaning the

killing of therapeutic CAR-T cells by the CAR-T cells themselves

due to shared expression of CD7 (Figure 1) (31). This protein is also

expressed on NK cells, where it is related to activation and

maturation (32). Fratricide results in reduced anti-tumoral

activity, decreased survival of CAR-T cells and limited therapeutic

success (33). Approaches to reduce fratricide include nanobody-

based techniques (34, 35), natural selection of fratricide-resistant

CAR-T cells (36, 37), and the use of antibodies (38) or protein

expression blockers (39).

Chiesa et al. have recently shown the benefits of using base-

editing to inactivate the genes encoding for the CD52 and CD7

receptors, and the b chain of the ab TCR in a phase I trial of CD7-

targeting CAR-T cells (40).The implementation of targeted

pharmacotherapy with the objective of diminishing fratricide has

the potential to facilitate the utilization of unedited anti-CD7 CAR-

T cells, thereby enhancing the targetability of CD7. Previous studies

have investigated the combination of ibrutinib and dasatinib for this

purpose (41).

Another approach for the circumvention of fratricide is to make

use of the naturally occurring subset of CD7- T cells for the

generation of CAR-T cells. These could be resistant to fratricide
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and provide a more sustained anti-tumor activity (42).

Furthermore, to avoid fratricide, CD7 can be gene-edited with

techniques like CRISPR/Cas9 (43, 44). If the expression of

targeted antigens can be sufficiently reduced on the CAR-T cell

itself, even bi-specific CAR-T cells are potential therapeutic tools

without eliciting fratricide (45). These bi-specific CAR-T cells can

be generated through the use of nanobodies as demonstrated by Xia

et al. with the manufacturing of CAR-T cells targeting CD30 and

CD5 (46).

Investigating another way to tackle fratricide, Jiang et al. have

recently developed a “2-in-1 strategy” of knocking out the CD7

locus and inserting an EF1a-driven CD7-CAR in this locus to

achieve improved tumor rejection in a mouse xenograft model (47).

A similar technique was employed by Liao et al. for the generation

of CD38-specific CAR-T cells (48). Similar to this is the editing of

the T-cell receptor a constant (TRAC) locus (49). By this

modification, allogeneic cell attack by T and NK cells can be

reduced. There are multiple techniques to disrupt the TRAC

expression, focusing on different parts of the receptor. The main

technologies used for these editing approaches include CRISPR/

Cas9 and TALENs (50). Xie et al. have recently demonstrated how

CRISPR-based CD7- and TRAC-knockout CAR-T cells can

efficiently proliferate and kill T-ALL cells in vitro and in vivo. The

researchers showed increased frequency of CD8- T cells and a

higher number of activated CD4+ memory T cells (51). The

application of gene-edited CD7- hematopoietic stem cells could

help sustain a sufficient number of healthy T cells after anti-CD7

CAR-T-cell therapy (52).

So far, clinical trials have utilized both autologous and

allogeneic anti-CD7 CAR-T cells and have shown great promise

regarding survival, tumor regression, and PFS (53–55). Recently,

Chen et al. demonstrated the complete eradication of CD7+ T cells
A

B

C

FIGURE 1

Fratricide elicited by anti-CD7 CAR-T-cell therapy. After infusion CAR-T cells recognize CD7 present on tumor cells (A), other CAR-T cells (B), and
healthy T cells (C) in the recipient. These targeted cells are then destroyed by the immune system. The consequences are the depletion of the
patient’s healthy T-cell reservoir as well as a reduced capacity and longevity of applied CAR-T cells.
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and the rapid expansion of the functional CD7- T-cell subset

following anti-CD7 CAR-T-cell therapy (56). Li et al. observed a

patient achieving >3 years of PFS in their cohort of 12 patients

treated with “off-the-shelf” anti-CD7 CAR-T-cell therapy (57).

However, these studies have also confirmed the risks of T-cell

aplasia as the result of on-target-off-tumor effects with associated

severe adverse events like viral reactivation and infection, and

fungal pneumonia. This is described by a case report of a

hepatosplenic gd-T-cell lymphoma treated with HLA fully-

mismatched allogeneic anti-CD7 CAR-T-cell therapy. Researchers

observed CRS, cytopenia and infections to a manageable extent and

rapid decrease of circulating CAR-T cells after infusion. However,

the patient did receive allo-HSCT and achieved lasting CR (58).
2.3 Potential targets

To circumvent CD7-related fratricide, researchers are also

focusing on finding more suitable biological markers to

differentiate between malignant, healthy, and therapeutic T cells.

Recent studies have investigated the T-cell receptor b-chain
constant domains TRBC1 and TRBC2 (24, 59), CD1a (60), CD2

(61), CD4 (62), CD5 (63, 64), CD21 (65), CD26 (66), CD38 (67),

CD99 (68, 69), CCR9 (70), the natural CD7 ligand SECTM-1 (71),

and the dual targeting of CD38 and LMP1 (72). Shaw et al. have

shown the efficacy and antigen-specificity of TCRvb-targeting
CAR-T cells in cell lines, patient samples, and mice (73). To

enhance the functionality of CAR-T-cells in the treatment of T-

cell malignancies, researchers are also investigating other parts of

the CAR-T-construct. This includes the hinge region, which has

recently been shown to influence the cytotoxicity of anti-CD5 CAR-

T cells and can be enhanced through specific modifications (74).

There are particular target antigens for different patient

populations like targets specifically investigated for pediatric T-

cell malignancies (75). Today, many of these targets seem

promising, but CD7 is still the most extensively tested CAR-T-cell

target antigen in clinical trials.
2.4 Increasing CAR-T-cell therapy safety

To reduce CAR-T-cell toxicities and adverse events, CAR-T cells

incorporating “safety switches” or suicide genes have been proposed.

These mechanisms limit the CAR-T-cell life span and persistence due

to depletion upon administration of a prodrug (metabolic switch) or

using monoclonal antibodies (76). In an effort to control CRS after

CAR-T-cell therapy, Li et al. have shown promising results utilizing

the Januskinase inhibitor ruxolitinib after infusion of anti-CD7 CAR-

T cells (77). This application has also illustrated potential in

preventing severe cases of CRS by limiting cytokine release and

proliferation of CAR-T cells and is used for the treatment of CRS in

other diseases (78). These advances towards a safer CAR-T-cell

therapy are accompanied by innovations reducing the cost and

complexity. These include retroviral vector-based gene therapy

approaches based on in vivo delivery of the CAR gene (79).
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To account for the risks and complexities of acquiring

autologous T cells from patients, researchers are also investigating

the application of allogeneic CAR-T cells. Hu et al. have shown the

potential of allogeneic anti-CD7 CAR-T cells derived from healthy

donors to target T-ALL cells (80). In the phase I trial, adverse events

like high-grade ICANS and CRS or Graft-versus-Host-Disease

(GvHD) were not observed in the study cohort of 11 patients. In

contrast, Pan et al. administered allogeneic anti-CD7 CAR-T cells in

20 patients with 2 of them experiencing CRS grade 3-4 and 60% of

patients experiencing GvHD grade 1 or 2 (53).
2.5 Cutaneous T-cell lymphoma

A special entity within the group of hematologic T-cell

malignancies is the cutaneous T-cell lymphoma (CTCL), derived

from the CD4+ T-cell subset. The most common forms of CTCL are

mycosis fungoides and Sézary syndrome. While both diseases can

be managed through treatment, achieving a complete cure is only

feasible with allo-HSCT (81–83).

Currently investigated targets to combat CTCL with CAR-T

cells include CD30, CD38, CD56 (84), and CCR4 (85). The latter is

of particular interest as CCR4 is needed for cell trafficking and

homing, as well as recruiting of regulatory T cells to the TME and

has also shown to be upregulated in advanced stages of CTCL (86).

However, anti-CCR4 CAR-T cells have been shown to elicit

fratricide and selectively attack TH2-, TH17- and Treg-cells (87).

Recent findings have indicated CD37 and TRBC as potential targets

(88, 89). Gluud et al. have highlighted the importance of the JAK/

STAT signaling pathway in CTCL and its potential targeting in

immunotherapy (90).

Relevant obstacles in CAR-T-cell therapy for CTCL include

antigen overlap with healthy T cells, transduction of malignant cells,

fratricide, and prolonged T-cell aplasia (91). Tumor heterogeneity

plays an important role in CTCL immunotherapy and shifts

researcher’s attention towards dual- or multi-targeting therapy

approaches. These could target malignant cells comprehensively

and specifically (92). Further approaches include in-depth

genotyping of tumor cells and monitoring of intra-tumoral

activity of T cells (93). Due to these advances, CAR-T-cell

therapy is seen as an option to achieve long-term remission in

CTCL patients (94) and could offer a promising chance for these

currently incurable diseases (95).
2.6 Peripheral T-cell lymphoma

These peripheral T-cell lymphomas (PTCL) are difficult to treat

as there are few established treatment methods and the prognosis is

mostly poor (96). Thus, PTCL proves to be a potentially rewarding

target of CAR-T-cell therapy.

As shown in other T-cell malignancies, major problems include

fratricide, the consequences of therapy-induced T-cell aplasia and

the contamination of the CAR-T-cell product with malignant T

cells (97). Similar problems in the implementation of CAR-T-cell
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therapy have also been independently described for entities such as

T-follicular helper cell lymphoma (98).

Wu et al. have shown the efficacy of anti-CD30 CAR-T cells

against PTCL cells in vitro and in vivo mouse models (99). As

TRBC1/2 is already being investigated as a CAR-T-cell target

antigen (24), current research is aiming at increasing the

specificity towards this target in T-cell malignancies (100). A key

aspect of this approach is the finding that T-cell malignancies are

restricted to either TRBC1 or TRBC2. These can be targeted

differentially. While clinical trials currently investigate other

targets like CD5 and CD7 for T-cell malignancies, many of these

trials do not include patients with PTCL (101). Other groups are

investigating CD37, CD70, and CD147 as potential targets for

PTCL CAR-T-cell therapy (102). As CD4 is also frequently

upregulated on subtypes of PTCL like angioimmunoblastic T-cell

lymphoma, anti-CD4 CAR-T cells are another area of investigation

(103). Fang et al. could recently demonstrate the effect of CD4-/

CD8- anti-CD4 CAR-T cells against T-ALL and PTCL in vitro and

in vivo without eliciting fratricide (104).
2.7 Outlook

CAR-T-cell therapy can offer a novel therapy option for patients

with advanced, relapsed or therapy-refractory T-cell malignancies

(105). While side effects could potentially be detrimental, the

general risk-benefit evaluation could yield an overall positive

outcome for a significant subgroup of patients. In a follow-up of

2 years after application of anti-CD7 CAR-T cells, Tan et al.

observed durable efficacy but serious adverse events and potential

disease relapse (106). Li et al. have recently highlighted the potential

role of anti-CD7 CAR-T cells for bridging patients towards allo-

HSCT (107).

In conclusion, anti-CD7 CAR-T-cell therapy remains the most

promising approach to T-cell malignancies. So far, clinical trials

with this target have shown potential regarding PFS and OS.

However, other targets such as TRBC1/2, CD30, and specific

targets for subgroups like CTCL and PTCL could provide

potential benefits for patients.
3 Acute myeloid leukemia

3.1 Potential targets

Acute myeloid leukemia (AML) comprises a group of acute

hematologic malignancies that arise from myeloid precursor cells

and is often associated with a variety of genetic aberrations. As AML

is the second most common type of leukemia in adults, there are

numerous approaches to make this type of disease feasible to CAR-

T-cell therapy (108, 109). Previous studies using CAR-T-cell

therapy in AML patients have shown that the technique could

prove a potentially valid strategy for patients with relapsed or

refractory disease (110–114), a patient group that currently has

only very limited therapy options.
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Potential target antigens for CAR-T cells in AML include CD7

(110, 115), CD33/Siglec-3 (116, 117), CD38 (67, 111), CD41 (118),

CD44 (119), CD64 (120), CD70 (121–123), CD117 (124), CD123

(125), CLL-1 (112, 114, 126, 127), B7-H3 (128), PR1 (129), FLT3

(130–132), IL1-RAP (133, 134), Siglec-6 (135), NKG2D (136),

PRAME (137), and GRP78 (138). As it has recently been shown

to be associated with the highly aggressive subcategory AML-MR,

CD5 is another potential target of CAR-T cells (139). Similarly,

CD36 is being investigated as a central driver of dissemination,

disease progression, and relapse in AML patients and association

with an unfavorable disease prognosis (140). In a high-precision

approach, Giannakopoulou et al. have recently shown the

possibility of targeting a single driver mutation (D835Y) in FLT3.

This lead to the successful elimination of both CD34+ and CD34-

AML cells in mice through a mutation-specific TCR (141).

Other studies investigate bi-specific or dual CAR-T cells targeting

CD13/TIM3 (142), CD123/FR-b (143), IL3-zetakine/CD33 (144),

CD123/NKG2DLs (145), and FLT3scFv/NKG2D (113). These

multi-targeted CAR-T-cell therapies could help to increase the

specificity of CAR-T cells towards leukemic cells, limiting on-

target-off-tumor effects and thereby enhance safety and efficacy for

patients (146). Targeting multiple targets, especially those with low

surface expression, can control tumor growth even in genetically

heterogenous AML cases (147). Alberti et al. have recently proposed

the dual targeting of stromal and non-stromal targets by CAR-T cells,

investigating CD33/CD146 cytokine-induced killer cells (CIKs)

(148). However, stromal syntenin appears to be downregulated in

AML, potentially enhancing AML cell survival and increasing

translational activity (149).

Kim et al. have also shown that the genetic inactivation of

potential CAR-T-cell targets like CD33 on healthy hematopoietic

stem cells might reduce the risk of bone marrow suppression (150).

Studies investigating the role of CD33 have found this protein to be

a non-vital marker of myeloid cells and its depletion does not

hamper development and function of cells (151). Further studies

underlined the role of CD33 on malignant AML cells by correlating

its presence to clinically unfavorable outcomes and parameters

(152). The presence of AML fusion-genes in CD33- cells might be

the reason for relapses after CD33-targeted AML therapy and

necessitates the highly-precise engineering of CARs targeting this

structure (153). This need is being addressed in current clinical

trials through systematic preclinical structural evaluations (154).

These evaluations also consider known modes of resistance to

CD33-targeted therapy, including CD33-gene polymorphisms and

upregulation of downstream pathways (155).

In another promising approach, Hino et al. have investigated the

complex crosstalk between CAR-T cells and thymoid tissue in AML.

The authors hypothesized a potential enhancement of patient’s

endogenous anti-tumor capacities through elimination of tumor-

antigen carrying APCs. Additionally, the thymus plays a central role

in the development of the T-cell repertoire and could therefore be

integral to the TME and success of immunotherapies for AML (156).

Future research could investigate if the thymus is another possible

focus of action to enhance the functionality of CAR-T-cell therapies.

The search for leukemia-specific target antigens remains a

central challenge in the efforts to design CAR-T cells for AML
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therapy. While some targets are chosen because of their functional

relevance to AML pathogenesis (CD5, CD33, CD36), others are of

particular interest due to their relatively upregulated expression on

AML cells or potency in pre-clinical trials (CD44, CD64, CD123).
3.2 Overcoming immunosuppression in
AML

To transfer the success of currently available CAR-T-cell

therapies, researchers are focusing on a diverse range of

approaches to enhance the immune response towards AML cells.

Major obstacles towards this goal are summarized in Figure 2.

One of the most prominent challenges is the limited persistence of

CAR-T cells in vivo and decreasing anti-tumoral effects over time with

resulting disease relapse (157). Relapse can occur either with antigen-

positive AML cells or accompanied by the phenomenon of antigen-

loss. An important mechanism leading to antigen-loss is the selection

of antigen-negative malignant clones through homozygous mutations

of the B-cell receptor complex, splicing or target mutations. Newly

developed, highly affine CAR-T cells have the ability to target even low

antigen-expressing cells (158) and overcome epitope masking. The

application of these T cells could help to target AML cells in patients

after allo-HSCT with relapsed disease due to immune escape (159).

To further enhance CAR-T-cell efficacy in AML, An et al. and

Leick et al. have shown positive effects of other fine-tuning approaches

of CAR-T cells like the targeted down-regulation of PI3K-d (160) and
the design of a non-cleavable hinge region (161). Current studies also

underline the potential use of unconventional T cells like invariant
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natural killer T cells and gd-T cells, since they can function without

HLA-signaling and possess natural anti-tumoral activity (162).

Naturally occurring mutations in target regions and molecular

resistance mechanisms as well as an immuno-suppressive,

leukemia-specific TME are further obstacles in effective CAR-T-

cell therapy for AML (119, 163). As CAR-T-cell therapy is currently

mostly investigated as a salvage therapy in relapsed or refractory

disease, decreased T-cell fitness could play a role in the performance

of CAR-T cells. In accordance with this, Vadakekolathu et al. have

recently highlighted T-cell exhaustion and senescence as well as

unique cellular signaling processes and chemokines as central

components of this immunosuppressive microenvironment (164).

This is supported by recent investigations into the role of ferroptosis

signatures that highlighted their role in the TME and T-cell

function (165). The effects of a functional T-cell immune

response in AML patients on therapy efficacy (166), as well as

clinical (167) and laboratory parameters (168, 169) are known.
3.3 Approaches to increase CAR-T
specificity

Another obstacle of adoptive cell therapy in AML is the

insufficient discrimination between healthy and malignant

myeloid cells through specific antigens. This can lead to

severe neutropenia and life-threatening infections due to

myelosuppression (170). To overcome this, innovative techniques

aim to increase the CAR-T-cell specificity in targeting malignant

myeloid cells and therefore reduce on-target-off-tumor effects.
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FIGURE 2

Escape mechanisms of AML cells after CAR-T-cell therapy. These include downregulation or loss of target antigen expression on tumor cells (A),
modification of the target antigen to escape recognition and binding by the CAR-T cell (B), and an immunosuppressive tumor microenvironment
(TME) (C). Through these mechanisms, AML cells avoid detection and lysis through CAR-T cells, thus limiting the therapeutic efficacy of CAR-T cells.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1285406
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Karsten et al. 10.3389/fimmu.2023.1285406
Furthermore, researchers aim to increase the chance of long-term

persistence of immunological tumor control.

To achieve these goals, researchers are employing multiple

methods. These include suicide switches (anti-CD20 agents

against CAR-T cells carrying CD20), logic gating (typically AND,

NOT, and OR) to improve target recognition, and the genetic

engineering of hematopoietic stem cells (HSCs) to reduce target

antigen expression on their surface (171). Specific logic gating

strategies have been proposed for anti-CD93 CAR-T cells (172)

and an IF-BETTER gate for the targeting of ADGRE2 and

CLEC12A (173).

So far, progress has been made in epitope-engineering with the

altering of CD123 expressed on HSCs while maintaining their

functional capabilities (174). Similarly, Casirati et al. have shown

success in engineering epitopes of FLT3, CD123 and KIT and

introducing these into CD34+ stem and progenitor cells resulting

in the maintenance of functional hematopoiesis and the eradication

of AML cells (175).. Another approach to sustain hematopoiesis is

the targeting of leukemia-specific signaling pathways like the newly

discovered IL33-ST2 interaction on myeloid leukemic stem cells

(176). Nelde et al. have recently investigated non-mutated and neo-

epitopes of common driver mutations of NPM1 and IDH2 shared

between AML cells and leukemic progenitor and stem cells. This

study further emphasizes the possible functional relevance of these

epitopes and their association with clinical outcomes (177).
3.4 Novel CAR-T platforms

From a clinical perspective, the management of adverse events

and therapy-associated risks is possibly more difficult due to the

high number of older AML patients. This could intensify several

adverse events including CRS, off-target-effects, and the risks

associated with myelosuppression such as life-threatening

infections (178).

To mitigate these risks, “suicide genes” have been implemented

into CAR-T cells. This approach aims to control the infused suicide

gene-modified CAR-T cells in vivo through its activation with a

nontherapeutic agent like rapamycin (179). Constructs like this can

lead to accelerated recovery of the patient’s immune system after

CAR-T-cell therapy as demonstrated for anti-FLT3 CAR-T

cells (180).

Wemke et al. have reported on first-in-human proof-of-concept

for rapidly switchable anti-CD123 CAR-T cells based on the

universal chimeric antigen receptor platform (UniCAR) that is

currently further investigated in a phase Ia trial. This platform

could allow for the sequential or parallel targeting of multiple target

antigens. So far, all three patients who have gone through the

treatment protocol in this study have experienced partial or

complete remission without dose-limiting toxicities (125). CAR-

constructs based on the UniCAR platform can be rapidly switched

off upon the occurrence of adverse events by withholding the

antigen targeting module. Ehninger et al. have shown the success

of this approach for the handling of ICANS after administration of

anti-CD123 CAR-T-cell therapy (181). These results are further

supported by the reports of Peschke et al. who have developed an
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anti-FLT3 UniCAR-T-cell product. They observed killing of AML

cells in vitro and in vivo in a murine xenograft model (182).

Nixdorf et al. have recently investigated the approach of using

the AdCAR platform to specifically target AML cells using three

adapter molecules targeting different antigens (CD33, CD123 and

CLL-1). In these ex vivo experiments, AdCAR-T cells could be

applied, targeted at one antigen, and later on re-targeted towards

another, achieving high anti-tumor activity (183). This approach

could address the problem of therapy-induced escape variants and

target downregulation on AML cells. Using the UniCAR or AdCAR

platforms, it could be possible to improve the management of CAR-

T-cell induced adverse events like CRS and ICANS by limiting the

exposure of CAR-T cells to their target antigen.

Overall, engineering CAR-T cells with mechanisms to reduce

their activity after infusion appears as a central innovation towards

making them a safer and more reliable therapeutic option. Novel

CAR-T platforms provide the basis for innovative approaches,

multi-targeting, and can help to address escape mechanisms and

adverse clinical events.
3.5 Combinatorial regimens

Another field of investigation is the combination of CAR-T cells

with established therapeutics like rapamycin (184), DNA

hypomethylating agents like azacytidine (185) or decitabine (186,

187), and anti-PD-1 antibody therapy (166). Combinations of novel

CAR-T-cell products with agents like chidamide and decitabine

have proven superior to mono-therapy in vitro (122).

Using CAR-T cells to “bridge” the time towards allo-HSCT or

in patients ineligible for allo-HSCT could help enhancing their

usability in AML patients (188, 189). Anti-CD83 CAR-T cells even

have the potential to be used in GvHD or AML relapse after allo-

HSCT (190). Similarly, the combination with other pharmaceuticals

might prove to be another therapeutic pathway (191, 192).

However, major concerns against using CAR-T cells as a salvage

therapy in AML relapse after HSCT include the occurrence of

cytopenia and the risk of GvHD as well as limited efficacy (193).

This may be due to increased T-cell exhaustion phenotype and a

depletion in absolute T-cell numbers as hypothesized by Jia et al.

using a newly developed Graft-versus-Leukemia (GvL) model in

AML. The authors highlight the possibility of enhancing T-cell

function in this model through the blockage of T-cell-inhibitory

pathways (194).

As has been shown, valproic acid has the capacity to increase

the cytotoxicity of anti-CD123 and anti-CLL-1 CAR-T cells against

AML cells in mice (195). Cummins and Gill have recently

highlighted the proposed advantages of either increasing antigen

expression through combinatorial treatment or investigation of

possible dose escalation schemes of the CAR-T-cell therapy (196).
3.6 Outlook

Despite disappointing progress in the field of immunotherapeutic

approaches in AML (197), the implementation of proteomics (198)
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and transcriptomics (199) in designing a more personalized CAR-T-

cell therapies holds promises. Single-cell sequencing offers the

possibility to investigate mutational changes across the DNA,

epigenetic and protein level (200). A recent review by Shahzad

et al. has investigated 10 clinical trials and 3 case reports, overall

calculating the response rate of patients with relapsed or refractory

AML to CAR-T-cell therapy at 49.5% (201).

Finally, novel production pipelines of CAR-T cells like

piggyBac-transposon-based technologies offer the possibility of

cost reduction and shortening of production cycles (202).

Approaches combining such transposon-based delivery systems

with CRISPR technologies have the potential to facilitate

allogeneic CAR-T-cell therapy through depletion of HLA-I and

the TCR on donor cells (203). It should be noted that the induction

of mutations and limited specificity restrict the utility of gene

editing technology (204).
4 Chronic myeloid leukemia

4.1 Current state of treatment

Chronic myeloid leukemia (CML) is a disease with malignant

transformation of myeloid precursor cells similar to AML. Unlike in

AML, targeted therapies have significantly improved the treatment

outcomes for CML using inhibitors of tyrosine kinases (TKI) –

enzymes that are pathologically activated in most of the CML cases

(205). Many patients can be treated safely and effectively with these

oral inhibitors. Severe cases with progression into the acceleration

phase or a potentially lethal blast crisis are relatively rare. Under

optimal therapy and comprehensive management of comorbidities,

patients can achieve a close to normal life expectancy (206).

However, there are patients that cannot be treated with TKIs,

experience insufficient therapy success or excessive side effects

(207). The current ultima ratio for CML patients is an allo-HSCT,

which makes use of the highly advantageous GvL effect. Adoptive

cell therapies could be employed as a salvage option for patients

with relapsing disease even after allo-HSCT (208, 209) or long-time

remission after TKI therapy (210).
4.2 Potential targets

In the past years, CD19 (211, 212), CD26 (213), CD38 (214),

and IL-1-Receptor-associated Protein (IL-1-RAP) (215) have been

investigated as potential target antigens for a CAR-T-cell therapy

approach in CML. IL-1-RAP is of pronounced interest as its

expression correlates with the formation of the Philadelphia

chromosome in CML cells (216) and is often expressed in

increased levels on malignant hematopoietic cells (217). CAR-T

cells targeting IL-1-RAP can be produced semi-automatically and

GMP-compliant since 2023 (218). In 2021, a digital droplet PCR

(ddPCR)-based method was established to monitor both anti-CD19

and anti-IL-1-RAP CAR-T cells (219) to accurately assess their

presence in vivo.
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4.3 Outlook

Zhang et al. have shown that the combination of anti-CD19

CAR-T-cell therapy with the TKI dasatinib can potentially provide

a curative therapy option even in the phenomenon of multilinear

disease with several lines of mutated cells present (220). While

several studies have shown substantial success in middle- to long-

term follow-up of treated patients, the current research landscape

on CAR-T cells focuses on other malignancies due to the success of

TKI therapy (221).

Future studies have the potential to establish CAR-T-cell

therapy as a valid and even potentially curative treatment option

for CML through the targeting of promising antigens like IL-1-RAP.

Especially patients refractory towards TKI therapy or after

progression to acceleration phase/blast crisis can profit from this

novel approach (222). Importantly, Jiang et al. have recently shown

the preserved functional capacity of CD4+ T cells in CML patients,

suggesting that this subgroup could be suitable for the generation of

CAR-T cells (223). Additionally, success in implementing novel

technologies like streamlined production processes and digital PCR

allow for an easier implementation of CAR-T cells into

clinical practice.
5 Chronic lymphocytic leukemia

5.1 Current state of treatment

Chronic lymphocytic leukemia (CLL) is a disease that primarily

affects patients over the age of 65 years and is the most common

type of Non-Hodgkin Lymphoma (NHL) in the western

hemisphere (224). Today, there are numerous treatment options

available for patients including monoclonal antibodies like

rituximab and obinutuzumuab (anti-CD20), the BCL-2 inhibitor

venetoclax, and BTK inhibitors (i.e. ibrutinib, acalabrutinib). Due to

these available and well-established therapeutics with very high

efficacy, research in CAR-T-cell therapy in CLL lacks behind that in

other hematological malignancies of comparable clinical

relevance (225).

Still, many patients develop a resistance towards established

therapeutics (226). Disease progression into a highly malignant

NHL (“Richter transformation”) remains a major issue (227)

despite significant progress in the understanding of its genetics

and mechanisms (228). Early results of phase I/II trials indicate a

possible role for CAR-T cells in prevention or treatment of Richter

transformation (229, 230), but highlight the importance of further

research in this approach (231). Research has further identified IL-

10, IL-6 and reduced levels of CD27+/CD45RO-/CD8+ T cells as

potential biomarkers for refractoriness to immunotherapy (232). In

contrast, IL-27 has been shown to boost CD8+ T-cell anti-tumor

activity against CLL and is decreased in the peripheral blood of CLL

patients (233). MALAT1 expression has recently been found to be

associated with an aggressive course of disease in CLL and may hint

towards previously not understood mechanisms of disease (234).
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5.2 Overcoming resistance mechanisms

A challenging aspect of immunotherapy in CLL is a

pathologically reduced immunocompetence. Main reasons for this

include an immuno-suppressive microenvironment generated by

malignant cells and systemic extracellular vesicles (235), changes in

immune-synaptic signaling (236), and disruptions in T-cell

metabolism (237). Additionally, Treg cells seem to disturb the

expression of CD62L and IL-4R on neutrophils, reducing their

natural immunological capacities in CLL models (238).

T cells of CLL patients frequently display an exhausted

phenotype and show increased expression of PD-1, CTLA-4,

TIGIT, CD160, and CD244 (239). Agarwal et al. have recently

demonstrated how the selective deletion of CTLA4 can enable

CD28 signaling in CAR-T cells targeting CD19 in CLL (240).

Epigenetic studies have highlighted changes in the profile of

cytokine secretion, reduced cytotoxic capacities, and exhaustion as

factors leading to reduced T-cell function in CLL (241). Possible

solutions include the application of allogeneic CAR-T cells that are

not affected by these defects or the combination with modulators of

epigenetic reading (242).

T-cell-focused studies have further indicated the CLL-

associated depletion of polyfunctional CD26+ T cells, which

represent another possible target for adoptive cell therapy (243)

and unique subsets and transcriptional signatures of T cells in CLL

patients (244). These pathological mechanisms can disrupt the

efficacy of CAR-T cells as well as their long-term establishment in

the recipient (Figure 3) (245).
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Specific T cells like Vg9Vd2 cells have been identified as a

central player in the TME and gd-T cells can be used as carriers of

anti-CD19 CARs (246–248). Investigations into different ways of

cultivating Vg9Vd2 cells and using them as cytotoxic agents are

showing promising results (249). Engineered gd-T cells have further

been shown to impact the TME and potentially show lower rates of

on-target-off-tumor effects (250). Donor-derived gd-T cells could be

another therapeutic option as they exhibit natural anti-tumor

activity (251). Another aspect of fine-tuning gd-T cells for

antitumor use includes the specific expression of chemokines like

IL-15 to increase longevity and tumor control (252).

Recently, receptors of the SLAM-family have been investigated

as central players of disease progression. So far, SLAMF3 and

SLAMF7 are in focus of CAR-T-cell research. However, these

approaches have been limited by fratricide induced by SLAMF-

targeting CAR-T cells (253).
5.3 Previous studies

CAR-T-cell therapy has been employed since 2011 for CLL

patients (254). While the first CAR-T-cell treated CLL patients have

shown both comprehensive as well as sustained responses (255,

256), this is not the case for all patients. Using a CD19-targeting

CAR-T-cell therapy (lisocabtagene maraleucel, initially approved

for DLBCL, PMBCL and FL), 45% of patients after multiple disease

relapses achieved a complete remission (257). In 2020, Cappell et al.

demonstrated a duration of response of over 3 years for 50% of CLL
A

B

D

E

F

C

FIGURE 3

Mechanisms impacting the efficacy of CAR-T-cell therapy in CLL patients. These include disruption of formation of the immunological synapse and
communication between an immune cell and a tumor cell (A), exhausted phenotype of CAR-T cells (B) and a reduced naïve compartment of T cells
(C). Additionally, patient-specific factors and comorbidities (D), an immunosuppressive tumor microenvironment (E), as well as systemic extracellular
vesicles (EVs) inducing exhaustion phenotype CAR-T cells with reduced anti-tumor efficacy (F) are important factors.
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patients treated with anti-CD19 CAR-T-cell therapy with a limited

prevalence of serious adverse events and a median event free

survival of 40.5 months (258).

Recently, Siddiqi et al. have reported a phase I/II study

investigating lisocabtagene maraleucel in 117 patients who had

previously experienced BTK-inhibitor therapy failure. The

investigators observed a complete response rate of 18% with 9%

of patients experiencing grade 3 CRS and 18% experiencing grade 3

neurological events. Overall, within 90 days after CAR-T-cell

infusion 5 treatment-emergent deaths were reported (259).

Detailed investigations into the kinetics of CAR-T-cell

persistence have shown correlations between the numbers of

CAR-T cells present in the peripheral blood and adverse events

like the occurrence of CRS (260). In line with these findings,

patients treated with anti-CD19 CAR-T-cell therapy for CLL have

experienced side effects like bacterial, viral, and fungal infections

due to myelosuppression similar to patients suffering from other

hematological malignancies (261). Through the comprehensive

analysis of 47 patients with CLL or Richter transformation

receiving anti-CD19 CAR-T-cell therapy, Liang et al. have

determined several factors associated with longer PFS. These

include peak CD4+ and CD8+ CAR-T-cell expansion, MRD

negativity and CAR-T-cell persistence (262).

Other studies underline the complex immune mechanisms

influencing the efficacy, survival and functionality of CAR-T cells

(263). Until today, CD19 is still the most comprehensively

investigated target antigen for CAR-T-cell therapies directed

against CLL (264). However, there have also been promising

results with the use of CARs targeting malignancy-associated k-
light chains (265), CD32b (266), the Fc m receptor (267), and Siglec-

6 (268) in CLL patients. Luo, Qie et al. have recently reported the

success of BAFF-R-targeted CAR-T cells even in CD19- cell

lines (269).
5.4 Outlook

Currently, CAR-T-cells are being investigated as part of an

integrated therapeutic algorithm including established lines of

therapy to maximize the percentage of patients being treated

optimally (270). Studies have shown favorable results for the

implementation of CAR-T cells into the therapeutic repertoire for

CLL through combination with PI3K-g-d inhibitors (idelalisib)

(271, 272), ibrutinib (273, 274), and lenalidomide (275). The

sequential application of BTK inhibitors and CAR-T cells seems

to provide synergistic effects in CLL treatment (276).

The combination of fludarabine and cyclophosphamide prior to

anti-CD19 CAR-T-cell infusion has been shown to improve CAR-

T-cell functionality and clinical outcomes, a phenomenon also seen

in other hematological malignancies (277). Studies suggest

favorable effects of these combinations on severe CAR-T-cell

associated side effects like CRS (278). Several advantages set

CAR-T-cell therapy apart from options like allo-HSCT: possibly

milder profile of adverse events, shorter duration of treatment, and

the prospect of long-term CAR-T-cell persistence and therefore

disease control (279).
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However, there is still a multitude of factors keeping CAR-T-cell

therapy from becoming a widely available and reliably applicable

therapy for CLL (280, 281). CAR-T-cell therapy could prove

especially viable for patients suffering from refractory or relapsed

disease, as well as those developing secondary malignancies or

suffering from intense symptoms (282). In a subset of patients,

CAR-T-cell therapy can offer a potential way to disease eradication

(283). Additionally, recent approaches like the killing of CLL cells

through targeting of the Lck-IP3R protein-protein interaction hint

towards other innovative methods of immunotherapy targeting in

CLL (284).
6 Classical Hodgkin-Lymphoma

6.1 Current state of treatment

Classical Hodgkin-Lymphoma (HL) is considered a highly

curable disease today. The majority of patients achieve deep and

long-lasting complete remission with standard therapy (285).

However, cases of refractory or relapsing disease still pose an

important problem (286). Furthermore, treatment-related

toxicities and side effects, especially in individuals over the age of

60 years, still prove life-threatening and therapy-limiting.
6.2 CD30 and the TME in HL

CAR-T-cell investigations in HL patients mainly focus on CD30

as a target antigen (287) due to the abundant expression on

malignant Hodgkin Reed-Sternberg cells and malignant B cells

(288, 289). Previously, this expression has successfully been

exploited through the antibody-drug conjugate (ADC)

brentuximab–vedotin (BV) targeting CD30 (290). CD30 plays an

important pathophysiological role in cell-morphology and

chromosomal instability (291). First phase I and II trials utilizing

anti-CD30 CAR-T cells showed substantial success in heavily pre-

treated patients with an overall response rate of 39-72% and mostly

tolerable side effects (292, 293).

Since these initial clinical trials, the RELY-30 study has shown

further improvements in the safety profile and efficacy of anti-CD30

CAR-T-cell therapy but also limited durability of responses with

36% 1-year PFS and additional relapses occurring after this point of

time (294). Kim et al. have also reported a decrease or loss of CD30

expression in relapse after targeting through different modes of

immunotherapy (295).

Since recent research has highlighted the importance of the

TME in HL, it has become a target of CAR-T-cell therapy

approaches (296, 297). Studies have investigated CAR-T-cell-

mediated targeting of CD19 (298) and CD123 (299) to influence

the TME of HL cells and induce a long-lasting immune response to

lymphoma cells. These substances could potentially be combined

with anti-CD30 CAR-T cells to achieve synergistic effects (300).

Such an effect has been shown in vitro for the combined targeting of

CD30 and CCR4 (301). The varying persistence of CD30 expression

on malignant cells could mean that antigenic escape is unlikely to
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occur in CAR-T-cell therapy (302). Like CD30, the expression and

signaling of PD-1 and PD-L1 is highly characteristic for Hodgkin

Reed-Sternberg cells and could prove a valuable target in HL

patients (303).
6.3 Outlook

Since CD30 has already been shown to be a potentially

targetable structure, CAR-T-cell research for HL focuses on

optimization of lymphodepletion regimens (304), improvement

and high-precision engineering of CAR-T cells (305, 306), and

the development of combinatorial regimens (307) with agents like

PD-1 inhibitors (308) or allo-HSCT (309). Thereby, CAR-T-cell

therapy can provide a path for refractory patients after BV and

checkpoint-inhibitor therapy who lack clear and defined therapy

options in current guidelines (310). Recent results from the

CHARIOT trial have shown a generally safe side effect profile for

CAR-T-cell therapy in a cohort of heavily pretreated HL

patients (311).

More clinical trials are needed, but anti-CD30 CAR-T-cell

therapy could prove to be a new tool in the treatment arsenal in

HL. It can provide an option for patients insufficiently responding

to conventional therapy (312). Reduction of toxicities, optimization

of CAR-design and combination regimens with other therapeutic

agents are further areas of promising research (313). The

integration of technologies like mass cytometry, single-cell RNA

sequencing, and monitoring of circulating tumor DNA promise

more detailed insights into the pathophysiology of HL and potential

new molecular targets (314).
7 Burkitt-Lymphoma

7.1 Current state of treatment

Burkitt-Lymphoma (BL) is a highly aggressive NHL and

commonly found in children and adolescents. BL cases are

categorized accordingly to their etiology into endemic, sporadic,

and immunodeficiency-associated (315). Long-term remission

through high-intensity chemotherapy is achieved in over 90% of

pediatric but only 75-85% of adult patients (316).

The application of intense chemotherapy regimens in adult

patients is especially limited by the occurrence of toxic side-effects.

Treatment failure among adult patients is common and occurs in

up to 35% of patients (3-year PFS of 64%) (317). Thus, new and

comprehensive treatment options for refractory and relapsed

disease as well as for special patient cohorts are needed.
7.2 Current research

Case reports have shown considerable success in the treatment

of relapsed and refractory BL cases (318–327), mostly utilizing

CAR-T-cell therapies targeting CD19. These reports include both

adult and pediatric BL cases and show substantial therapeutic
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responses in both patient groups. Despite this success, a recent

case series by Geerts et al. has also shown a case of BL disease

progression and patient death despite objective CAR-T-cell

expansion in vivo and adequate management of side effects (CRS

grade 2) (328). A recent case report has highlighted the possibility of

using unedited HLA-matched allogeneic CAR-T-cells, in this case

directed against CD20 and CD22, for the treatment of BL. Due to

persistent pancytopenia, the patient also received an allo-HSCT

from the same donor 55 days after application of the CAR-T-cell

therapy (329).

Hsieh and Rouce have comprehensively compiled three major

targets of research to make CAR-T-cell therapy usable in Burkitt-

Lymphoma and other pediatric hematologic malignancies: Tackling

the immunosuppressive TME, antigen escape mechanisms, and

optimizing CAR-T-cell efficacy and functionality (330). This was

further refined by the ACCELERATE study group to resistance

mechanisms, best tumor targets, possibilities of double-/triple-

targeting, and the evaluation of CAR-T-cell therapy in the context

of T-cell engagers, ADCs, and autologous HSCT (Figure 4) (331).

To tackle these challenges, Laurent et al. have employed high-

resolution investigations into the phenotype of post-CAR-T-cell

therapy cancers and have shown a highly variable decrease of one or

more B-cell markers in relapsed patients (332). These findings

indicate extensive genetic changes, remodeling and acquired

mutations in PI3K- and KRAS-pathways, leading to an impaired

B-cell differentiation.
FIGURE 4

Research approaches for making CAR-T-cell therapy useable for
Burkitt lymphoma as defined by the ACCELERATE study group.
These are the identification of novel target antigens and the
repurposing of those already in use for other hematologic
malignancies, multi-targeting CAR therapy to prevent antigen
escape as currently employed with CD19, CD20, and CD22.
Furthermore, CAR-T-cell therapy needs to be evaluated in the
context of combinational therapies e.g. sequential autologous HSCT,
T-cell engagers (TCEs), and antibody-drug conjugates (ADCs).
Challenging resistance mechanisms that need to be overcome
include the downregulation of targeted antigens, structural changes
in these antigens or the switch of myeloid linages.
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7.3 Combinatorial regimens

In line with these laboratory findings, Du et al. reported

promising outcomes of a pediatric patient treated sequentially

with anti-CD19, -CD22 and -CD20 CAR-T cells (319). This was

expanded upon by Zhang et al. in a clinical trial with 5 pediatric

patients each achieving complete remission through the sequential

application of anti-CD19, anti-CD22 and anti-CD20 CAR-T cells,

depending on histological tumor staining analyses (333). In the

largest trial of its kind in 2022, Liu et al. treated 23 patients with up

to 4 cycles of CAR-T-cell-therapy: 23 with anti-CD19, 13 of those

with anti-CD22, 6 of those with anti-CD20, and 1 patient with a

second anti-CD19 CAR-T-cell therapy (334). Over the course of the

four therapy cycles, 18 of 23 patients achieved complete remission

and 4 patients died due to rapid disease progression or CNS

involvement with intracranial mass progression.

Further studies have investigated the combination of anti-

CD19/CD22 CAR-T-cell therapy with allo-HSCT (335) and

showed an overall survival rate of 55.6% in a cohort of heavily

pretreated r/r BL patients. The investigators highlighted the

beneficial effects of early initiation of CAR-T-cell therapy in

combination with allo-HSCT. There is evidence that CAR-T-cell

therapy could also play a valuable role in bridging BL patients

towards allo-HSCT (336). Conversely, established therapeutic

approaches like radiation therapy are also investigated as possible

bridges towards CAR-T-cell therapy with the goal of reducing

tumor load in high-risk patients (337).

Like in other hematological malignancies, the combination of

established therapeutic agents with CAR-T-cell therapies is being

investigated in BL patients. This includes the histone deacetylase

inhibitor romidepsin that induced BL cell death in vitro and in vivo

mouse models when combined with anti-CD20 CAR-T cells (338).
7.4 Outlook

Translational approaches in CAR-T-cell design also include

targeting of EBV-associated structures like the abundantly found

gp350, as EBV-infection is frequently associated with BL (339). In

vivo studies in mouse models have so far shown limited success in

reducing EBV DNA load, tumor development and growth, and

inflammation parameters (340, 341). Further CAR-T-cell targets to

combat EBV in lymphoma tissue include latent membrane proteins

LMP1 and LMP2 (340), and Gb3 (342).

In conclusion, Burkitt-Lymphoma appears to be a promising

target for CAR-T-cell therapy. Especially the availability of CD30 as

a potential target, the possibility of employing sequential regimens

of CAR-T cells targeting different B-cell markers and substantial

response rates in initial clinical trials may provide hope for the

successful treatment of patients with relapsed or refractory disease.

Future research could offer the possibility of establishing CAR-T-

cell therapy in the context of other established therapeutics, and

larger and more diverse patient cohorts.
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8 Hairy cell leukemia

8.1 Current state of treatment

Hairy cell leukemia (HCL) is an uncommon type of B-cell NHL.

It rarely presents in a prolymphocytic, more aggressive variant

known as HCL-v. Both diseases can be controlled through

established therapy regimens including cladribine and

pentostatine as first-line therapies. More than 95% of patients can

be treated adequately with these therapies (343).

However, nearly 50% of all patients encounter disease relapse

within 10 years, often being unable to undergo first-line treatment

again due to novel mutations that induce resistance and the need for

more intensive therapeutic approaches (344). Currently, proposed

therapeutic options for r/r HCL include BRAF-inhibitors, BTK-

inhibitors and immunotherapy targeting CD22 (345). Further,

HCL-v patients are faced with inferior outcomes after standard

therapy lines (346). HCL can also arise from Richter-

transformation of CLL, a rare occurrence without defined

therapeutic pathways (347). Therefore, these patient groups can

potentially benefit from CAR-T-cell therapy (348).
8.2 Potential targets

A challenging aspect of CAR-T-cell therapy targeting HCL/-v is

the diverse expression profile of surface antigens on malignant cells.

While HCL cells usually express CD103, CD123, CD25, and CD11c

abundantly, other markers that have been targeted in other CAR-T-

cell trials like CD5, CD26 or CD38 are expressed very

heterogeneously (349). This is an additional difficulty in

differentiating HCL from other hematological malignancies and

can be addressed by technologies like flow cytometry (CD5, CD200)

(350, 351). Bhatti et al. have reported on 10 HCL cases with all of

them expressing CD11c, CD19, CD20, CD22, and CD123 (352).

HCL-v is often characterized by lower expression of CD25 and

CD123 (353). Furthermore, there are reports of CD10+/- biclonality

(354), CD103- cells (355), variable expression of CD123 on HCL-v

cells (356), or cases with expression of both CD38 and CD10 (357).

Maitre et al. have recently approached this problem through a

comprehensive gene expression analysis that could provide the

basis for identification of novel therapeutic targets (358). Another

potential target is ROR1 (359), already investigated for therapeutic

use in patients with CLL, MCL, and ALL (360). Current research

has also shown success in utilizing anti-CD22 immunotoxins,

proving this could be another experimental target of HCL/HCL-v

CAR-T-cell therapy (361).
8.3 Outlook

Overall, CD123 and more established CAR-T-cell targets like

CD19/20/22 are the most promising targets for CAR-T-cell therapy
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in HCL (362, 363). The generally low and at best variable expression

on the cells of the aggressive HCL-v is an important problem

keeping CAR-T-cell therapy from being implemented for the most

pressing cases of HCL. This can be addressed through

comprehensive analysis of antigen expression and diagnostics,

establishment of sequential therapy regimens and further research

into novel HCL-specific target antigens. According to current

knowledge, a full flow cytometric HCL/-v panel could include

CD5, CD10, CD11c, CD19, CD20, CD22, CD25, CD26, CD38,

CD103, CD123, and CD200 to comprehensively assess marker

expression and individual therapy options.
9 Waldenström’s macroglobulinemia

9.1 Current state of treatment

Waldenström ’s macroglobulinemia (WM), also called

Lymphoplasmacyt ic Lymphoma, is an indolent NHL

characterized by infiltration of multiple malignant lymphocytic

cells (plasma cells, plasmacytoid lymphocytes, lymphocytes) into

the bone marrow (364). These cells secrete monoclonal IgM and

show constitutive B-cell activation signaling (365). WM is

commonly treated with immune-chemotherapy or BTK-

inhibitors. These therapy lines often lead to remission but either

induce significant side effects (ICT) or necessitate constant therapy

(BTK-inhibitors) (366).

Currently available therapies are not curative for WM and no

consensus on the adequate treatment of relapsed or refractory

disease exists. Main therapy regimens include toxicity- and

progression-free-oriented application of differential therapy lines

(367, 368). Ahmed et al. have shown how diverse factors like

complex karyotype and refractoriness to multiple lines of therapy

significantly impact prognosis after auto-HSCT. Patients receiving

auto-HSCT still experience disease relapse in 46% of cases (369).
9.2 Potential targets

Palomba et al. have reported the treatment of three patients

using anti-CD19 CAR-T-cell therapy and clinical remission in all

patients but also disease recurrence 3 – 26 months after infusion

(370). Another case report has shown more promising results in a

patient suffering from histologically transformed disease after

treatment with anti-CD19 CAR-T-cell therapy. The patient

reached complete remission and remained in this state for 12

months up to the publication of the case (371).

Other investigated targets include NF-kB and MALT1.

However, their usability for CAR-T-cell therapy has not yet been

explored (372). CD40 is another promising target since it plays a

central role in shaping the TME and has an impact on WM cell

growth (373). Qiu et al. have recently proposed several distinct cell

lines in WM patients with a rare entity of CD3+/CD19+ cells with

“stemness” features (374). This cellular distinct and potentially

crucial subgroup could be a central target to effectively combat
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WM since CD19 is an established target antigen of CAR-T-cell

therapy in other diseases.

BCMA, the target antigen of currently approved CAR-T-cell

therapies in Multiple Myeloma has also been shown to be elevated

in the blood ofWM patients (375). CD5 is expressed in up to 50% of

WM cases and could be a CAR-T-cell target in these patients (376).

Kaiser et al. have recently highlighted the role of CXCR4 in WM

and its possible use as a therapeutic target (377). Additionally,

CD138 has recently emerged as a potentially identifying feature of

WM tumor cells, associated with IgM peaks and MYD88 mutations

(378). Recent research has shown the role of nanoscale organization

of CARs and TCRs for CAR-T cells targeting CD138 with yet

unknown consequences (379). Future investigations can determine

whether these structures are suitable targets for CAR-T-cell therapy

in WM.
9.3 Outlook

Despite the limited research conducted so far in the field of

CAR-T-cell therapy in WM, the success of treating CLL with anti-

CD19 CAR-T cells sparked hope to translate these findings (380).

This hope is supported by recent investigations, indicating that T-

cell number, distribution, and functionality in WM patients are

conserved, in contrast to CLL patients (381).

Still, other potentially WM-specific targets could prove to be

even more suitable. Intra-tumor heterogeneity is of particular

interest in WM as it increases the difficulty of defining targets

sufficiently broadly expressed on tumor cells (364). Especially young

patients, who might tolerate the potential side effects of a CAR-T-

cell therapy better, could profit from the curative therapeutic

approach (382).
10 Discussion

10.1 Common challenges and approaches

In this review, our objective was to outline the potential uses of

CAR-T-cell therapy in emerging indications that extend far beyond

the hematologic diseases currently approved for treatment. We have

discussed the use of targets already established in different

malignancies, the identification of novel targets, and innovative

approaches of defining these.

In a recent review, Mishra et al. have highlighted antigen loss

after CAR-T-cell therapy as a major driver of treatment failure and

compiled several main reasons: Genetic alterations of antigens,

epigenetic modifications (methylation), development of

immunosuppressive escape mechanisms, clonal selection of

antigen-negative subclones, and antigen shedding into the TME

(383). Current research focuses on many of these mechanisms to

enhance and sustain CAR-T-cell functionality in vivo (384).

While many of the diseases we have addressed are already

approachable with currently available therapies, none of them

provide comprehensive treatment options to refractory or
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relapsed disease status. CAR-T cells have the potential to fill this gap

and provide a potential curative treatment option in many currently

incurable hematologic malignancies (385).
10.2 Integration of CAR-T-cell therapy into
clinical practice

While the potential side effects and costs of the technology still

hinder its extensive implementation into clinical practice, these

problems are being tackled and are expected to be resolved or at

least substantially improved in the near future (386, 387). To make

these advances available to patients and employ them for

improvement of care, CAR-T-cell therapy needs to be

economically feasible, inclusive, and access for all patient groups

must be ensured (388–390). A recently proposed approach to these

requirements is the “Cocoon Platform” by Lonza (Basel,

Switzerland) (391). A distinct advantage of CAR-T-cell therapy

over currently available treatment options such as tyrosine-kinase

inhibitors is that patients may experience sustained long-term

remissions after one single CAR-T-cell therapy and therefore are

spared the burden of continuous treatment regimens (255).

Further research highlights the potential application of CAR-T-

cell therapy in the context of combinatorial, bridging or sequential

treatment modalities. These types of regimens have been

implemented into clinical practice for a long time and promise a

personalized and highly refined therapeutic approach for each

individual patient. In comparison to this, several research

approaches highlight the possibility of establishing multi- or

“pan-leukemic” targets (392, 393). A promising candidate is

CD45, which has recently been investigated in an epitope base

editing approach. Through this modification, Wellhausen et al.

were able to design cells with the ability to engraft, persist and

differentiate in an in vivo model and were not attacked by anti-

CD45 CAR-T cells. This effect could be shown for models of AML,

B-cell lymphoma and T-ALL (394).

The recently developed YTB323 CAR-T-cell therapy, based on

the anti-CD19 tisagenleucel, is another particularly promising

approach. Through the novel T-Charge manufacturing platform,

this therapy can be provided to patients within less than 10 days

after leukapheresis (395). Potential benefits include an enhanced

clinical safety profile, high response rates and preservation of a

higher T-cell stemness. This final aspect is assumed to play a major

role in CAR-T-cell functionality and survival (396).

Future research is urgently needed to expand upon our current

knowledge of the applicability of CAR-T-cell therapy in other

diseases and particular clinical courses. Clinical research needs to

include currently underrepresented disease groups into CAR-T-cell

trials to broadly establish them in the clinical practice (397).
10.3 The role of AI in CAR-T-cell research

Artificial intelligence (AI) and machine learning (ML) are two

of the most fascinating topics in the currently evolving medical
Frontiers in Immunology 14120
research landscape (398). Their effect on multiple disciplines cannot

yet be reliably estimated but early reports hint towards their

relevance in tackling biological and structural challenges (399).

Because of an intense attention to the topic, hematologic research

is also investigating potential uses of the technologies in the

diagnosis and treatment of hematologic malignancies.

In fact, there are several areas of CAR-T-cell therapy in which AI

and ML can benefit patients and clinicians. One key example might

be the prediction and assessment of adverse events like CRS (400–

402). Since early detection of an overbearing immune response is of

critical importance to adequately support patients, this could prove

beneficial to improve clinical outcome and therapy management.

Similarly, AI models can assess clinical parameters for their

prognostic value and predict long-term outcome (403). This

includes the close investigation of the crosstalk between CAR-T

cells and the human gut microbiome, a challenging task that

requires the collection, curation and handling of large datasets (404).

Identification of possible targets for CAR-T-cell therapy

represents another excellent challenge to be solved by AI.

Through multi-OMIC approaches, researchers have a previously

unknown amount of data at their disposal to investigate potential

targets for CAR-T-cell therapy (405). ML algorithms can aid in

filtering, clustering, and interpreting these data to assess

neoantigens or design TCRs (406, 407). Through the

implementation of multi-dimensional ML algorithms it is possible

to investigate large datasets on CAR-T-cell phenotype (408) as well

as correlations between cellular and clinical data (409).

As the production of CAR-T cells is highly elaborate and

requires multiple complex steps as well as close monitoring and

data collection for quality and process control, researchers are

employing AI to determine optimal production conditions and

workflows (410–412). Similar approaches have shown success in

other biological production systems. Since the clinical performance

of CAR-T-cell therapy is highly dependent on the quality of its

production, previous promising results in improving cell culture

and expansion can hopefully be translated to similar processes in

CAR-T-cell technology (413).

Gil and Grajek have recently outlined potential applications of

AI in CAR-T-cell therapy. These include: Improvement of

lymphodepletion regimens, identification of novel target antigens,

designing of new therapeutic molecules, and the construction of

predictive clinical models based on biomarkers, antigen loss, TME

and T-cell phenotype (414). Furthermore, AI can aid in the

improvement of gene editing technologies employed for CAR-T-

cell design, the combination of currently separately tested

approaches (expression of cytokines or transcription factors), and

the screening of large CAR-T-cell libraries (415).

In conclusion, AI can potentially address a number of the most

pressing issues in the application of CAR-T-cell therapy for

hematologic malignancies. Both clinical as well as experimental

problems can potentially be approached through AI and ML,

especially to harness large datasets, predict novel designs, and

improve high-precision workflows. This decade of CAR-T-cell

and AI research will show if the technology can live up to

these expectations.
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(2023) Advancing CART therapy for acute
myeloid leukemia: recent breakthroughs
and strategies for future development.
Front. Immunol. 14:1260470.
doi: 10.3389/fimmu.2023.1260470

COPYRIGHT
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Haematology, Institut Clínic de Malalties Hematològiques i Oncològiques (ICHMO), Hospital Clı́nic de
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Barcelona, Barcelona, Spain, 7Hospital Sant Joan de Déu, Universidad de Barcelona, Barcelona, Spain
Chimeric antigen receptor (CAR) T therapies are being developed for acute

myeloid leukemia (AML) on the basis of the results obtained for other

haematological malignancies and the need of new treatments for relapsed and

refractory AML. The biggest challenge of CART therapy for AML is to identify a

specific target antigen, since antigens expressed in AML cells are usually shared

with healthy haematopoietic stem cells (HSC). The concomitant expression of

the target antigen on both tumour and HSC may lead to on-target/off-tumour

toxicity. In this review, we guide researchers to design, develop, and translate to

the clinic CART therapies for the treatment of AML. Specifically, we describe what

issues have to be considered to design these therapies; what in vitro and in vivo

assays can be used to prove their efficacy and safety; and what expertise and

facilities are needed to treat and manage patients at the hospital.

KEYWORDS

acute myeloid leukemia, chimeric antigen receptor, myelotoxicity, hematologic
toxicity, cytopenia, on-target/off-tumor toxicity
1 Introduction

1.1 History of cancer immunotherapy

The beginning of cancer immunotherapy can be traced back to William Coley, often

hailed as the pioneer of this field. In 1891, Coley embarked on a groundbreaking endeavour

to stimulate the immune system as a means to treat sarcoma patients. This involved

injecting heat-inactivated Streptococcus pyogenes and Serratia marcescens to these patients

(1). However, it was not until the last century that several breakthroughs in

immunotherapy, including the development of monoclonal antibodies, the utilization of
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cytokines, oncology vaccines, and the introduction of immune

checkpoint inhibitors (such as CTLA-4 and PD-1) (2), along with

the adoptive cell therapy, catapulted immunotherapy into becoming

the most promising approach for cancer treatment.

The first foray into cell immunotherapy against cancer occurred

with the introduction of allogeneic stem cell transplantation in 1957

by E. Donall Thomas. Leukaemia patients were treated with

intravenous infusion of bone marrow from healthy donors,

inducing the “graft-versus-leukemia” effect (3, 4). A significant

stride in adoptive cell therapy (ACT) occurred in 1986 when Dr.

Rosenberg and his team described the use of tumour infiltrating

lymphocytes (TILS) from melanoma patients. These TILS were

isolated from melanoma surgical specimens, expanded in vitro with

IL-2 for several weeks, and subsequently reintroduced into

melanoma patient, resulting substantial tumour regressions (5).

In subsequent years, two different groups (Kuwana Y, et al.

from Japan and Gross G, et al. from Israel) described the concept

of covalently linking the antibody’s variable domains (VL, VH) to

the TCR constant regions (Ca, Cb), thereby activating T cells in

an HLA-independent manner (6, 7). Subsequently, Eshhar et al.

and Brocker T, et al. independently designed a construct
Frontiers in Immunology 02132
composed of a single-chain variable fragment (scFv) of an

antibody linked to the signalling z or g chain of the T-cell

receptor (TCR), allowing the entire expression in one molecule,

thus generating the first CAR molecule (8–11). Since this initial

CAR design, numerous generations of CAR molecules have been

developed (section 1.2).

Today, CAR molecules are synthetic chimeric receptors

comprising an extracellular antigen-binding domain derived from

an antibody and the intracellular signalling domain of the TCR.

CART therapy involves modifying T cells to express CARs that

recognize a specific antigen expressed on the surface of malignant

cells and exert a cytotoxic effect towards them in an HLA-

independent manner. Autologous T cells are isolated from the

patient’s blood by leukapheresis, activated, genetically engineered

ex vivo to express the CAR on their surface, and expanded in close-

manufacturing bioreactors. After obtaining and characterizing the

cell product, these cells are frequently cryopreserved. To ensure the

engraftment of CART cells, patients usually undergo a

lymphodepleting chemotherapy prior to CART infusion

(Figure 1). Finally, they are infused into the patient to specifically

kill cancer cells expressing the target antigen (Figure 1) (12, 13).
FIGURE 1

Steps required for CART therapy. First, T cells are isolated from the patient blood by leukapheresis. Second, they are activated and genetically
engineered ex vivo to express the CARs on their surface. Third, they are expanded in close-manufacturing bioreactors, while patient undergoes
lymphodepleting chemotherapy. Finally, CART cells are re-infused into the patient, where they exert specific cytotoxicity towards tumour cells.
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1.2 CAR structure

CAR molecules are synthetic chimeric receptors characterized

by three distinct domains: the extracellular antigen-binding

domain, the transmembrane domain, and the intracellular CD3z
signalling chain of the TCR (11, 14, 15) (Figure 2).

The extracellular domain is composed of a scFv. This is the

domain that recognizes the antigen expressed on the surface of

target cells. The scFv is a fusion protein that combined the variable

region of a the heavy (VH) and the variable region of the light chain

(VL) of an immunoglobulin, fused by a linker that confers its

flexibility (16). Typically, it is derived from a murine antibody,

although it can also be humanized or even fully human (e.g.

originating from transgenic mice or a phage-display library) (17).

The latter options may be preferred in certain circumstances over

murine scFv as the latter can potentially lead to immunogenicity.

However, disparate data have been reported about the

immunogenicity induced by CART therapy (18–20). Some

patients may develop a humoral anti-CAR response, the so-called

HAMAs (human anti-mouse antibody) (21), which have been
Frontiers in Immunology 03133
reported to potentially reduce the persistence and cytotoxic effect

of the CART cells (22, 23). Nevertheless, other groups using the

commercial CART anti-CD19 tisagenlecleucel did not observe any

reduction in CART expansion, persistence or efficacy due to

HAMAs (24).

The spacer or hinge connects the extracellular and the

transmembrane domains, providing flexibility to the scFv and

enhancing the interaction between the CAR and the target cell

(25). Additionally, its length can influence the functionality of the

immunological synapse (26). The transmembrane domain is

embedded in the cellular membrane linking the extracellular and

intracellular domains of the CAR. Both the hinge and the

transmembrane domain are typically derived from either CD28,

CD8 (T-cell surface glycoproteins) or Immunoglobulin G

(IgG) (27).

Depending on the intracellular domain employed, in

accordance with their evolutionary trajectory, five generations of

CARs can be discerned, (Figure 2). The intracellular CD3z chain

from the TCR complex (signalling domain) is a common feature

across all CAR versions. It initiates the first signal for T-cell
FIGURE 2

Structure of different CAR constructs. (A) CARs have three domains: an extracellular, a transmembrane, and an intracellular domain. The extracellular
domain (blue) consists of a single chain variable fragment (scFv) formed by the variable region of a heavy chain (VH) and that of a light chain (VL)
derived from an immunoglobulin, both connected by a linker. A hinge connects the extracellular domain to the transmembrane domain (grey). The
intracellular domain consists of a signalling domain (green) and several possible costimulatory domains (orange, red, yellow, brown), such as 4-1BB
or CD28. Five generations of CART cells varying in the number and type of costimulatory domains are represented in section (A, B). Safety strategies
(B) include the use of suicide genes e.g., herpes virus thymidine kinase (HSV-tk) in combination with ganciclovir (GCV), dual CART cells, and
inducible CART cells using SNIP mechanism. JAK/STAT3/5, janus kinase-signal transducer and activator of transcription pathway; NFAT, nuclear
factor of activated T cells; SNIP, Signal Neutralization by an Inhibitable Protease; TRAC, T-cell receptor alpha constant; TRUCKs, T cells Redirected
for Universal Cytokine Killing.
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activation (22, 28). First-generation CARs rely only on this domain

to promote the activation of CART cells, which does not ensure

sustained cytotoxic activity in vivo. Consequently, second and third

generations of CARs were engineered with one or two additional

costimulatory domains, respectively, incorporating the second

costimulatory signal requisite for T lymphocyte activation. These

augment activation levels, efficacy against target cells and

persistence of the CART cells in vivo (29, 30) (Figure 2). The

most frequently employed costimulatory domains are CD28 (31)

and 4-1BB (CD137) (32), although others like ICOS, OX40, CD27

or DAP-12 have also been utilized (15). Clinical findings indicate

that CARs with a CD28 domain lead to greater T-cell activation,

while those with a 4-1BB domain result in enhanced persistence in

vivo (33–35).

Fourth-generation CARs also produce and secrete transgenic

proteins, such us cytokines like interleukin 12 (IL-12) under the

control of the nuclear factor of activated T cells (NFAT) (15, 36).

Cytokine secretion can either improve the activation of CART cells

or diminish the immunosuppressive tumour microenvironment,

thereby increasing their survival and persistence. This, in turn,

translates into a higher cytotoxicity over an extended period in

preclinical models (37). Fourth-generation CARs are also referred

to TRUCKs: T cells Redirected for Universal Cytokine Killing (37).

Finally, consensus is lacking regarding what constitutes a

“fifth-generation”. In fact, next-generation CART cells come in

at least two flavours. The first option involves a signal from a

truncated cytoplasmatic cytokine receptor, such as IL2Rb, which
activates the JAK-STAT3/5 pathway. These CART cells have

three immune activation signals – TCR activation by the CD3z,
the costimulatory signal (typically 4-1BB or CD28) and the

cytokine signal through IL2Rb (38). The second option entails

gene-edited CART cells, for instance, with inactivation of the T-

cell receptor alpha constant (TRAC) gene via CRISPR-Cas9, to

prevent TCR expression for donor-derived allogeneic CART cells

(39) (Figure 2A).

CAR construct modifications focusing on safety will be

discussed in more detail later. Briefly, there are several strategies

that employ a suicide gene or express an antigen on the CART cells.

This allows for the targeting of CART cells by approved antibodies,

inducing antibody-dependent cell-mediated cytotoxicity (ADCC)

and enabling the elimination of CART cells in cases of severe

toxicity (40) (Figure 2B). Other strategies to enhance CART safety

involve engineering them to exert a cytotoxic effect only when more

than one target antigen is detected (e.g., dual CART cells) or

conditionally expressing CAR molecules, such as Signal

Neutralization by an Inhibitable Protease (SNIP) (41) (Figure 2B).
1.3 Clinical approved CART products

The initial successful clinical outcomes of CART cells were

simultaneously reported by three distinct institutions: 1) the

National Cancer Institute (NCI) (42), 2) the Memorial Sloan-

Kettering Cancer Center (MSKCC) (43) and 3) the University of

Pennsylvania (UPenn) (44). Various second-generation CART

therapies targeting the CD19 antigen were developed and assessed
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in patients. The NCI group treated a patient with advanced

follicular lymphoma, resulting in a partial response and B-cell

aplasia after CART treatment (42). At MSKCC Hospital, nine

patients diagnosed with refractory chronic lymphocytic leukemia

(CLL) or relapsed B-cell acute lymphoblastic leukemia (B-ALL)

were treated with CART therapy, demonstrating both safety and

promising therapeutic potential (43). Meanwhile, UPenn reported

the initial complete response of patient with refractory CLL treated

with anti-CD19 CART therapy (44).

Since then, six CART therapies have received approval from the

U.S. Food and Drug Administration (FDA) (Figure 3). Among

them, four of them are CART cells targeting the B-cell antigen

CD19: tisagenlecleucel (Kymriah) (45), axicabtagene ciloleucel

(Yescarta) (46), brexucabtagene autoleucel (Tecartus) (47), and

lisocabtagene maraleucel (Breyanzi) (48). The remaining two

target the B-cell maturation antigen (BCMA): idecabtagene

vicleucel (Abecma) (49) and ciltacabtagene autoleucel (Carvykti)

(50). CD19-directed CART therapies are approved for treatment of

patients with relapsed or refractory (R/R) B-ALL and B-cell

lymphomas; while BCMA-directed CART therapies are indicated

for R/R multiple myeloma (MM). All approved CART products

express second-generation CARs, with either a 4-1BB or CD28

costimulatory domain. The majority of approved products employ a

murine scFv with the exception of ciltacabtagene autoleucel, which

utilizes a 2-epitope binding camelid. The different domains utilized

in each CAR, including the hinge and TM domains, are illustrated

in Figure 3. Additionally, there is the option of clinical application

via a clause known as Hospital Exemption, as exemplified by

varnimcabtagene autoleucel for the treatment of adult patients

with R/R ALL in Spain (51).
2 Design of CART therapy for AML

2.1 State of the art of AML treatment

Acute myeloid leukemia (AML) is a heterogeneous neoplasm

characterized by uncontrolled clonal expansion of transformed

immature haematopoietic precursors, often associated with

recurrent genetic alterations (52, 53). Its incidence is

approximately 4.2 cases per 100,000 habitants, with a median age

of presentation of 68 years, although it can be manifest at any age

(54, 55).

For patients eligible for intensive treatments, chemotherapeutic

agents remain the therapy of choice, typically including cytarabine

and anthracyclines in most cases. However, new drugs are

progressively being introduced. For patients who are not eligible

for intensive treatments, novel active low-intensity regimens have

been emerged and provide meaningful antileukemic activity. These

include the combination of the bcl-2 inhibitor, venetoclax, with

hypomethylating agents or low-dose cytarabine, as well as the

isocitrate dehydrogenases 1 (IDH1) inhibitor, ivosidenib, for

AML cases harbouring an activating mutation in this metabolic

gene (56, 57). Nonetheless, none of these therapeutic approaches

lead to complete leukemia eradication, and most patients will

experience a clinical progression after several cycles.
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Allogeneic haematopoietic stem-cell transplantation (allo-HSCT)

has been a pivotal procedure for non-favourable risk AML, due to its

potential to eliminate residual leukemic cells through the graft-versus-

leukemia (GvL) effect (58, 59). Relapsed or refractory (R/R) AML

presents a frequent and challenging scenario, occurring in 40-50% of

younger patients and even more frequently in older individuals. A

standard treatment protocol for these patients is still lacking and survival

is poor, with an overall survival rate of 10% at 5 years (60, 61). Therefore,

there is a clear need for novel therapeutic approaches in this scenario.
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The therapeutic landscape of AML has undergone recent

transformation with the introduction of monoclonal antibodies

(mAb), such as CD33 gemtuzumab ozogamicin, (GO) and targeted

therapies like the aforementioned venetoclax, as well as IDH1/2 and

FLT3 inhibitors (56, 57, 62). Novel immunotherapeutic approaches

are also being explored. For instance, ongoing clinical trials are

assessing the efficacy of CD3-engaging bispecific antibodies, such as

the CD123xCD3-targeting flotetuzumab. Additional targets being

explored include CD33xCD3 and WT1xCD3 (63, 64).
FIGURE 3

Design of CAR T cells approved by the FDA. All are second-generation CARs, composed by an scFv (anti-CD19 in yellow or anti-BCMA in blue); a
hinge (CD28, CD8a or IgG4mut); a transmembrane domain (CD28 or CD8 in grey), one costimulatory domain (CD28 in red or 4-1BB in orange) and
CD3z signalling domain in green.
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Another interesting approach involves utilizing drugs relieving

the blockage imposed by various immune checkpoints expressed by

leukemic cells. Whereas CTLA-4 and PD-1 inhibitors, which are

efficacious in several solid tumours and specific lymphoma

subtypes, have not exhibited significant antileukemic activity in

AML, promising initial results have been reported targeting other

innate immune checkpoints. For example, the anti-TIM3

monoclonal antibody sabatolimab or the antibodies magrolimab

and lemzoparlimab targeting CD47 (“do not eat me” signal), may

restore macrophage phagocytosis of AML cells, and are currently

under investigation in several clinical trials (65–67).

While several CART products targeting CD19 or BCMA have

yielded outstanding clinical outcomes and some have been gained

regulatory approval for treating B-cell malignancies, none has yet

received regulatory approval for AML. In the subsequent sections,

we describe the CART approaches that have been tested or are

currently under investigation in AML. Finally, we integrate

published data with the expertise of our group in the

development CART products, offering guidance to researchers on

how to design, develop, and translate these therapies for the

treatment of AML.
2.2 Designing of CART for AML

The foremost challenge in CART therapy for AML lies in

identifying a specific target antigen that is expressed on the

surface of malignant cells but not on healthy cells, since the

concomitant expression of the target antigen on both leukemic

and healthy cells could result in on-target/off-tumour toxicity of

varying severity. For instance, in B-cell malignancies, CD19-

directed CART cells eradicate both malignant and healthy B cells/

B-cell progenitors. However, B-cell aplasia and consequent

hypogammaglobulinemia can be effectively managed with

intravenous immunoglobulin reposition (68). In contrast, in some

cases, on-target/off-tumour toxicity can be fatal, as was the case of a

patient who died five days after receiving ERBB2-directed CART

therapy for metastatic colon cancer. In this instance, CART cells

targeted pulmonary epithelial cells expressing the ERBB2 antigen

leading to severe respiratory distress followed by cardiac arrest (69).

Therefore, choosing an appropriate target is the pivotal initial step

in designing a CART cell (70).

The majority of surface antigens identified to date in AML cells

are either shared with healthy haematopoietic stem cells (HSC) or

not universally expressed in all AML cells. The on-target/off-

tumour effect of CART cells on HSC could result in prolonged

cytopenia, putting the patient at risk of infections or bleeding. This

challenge can only be circumvented if targets exclusively expressed

in AML cells are identified. This can be achieved, for example,

through whole-genome sequencing (71), scrutinizing the

surfaceome of AML (72) or carrying out proteomic and

transcriptomic studies to compare antigen expression in leukemic

stem cells and healthy stem cells (70). The ideal target antigen

should possess the following characteristics: 1) restricted expression

to malignant cells, i.e. minimally or not expressed at all on their

healthy counterparts to minimize hematologic toxicity; 2) restricted
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expression to malignant cells without being expressed on other

healthy tissues to avoid further on-target/off-tumour toxicity; 3)

prevalent expression in most AML cases, enduring over time and

under selective pressure; 4) expression in both malignant myeloid

mature blasts and leukemic stem cells (LSC) to prevent the escape of

the latter, which could lead to relapse (73).
2.3 Common antigens targeted by
CART in AML

In this section, we will discuss the most frequently targeted

antigens by CART therapies (Figure 4), and later, we will provide a

summary of the pertinent clinical data associated with these

products (Table 1).

CD33 is a transmembrane receptor expressed in the majority of

AML cases (approximately 80%) and has therefore been extensively

studied as a target for CART therapy in AML (89, 90). However, it is

also expressed on myeloid cells, both mature and progenitors, as

well as on certain cells of lymphoid lineage (91, 92). The humanized

anti-CD33 antibody drug-conjugated GO (GO, Mylotarg® Pfizer)

has gained approval for frontline therapy, in combination with

intensive chemotherapy, especially in cases with favourable-risk

cytogenetics AML (93). The main toxicities associated with GO

include myelotoxity and the risk of inducing sinusoidal obstruction

syndrome (SOS). Nonetheless, this latter side effect appears to be

target-independent damage, probably related to the conjugated

moiety of the drug, calicheamicin. This is evident as a similar

toxicity is also observed with inotuzumab ozogamicin, an anti-

CD22 antibody conjugated with the same molecule (94, 95).

CD123 or alpha chain of the interleukin 3 receptor (IL-3Ra) is
expressed in 80% to 90% of AML cases. Moreover, it is prevalent not

only in the bulk of AML blasts but also in LSC. Preclinical studies

have demonstrated robust anti-leukemia effects with CD123-

directed CART cells (96–98). Several CART therapies targeting

this antigen are currently in clinical development for AML.

However, this antigen is also expressed on healthy myeloid

lineage cells, and there is conflicting data regarding the

myelotoxic effect of CD123-directed CART cells. Some studies

report low expression of CD123 on HSC (99, 100) while others

describe a myeloablative effect of CD123-directed CART cells in

various humanized mouse models (101). Consequently, in most

clinical trials, CD123-directed CART therapy is utilized as a bridge

therapy to allo-HSCT (see section on Clinical trials in AML) (76).

Additionally, CD123 is expressed on healthy endothelial cells of

small-calibre blood vessels (102, 103) and this introduces another

potential on-target/off-tumour effect of CD123-directed CART

cells, namely capillary leak syndrome. CD123 has been clinically

validated as a target for the treatment of blastic plasmacytoid

dendritic-cell neoplasm (BPDCN) with the use of tagraxofusp

(SL-401), a CD123-directed cytotoxin containing a truncated

diphtheria toxin (70). Notably, capillary leak syndrome was a

frequent adverse effect experienced by approximately 25%

of patients.

CLL-1 or C-type lectin-like molecule 1 (also known as C-type

lectin domain family 12 member A, CLEC12A) is expressed in over
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FIGURE 4

Target antigens of CART therapies for AML. CLL-1, C-type lectin-like molecule-1; FLT-3, FMS-like tyrosine kinase 3; FRb, folate receptor b; LeY,
Lewis Y; NKG2, natural killer group 2 member.
TABLE 1 Published clinical trials using CART in AML: CART design.

Clinical trial N° Target Vector ScFv Construct
Cell

source
Reference

NCT01716364 Lewis Y Retroviral Humanized LeY-CD8aH-CD28TM-CD28-CD3z Autologous (74)

NCT02623582 CD123 mRNA NA mRNA (biodegradable) CD123-41BB Autologous (75)

NCT02159495 CD123 Lentiviral Murine CD123-IgG4op-CD28-CD3z, safety switch EGFRt Autologous (76)

NCT04318678 CD123 Lentiviral NA CD123-CD28-CD3z, safety switch CD20 Autologous (77)

NCT04106076 CD123 Lentiviral Murine
universal CD123-CD8HTM-41BB-CD3z, safety switch

RQR8, TCR KO, CD52 KO
Allogeneic (78)

NCT01864902 CD33 Lentiviral NA CD33-CD8aHTM−41BB-CD3z Autologous (79)

NCT03927261 CD33
Non-viral

gene transfer
NA CD33-mbIL15, safety switch Autologous (80)

NCT03795779
CD33-
CLL1

NA NA CLL1-P2A-CD33 intracellular part NA Autologous (81)

NA CLL1 NA Murine NA Autologous (82)

NCT03222674/
ChiCTR1800015883

CLL1 Lentiviral Humanized
4th generation CLL1-CD28-CD27-CD3z, safety switch

iCasp9
Autologous (83)

ChiCTR2000041054 CLL1 NA NA NA Autologous (84)

(Continued)
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80% of AML cases, on both blasts and LSC (104, 105). It is also

expressed on healthy differentiated myeloid cells, but notably not on

HSC or other non-haematologic human tissues (104, 106).

Preclinical studies have demonstrated robust anti-leukemia

activity of CLL-1-directed CART cells, both in vitro and in in

vivo, without causing myelosuppression (107–109). This makes

CLL-1 a promising target for CART therapy in AML.

In addition to the previously mentioned targets, which are

common myeloid antigens, several others are currently under

exploration. For instance, NKG2D exhibits an up-regulation in

AML and while maintaining limited expression in healthy tissues.

Nevertheless, it is important to note that inflammation and stressful

events can lead to an up-regulation of this antigen in healthy tissues

(110). CD7 is expressed in approximately 30% of adult AML cases

and is associated with a more aggressive course of disease. However,

it is also expressed on normal activated T cells, NK cells, and some

progenitor cells. Consequently, CD7-directed CART therapies may

lead to CART fratricide, and knocking out CD7 in autologous cells

might be a necessary step in the CART generation process.

Other potential targets include Lewis Y (LeY), which was the

initial targeted in CART therapy for AML patients (69, 70); FLT3

(111, 112); folate receptor b (113, 114); CD38 (115); CD44v6 (116,

117); CD117 or c-kit (118); CD276 (119); and B7-H3 (120). All

these targets have shown promising preclinical results.
2.4 Future prospects of CART in AML

While various antigens have been explored in preclinical and

clinical settings for CART in AML, none has yet demonstrated

results comparable to those achieved with CD19 antigens in the

context of B-cell malignancies, both in terms of efficacy and safety.

However, there are emerging strategies that hold the potential to

broaden the therapeutic window of CART therapy in AML.

2.4.1 Strategies to enhance efficacy
The choice of various domains in CART cells is pivotal in

increasing their efficacy and persistence. The scFv derived from

different murine antibodies, humanized antibodies or fully human

scFv exhibit varying binding affinities to antigens (121). Hence, it

proves beneficial to assess multiple scFv directly against the same

antigen and select the one that best suits the chosen strategy.
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Additionally, studies have noted that CART cells containing

CD28 as the costimulatory domain display greater sensitivity to

low levels of antigen compared to CART with 4-1BB. On the other

hand, CART cells containing the 4-1BB costimulatory domain have

demonstrated increased persistence in vitro, in vivo and in clinical

trials (35, 122, 123).

TRUCKs, the fourth generation of CART, offer two distinct

avenues for enhancement. They can heighten the cytotoxicity of

CART cells by releasing cytokines like IL-12, or alternatively,

promote their expansion and persistence through the release of

cytokines such as IL-15. Atilla PA and collaborators found that

CLL1-CART cells co-expressing transgenic IL-15 displayed a less

terminally differentiated state and demonstrated superior expansion

compared to CART cells lacking IL-15 (124). Moving forward, the

fifth generation of CART cells further heightens the persistence of

CART cells through the provision of a third immune activation

signal. In addition, gene editing of the CAR gene in TRAC locus

using CRISPR-Cas9 technology presents another option to enhance

the potency of CART cells (39).

The comb ina t i on o f CART the r apy w i th o the r

immunotherapies, such as immune checkpoints inhibitors, holds

the potential for a synergistic effect, ultimately increasing its

efficacy. Ongoing clinical trials are investigating whether the

combination of CART-19 and PD-1 or PD-L1 blockade can

enhance CART persistence and clinical responses (125, 126).

Given the heterogeneity of AML, selecting a single antigen

present in all tumoral cells can be challenging. Some identified

antigens for AML exhibit a regulatable expression. For instance,

CD70 is widely expressed on AML cells but not on normal HSC and

its expression on malignant cells can be heightened by the use of

azacytidine (127). Similarly, the folate receptor B is typically

expressed on 70% of AML cells, but its expression can be

upregulated when AML cells are treated with all-trans retinoic

acid (ATRA) (113).

An alternative approach involves engineering dual CART cells

to modulate antigen recognition on tumour cells. There exists a

wide range of dual CAR options, employing Boolean logic to

determine when CART cells will be activated. Three primary logic

gates can be distinguished: 1) AND: both antigens must be

recognized for CART activation; 2) OR: either one of the two

antigens must be recognized for CART activation, and 3) NOT:

only antigen 1 must be present; the presence of antigen 2 inhibits
TABLE 1 Continued

Clinical trial N° Target Vector ScFv Construct
Cell

source
Reference

NCT03222674/
ChiCTR1900027684

CCL1 Lentiviral Murine CLL1-41BB-CD3z CART Autologous (85)

NCT02203825
NKG2D
ligands

Retroviral Human NKG2D-CD3z Autologous (86)

NCT04351022 CD38 NA NA 3rd generation CD38-CD8aHTM-CD28-41BB-CD3z
Autologous/
Allogeneic (87)

NCT04538599 CD7 Retroviral NA
universal CD7-CD8aHTM-41BB-CD3z, CD7 KO, TCR KO,
HLA−II KO, NK inhibitory receptor

Allogeneic (88)
H, hinge; iCasp9, inducible caspase 9 motif; TM, transmembrane domain; NA, not available.
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CART activation (128). In cases where the antigen is downregulated

or expressed at low levels, a dual CAR with an “OR logic-gate”

strategy may prevent tumour escape. Here, CART is fully activated

when targeting either one of the two target antigens (e.g. tandem,

bicistronic or co-infusion CARTs).

Taking this concept further, a combination of a CAR with an

HLA-Independent TCR (HIT) can increase sensitivity and decrease

tumour escape associated with low target antigen expression.

Theoretically, this strategy allows for a more precise selection of

both target antigens compared to the dual strategy. Mansilla-soto

and collaborators proposed choosing a lower-density target for the

HIT (increasing sensitivity to this target and avoiding antigen

escape) and a higher-density target for the CAR (129).

2.4.2 Strategies to enhance safety
Currently, the majority of procedures in clinical trials involving

CART cells in AML are followed by an allo-HSCT to overcome

their potential myelotoxic effect. One strategy to improve safety

involves engineering dual CART cells that calibrate their affinity to

antigens present on both malignant and healthy cells, thereby

reducing the on-target/off-tumour effect.

One approach is to design dual CART cells that only eliminate

cells that express both target antigens, utilizing an “AND logic-gate”

strategy, as previously described (Figure 2). In this scenario, two

CARmolecules are expressed in the same T cell. One CAR molecule

is a first-generation CAR that recognizes antigen 1 with the

intracellular CD3z signalling domain and the second CAR

molecule is a chimeric costimulatory receptor (CCR) that

recognizes antigen 2 with an intracellular costimulatory domain

(130). With this AND-gate strategy, CART cells are fully activated

only when encountering both antigens (131–133). For instance,

dual CART cells can be engineered to target a specific leukemia

antigen (e.g., CD7) and an antigen both expressed on the leukemic

blasts and on HSC (e.g., CD33). These bispecific CART cells would

exert a cytotoxic effect only when encountering leukemic cells

expressing both target antigens (i.e., CD33+ CD7+), but not when

encountering HSC (CD33+ CD7-) or mature T cells (CD33-,

CD7+) (134).

Another innovative approach is the new “IF-better gate”

strategy, which modulates the detection and activity of CART

cells based on the density of antigens expressed on both leukemic

cells and healthy cells. In this scenario, the CART cell targets

malignant cells with a high density of target 1 through the CAR

(first construct). Cells with a low density of target 1 are only

eliminated when they also exhibit a high density of target 2,

recognized simultaneously by the concomitant CCR recognition

(135, 136).

Another approach is the “NOT logic-gate” strategy. In this

scenario, the first CAR molecule recognizes an antigen present on

tumour cells, while the second CAR recognizes an antigen present

only on healthy cells. This second recognition inhibits the activation

of the first CAR in a reversible manner (130).

Utilizing mRNA CART cells is a different strategy to enhance

safety; mRNA CART are “biodegradable” CARs since RNA is not

integrated into the genome. This means they will not persist in the
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patient for more than a few days, aiming to mitigate myelotoxicity.

However, this approach carries the potential risk of disease relapse

due to low persistence of CART cells (137, 138). This mRNA

strategy has been studied both in vitro and in vivo with CD33

(139) and CD123 (140) antigens for AML. Nevertheless, initial

clinical trials with CD123 “biodegradable” CART cells did not yield

clinical responses (75).

To mitigate myelotoxicity, one approach is to generate CART

cells targeting an antigen on leukemic cells that has been

deliberately knocked out from the donor HSC for the subsequent

allo-HSCT (141). Kim and co-workers successfully deleted CD33

from HSC, leading to a long-term and functional engraftment with

an immune system resistant to the anti-CD33 CART cells in a

xenograft mouse model (141). Similarly, Nils and colleagues

published a CART therapy targeting the pan-haematologic CD45

antigen. They base-edited the targeted CD45 epitope in human

HSC (CD45edited) to prevent their killing by the anti-CD45 CART

cells (142, 143).

Another alternative to mitigate both myelosuppression and

cytokine release syndrome (CRS) induced by CART cells is the

implementation of switch-off strategies (Figure 2) (40, 133), such as

the expression of suicide genes. For instance, the inducible Caspase-

9 suicide gene (iCasp9) can be expressed in CART cells, where the

administration of the AP1903 molecule induces the Caspase3

apoptosis pathway in this cell. Another well-studied suicide gene

is the Herpes Simplex virus thymidine kinase (HSV-tk); with the

addition of ganciclovir (GCV); the HSV-tk phosphorylates GCV

developing a toxic triphosphate which competes with triphosphate

triggering to DNA synthesis inhibition and cell apoptosis (144). The

other switch-off strategy, as previously described, is to express an

antigen on the CART cells that can be targeted by antibodies to

induce ADCC. For instance, the expression of EGFR or CD20 on

the surface of CART cells, that could be targeted with the

monoclonal antibodies cetuximab or rituximab, respectively, to

induce ADCC and eliminate the CART cells if needed (145).

Moreover, recently, SNIP CART cells have been successfully

engineered to be non-constitutively active, but instead switched

between an ON- and an OFF-status by a protease, thus enabling

tuning of CAR activity to improve safety (41, 146).

In conclusion, a range of strategies have been devised to enhance

the safety of CART therapy in AML. These include the precise and

sophisticated engineering of dual CART cells, the utilization of

biodegradable mRNA CART cells, and the implementation of

switch-off mechanisms. Additionally, gene editing of donor HSCs

offer promising avenues to mitigate potential toxicities.
3 Preclinical development of new
CART therapies for AML

3.1 Engineering CARTs

Creating effective CART therapies involves adjusting various

components like the scFv’s affinity and recognized epitope. This

includes the scFv itself, the order of its VH/VL domains, the length
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of the linker in between, as well as the hinge, TM domain,

costimulatory domain/s, and implementing a safety strategy if

wanted. By modifying one or more of these factors, different

CARTs can be designed with distinct efficacy and safety profiles

(147, 148). These CARTs are then assessed through a series of lab

tests to select the most promising candidate for further

clinical development.
3.2 Isolating, activating, and expanding
effector cells

The majority of CART therapies currently in development

utilize T cells, which are potent killers and relatively easy to

manipulate. These T cells can be obtained either from the patient

(autologous) or a healthy donor (allogeneic). By using autologous

CART cells, the risk of graft-versus-host disease (GvHD) is avoided.

In some cases, patients have relapsed after an allo-HSCT before

receiving the CART treatment. In these cases, CART cells are

engineered from autologous T cells, which technically come from

the patient’s rebuilt donor immune system. Surprisingly, even in

that case, significant GvHD has not been observed (149, 150).

Alongside T cells, other immune cells like natural killer cells (NK),

cytokine-induced killer cells (CIK), macrophages and regulatory or

gd T cells are being explored (151). NK or gd T cells are

advantageous as they do not cause GvHD, allowing them to be

used in “off-the-shelf” allogeneic therapies (152–154). Another

approach to prevent GvHD involves knocking out (KO) the

endogenous T-cell receptor (TCR by TRAC gene KO) using

genome editing tools like zing-finger nuclease or CRISPR/Cas9

(98, 154, 155).

From this point forward, we will focus on the steps needed to

generate autologous CART cells. First, T cells are separated from

peripheral blood mononuclear cells (PBMC) by isolating the cells

that are positive for CD3 antigen. The ratio between the

subpopulations of CD4+ helper T cells and CD8+ cytotoxic T cells

can vary from person to person. Some studies suggest using

products with a specific ratio (e.g., 1:1), while others do not

adjust this parameter (48, 156). Currently, among the six FDA-

approved CART products, only one has a defined 1:1 CD4:CD8

ratio (157). Further research is required to determine if a particular

CD4:CD8 ratio is necessary to achieve better therapeutic results.

After isolating the T cells, they need to be activated with

antibodies or antibody-coated beads (CD3-CD28) and cytokines

(IL-2/IL-7/IL-15). Then, they are expanded using a culture

medium supplemented with the cytokines (IL-2 or IL-7/IL-15)

(158). Traditionally, IL-2 is used for in vitro expansion. However,

it has been reported that using IL-15 leads to less T-cell

senescence, which could improve their efficacy and persistence

in the body (159).
3.3 Gene-editing

Gene editing can be achieved in two ways: permanently using

through viral means (such as g-retroviruses, lentiviruses,
Frontiers in Immunology 10140
adenoviruses or adeno-associated viruses) or temporarily through

non-viral means (like transposons or mRNA).

The retroviridae family includes g-retroviruses and lentiviruses.

They facilitate the integration of the new genetic information

(transgene) into the genome of T cells, allowing for stable, long-

term gene expression (112). While g-retroviruses can only infect

dividing-cells, lentiviruses can infect both dividing and non-

dividing cells. Among the lentiviruses, the second and third

generations lentiviruses (LV) are commonly used in this process.

The former has a higher transduction rate, while the latter is

considered safer (160). It is important to note that when using

these methods, the transgene is inserted randomly into the genome

of T cells (29).

On the other hand, transposons are a more cost-effective option

as they do not need the extensive viral manufacturing process.

While they theoretically allow for transgene integration in less

critical areas of the genome compared to viruses, potentially

making them safer, they still insert genes randomly (161–163). In

2016, the first clinical trial using a non-viral Sleepy Beauty system to

generate anti-CD19 CART cells was published (164). This method

is not as established as the viral technology and requires further

research (165).

Finally, mRNA transfer through electroporation is highly

efficient in terms of cost, time, and achieving desired expression

levels. However, CAR expression will decrease and eventually fade

away in days or weeks as T cells divide, since RNA is not integrated

into the genome (139, 166). A CART product that used mRNA

electroporation to transiently express the CAR was found to be safe

but did not show efficacy in AML patients (75).

To date, most CART cells used to treat AML patients have been

genetically engineered using retroviral (108, 151, 167) or lentiviral

methods (83, 101, 154). This approach allows for efficient and

reproducible genetic modification of T cells that can be produced at

scale following good manufacturing practices (GMP).
3.4 In vitro efficacy testing

Typically, confirmation of CAR expression on T cells is

determined using either by flow cytometry or real-time PCR

(168). Additionally, the impact of CAR expression on T-cell

subsets distribution and the expression of exhaustion and

senescence markers can be assessed using flow cytometry.

Subsequently, in vitro efficacy is evaluated by testing: 1)

cytotoxicity towards tumour cells, 2) proliferation and 3) cytokine

production (169).

Cytotoxicity is studied by co-culturing CART cells with AML

target cells at various effector: target ratios (ranging from 10:1 to

1:8) for different durations (from 4 to 96 hours). The commonly

utilized AML models include the MOLM-13/14, THP-1, Kasumi-1

and K562 cell lines. The latter is derived from a chronic myeloid

leukemia at a blast crisis. It is crucial to determine the level of

expression of the target antigen in the chosen cell line(s). Using one

or more cell lines with varying expression levels (high/low) can be

advantageous. Target cells can be easily distinguished from CART

cells through flow cytometry by transfecting them with a reporter
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Pérez-Amill et al. 10.3389/fimmu.2023.1260470
like green fluorescent protein (GFP) or a monomeric cherry red

fluorescent protein (mCherry) (170). Common cytotoxicity assays

are the 4-hour Chromium-51 (51Cr) release assay (108, 171); the

luciferase killing assay (172); and assays where the surviving target

cells are quantified by flow cytometry at the end of the co-culture

(e.g., with 7-AAD or GFP/mCherry as preciously explained) (101).

Based on the existing literature, it is anticipated that effective CART

cells can eliminate the majority of target AML cells after 24 or 48

hours at low effector: target ratios (101).

Efficient CART cells demonstrate the ability to multiply when

they engage with their specific antigen. This can be evaluated by co-

culturing previously labelled CART cells (using carboxyfluorescein

succinimidyl ester (CFSE)) with one or more target cells, and then

tracking their proliferation by measuring CFSE dilution over several

generations using flow cytometry (112). In this assay, IL-2 can be

used as a positive, non-specific stimulus.

Additionally, when in contact with target cells, CART cells

rapidly produce and release various cytokines. In most studies, this

is determined by co-culturing CART cells with target cells that

either express or do not express the specific antigen (e.g., CD123-

directed CART cells are co-cultured with CD123+ and CD123-

AML cells). The levels of these cytokines in the culture medium are

typically measured using enzyme-linked immunosorbent assay (e.g.

ELISA) (171). Specifically, IL-2 is measured to assess the activation

status of CART cells, while interferon g (IFN-g) and granzyme B are

checked to evaluate their cytotoxic activity. Both aspects can also be

evaluated using CD107a degranulation assay; CD107a expression

indicates the activation and cytotoxic degranulation state of

immune cells (173). CART cells also release numerous pro-

inflammatory cytokines, such as tumour necrosis factor a (TNF-

a), interleukin 6 (IL-6), and interleukin 1b (IL-1b), which play a key

role in activating the immune system. However, an exacerbated

secretion of these molecules may lead to a strong cytokine release

syndrome (CRS), although this can be managed with treatments

like anti-IL-6 antibodies (174).
3.5 In vitro safety assessments

Considering the characteristics of most AML antigens, it is crucial

to investigate whether CART cells can recognize the target antigen on

HSC and assess if they might eliminate or hinder the proliferation of

these cells, potentially causing haematologic toxicity.

To carry out these tests, HSC may be obtained from a cord blood

unit or from the bone marrow (BM) of a healthy donor for allo-HSCT

(151). These samples can then be used to measure the expression of

the target antigen using flow cytometry. If the target antigen is present,

cytotoxicity assays and proliferation colony-formation unit assays can

be performed after co-culturing the HSC with CART cells. This

approach has been employed to establish that both CD123- and

CD33-directed CART cells reduced the capacity of HSC to form

colonies (101, 167), suggesting that targeting these antigens may lead

to myelosuppression. Indeed, in a clinical setting, it is essential to have

an available allogeneic donor in case patients require an allo-HSCT

after CD123- or CD33- directed CART treatment.
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3.6 In vivo efficacy studies

To assess the efficacy of a novel CART cell in a living organism

in vivo, it is recommended to initially study their ability to eliminate

grafts of AML cell lines first, followed by assessments on AML

patient-derived xenograft (PDXs). Nod-scid-gamma (NSG) mice

are typically the preferred model for in vivo experiments (175) due

to their immunodeficiency, which allows human AML cells to

engraft in their bone marrow. To improve cell engraftment of

cells, especially that of PDX cells, mice are often sub-lethally

irradiated 4 to 24 hours prior to the injection of AML cells. The

majority of published in vivo studies employ AML cell lines like

MOLM-13 (101), MOLM-14 (166), THP-1 (176), or Kasumi-1

(175). In these cases, leukemic cells are usually modified with a

plasmid expressing the luciferase enzyme, allowing their growth to

be periodically monitored through bioluminescence imaging after

injecting luciferin intraperitoneally in live mice. Additionally, cells

can be transfected with a reporter, such as GFP, to assess their

presence in the peripheral blood during the experiment and in other

tissues at the end of the study using flow cytometry (139, 167).

At the beginning of the experiment, AML cells (typically 0.1-

10x106) are intravenously (i.v.) injected into mice. Once the AML is

established, it can be detected through bioluminescence. Following

this, which can take from one to several days, CART cells can be i.v.

injected into the mice. The dosage of AML cells and CART cells will

be determined by the AML proliferation rate and the specific

objectives of the study. The most important measurement in

these experiments is to quantify the presence of malignant cells.
3.7 In vivo safety studies

For investigating potential myelotoxicity induced by CART

therapy in vivo, utilizing a humanized mouse model, which involves

mice with a “human” immune system, is the most effective approach.

In this model, a human immune system is established by i.v. injecting

human HSC or PBMC (175, 176) into previously irradiated NSG or

NSG-SGM3mice (6-12 weeks old). TheNSG-SGM3 strain, whilemore

immunosuppressed than NSG, allows for superior engraftment of

human cells, leading to in vivo expansion of a greater number of

human cells from both lymphoid and myeloid lineages. It is worth

noting that this strain is more expensive and delicate.

Once the haematopoietic system is established (approximately 6 to

12 weeks after HSC or PBMC injection), animals are treated with either

autologous human CART cells (derived from the humanized mice)

(Figure 5 option 1) or heterologous CART cells (derived from a human

donor) (Figure 5 option 2). In the latter case, it is important to consider

a potential allogeneic effect if the HSC/PBMC and T cells are sourced

from different donors (and are not HLA-matched). To evaluate the

myelotoxicity induced by CART cells, the condition of the animals and

the persistence of HSC will be regularly monitored. The persistence of

HSC can be assessed during the experiment through bone marrow

aspirates and in peripheral blood, or at the end of the experiment

through flow cytometry quantification of HSC in the bone marrow

(typically 4 to 12 weeks after CART injection) (120, 177).
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The humanized mouse model can also be utilized to evaluate

efficacy. This can be achieved by injecting HSC into the liver of sub-

lethally irradiated newborn NSG-SGM3 mice (176) or by following

the method described in the previous paragraph (141); waiting until

the animals develop a human immune system; injecting AML cells

as previously outlined; and finally, administering CART cells

engineered from T cells obtained from the humanized mice. This

model enables simultaneous study of both myelotoxicity and

efficacy (elimination of AML cells).

Additionally, a humanized mouse model proves valuable in to

assessing CRS potentially caused by the CART cells. These animals

contain human monocytes, T cells, and other cells implicated in this

syndrome (176).
4 Translation of CART therapies
for AML

4.1 GMP production of CART therapies

At the Hospital Clıńic of Barcelona, we have developed several

academic CART products, including varnimcabtagene autoleucel

(ARI-0001) for patients with R/R B-ALL, B-cell lymphoma and

CLL, as well as cesnicabtagene autoleucel (ARI-0002h) for R/R MM
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patients (21, 169, 170). Drawing from our experience in conducting

clinical trials with CART cells and insights from existing literature,

we will now outline the requirements for GMP production of

CART therapies.

As previously mentioned, in the majority of clinical trials

involving CART therapies for AML, autologous T cells are

preferred over allogeneic T cells. Autologous T cells are obtained

via leukapheresis from the patient, followed by a T-cell selection

process (Figure 1). After 24 h, retroviral or lentiviral vectors that

were previously manufactured are introduced to the cell culture in

order to transduce T cells in accordance with GMP standards.

Subsequently, the CART cells need to be expanded for a period

ranging from 6 to 12 days (depending on required dosage for each

clinical trial. This is done in specialized, close-automated

bioreactors such as the CliniMacs Prodigy® (178), Wave®
Bioreactor (154), G-Rex® or Cocoon® (179).

Of note, Milone’s group achieved highly effective lentiviral

transduction of non-activated T cells, managing to produce

CART cells within 24 hours (180). Both the CliniMacs Prodigy®
and the Cocoon® offer complete automation of the entire

production process, ensuring steri l i ty and enhancing

reproducibility under GMP conditions. In our view, these

bioreactors currently represent the best options for point-of-care

production of CART cells (181). CART cells are typically
FIGURE 5

Humanized mouse model to study myelosuppression. NSG or NSG-SGM3 mice are irradiated on day 0 and a human immune system is established
by human CD34+ haematopoietic stem cells or PBMC transplantation. Once the animals present a “human” immune system (between 6 and 12
weeks later), human CART cells are injected; they can be engineered with T cells obtained from the same humanized mouse (option 1) or from a
human T-cell donor (option 2).
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cryopreserved while undergoing sterility and microbiological safety

assessments. They are thawed just prior to infusion into the patient.

In certain clinical trials (e.g., Atalanta-1/CP0201-NHL), fresh

CART cells are administered to patients with a vein-to-vein time

of only 7 days. In such cases, a sample is rigorously assessed for

safety beforehand.

CART cells must meet specific criteria during the final stages of

the manufacturing process. These criteria encompass aspects such

as visual appearance, viability, quantity, potency, sterility and safety.

Only after meeting these standards can the CART cells be approved

for release.

To gain regulatory approval for a clinical trial, the validation of

the CART production process under GMPmust be submitted to the

national regulatory agency. This validation process meticulously

covers every aspect of the CART therapy production, ensuring

compliance with GMP and conducting through quality controls to

ensure safety and evaluate efficacy (168).
4.2 Monitoring patients treated
with CART cells

The emergence of CART therapies for haematologic

malignancies requires specialized training for healthcare

professionals, including physicians and nurses. Additionally, it

entails the establishment of specific units dedicated to the

administration and management of these treatments.

Clinical trials involving CART therapies for AML entail the

collaboration of various hospital departments. These include: 1.

Haemato-Oncology Department: responsible for treating the patient

and, if necessary, overseeing the allo-HSCT; 2. Apheresis Unit:

where T cells are collected from the patient; 3. Immunotherapy

Unit: this Unit is responsible for generating or receiving, processing

and analysing the CART product; and 4. Intensive Care Unit (ICU)

that may also be involved in patient care (21).

Serious side effects, such as CRS and neurological toxicity, have

been reported in up to one third of AML patients undergoing CART

therapies (182, 183). Other reported adverse effects include

infections, persistent cytopenia, macrophage activation syndrome,

as well as various on-target/off-tumour effects.

Cytokine-release syndrome results from the massive release of

inflammatory cytokines (e.g., IL-1 and IL-6) following target

recognition by the CART cells. This leads to the activation of

other immune cell, like tissue macrophages, which can induce

changes or damage in extra tumoral tissues. Neurotoxicity, also

known as immune effector cell-associated neurotoxicity syndrome

(ICANS), shares a similar underlying pathophysiology with CRS. In

this case, the inflammatory cytokines produced by CART cells and

the tumour microenvironment diffuse into the central nervous

system. This, in turn, can trigger activation of microglial cells,

leading to neurological symptoms (184).

As previously mentioned, the majority of the antigens found on

AML cells are also present on healthy HSC. CART cells targeting

these antigens could potentially result in prolonged cytopenia.

Specialized care is required to manage these conditions.
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Therefore, utilizing risk-stratification tools like the CAR-

HEMATOTOX score may prove beneficial in assessing the risk of

hematotoxicity and anticipating patient needs. This tool can

correlate the duration of severe neutropenia based on predictive

biomarkers of hematotoxicity for R/R B-cell lymphoma (185). In

2023, a comprehensive survey conducted by EHA-EBMT groups

outlined grading and management guidelines for hematoxicity

following CART therapy. The results emphasized the widespread

use of CTCAE (Common Terminology Criteria for Adverse Events)

criteria for grading post-CART cytopenias and CIBMTR for

evaluating hematopoieitic recovery by clinicians (6).

Given the anticipated side effects, AML patients who are

considered for CART therapy must exhibit a satisfactory

performance status and lack major comorbidities that could

potentially worsen their prognosis. Eligibility assessments should

be conducted by a multidisciplinary team experienced in this form

of therapy, and equipped with the necessary resources to manage or

treat potential complications.
4.3 Clinical trials utilizing CART
cells in AML

The inaugural Phase I trial evaluating CART cells in AML

patients was documented in 2013. This trial utilized a second-

generation CAR featuring a CD28 costimulatory domain, targeting

the LeY antigen. Four patients with R/R AML participated (74), and

this trial yielded the initial indication of CART activity against AML

in humans. Notably, three patients exhibited either disease stability

or a reduction in blast count. Moreover, one patient with skin

infiltration (known as leukemia cutis) experienced a transient

improvement, as confirmed by a lymphocytic infiltration in the

skin biopsy. This finding suggested that CART cells may be effective

in eliminating AML in cases of extramedullary disease.

Currently, CD123 is the most frequently targeted antigen by

CART therapies in AML patients (see Figure 6). As mentioned

earlier, CD123 is expressed in the majority of AML cases and its

expression has also been identified on LSC (177, 186). However, it is

also present in endothelial cells, which means that on-target/off-

tumour toxicity could lead to life-threatening consequences, such as

capillary-leak syndrome (103). Moreover, since CD123 is found in

HSC, CD123-targeted CART cells may impair normal

haematopoiesis and potentially cause irreversible myeloablation,

though this is still a subject of debate (100, 101, 187). The first

patient treated with an allogeneic “universal” CD123-directed

CART therapy (UCART123; NCT03203369) was a 78-year-old

male diagnosed with BPDCN who died due to a combination of

CRS and capillary-leak syndrome. Consequently, the trial was

initially discontinued (188) and later resumed with a dose

reduction and the introduction of an upper age limit (78).

Another trial employed a distinct strategy to decrease toxicity: a

“biodegradable” CD123-directed CAR through mRNA

electroporation (75). Published data revealed that all treated

patients experienced fever, and four out of five suffered from CRS;

the trial was discontinued due to lack of antitumoral efficacy.
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Finally, ongoing trials in the USA and China (NCT02159495,

NCT04318678, and NCT03114670) involve a CD123 CAR

construct that also expresses EGFR or CD20 on the T-cell

surface, providing a safety switch off upon treatment with EGFR/

CD20-specific antibodies (cetuximab and rituximab, respectively)

(77, 145).

CD33 is another target currently being explored in clinical trials

for AML patients (80, 167, 186). However, there have been limited

published results from registered trials involving CART

(NCT01864902, NCT0186902, and NCT03126864) or CAR-NK

cell therapies targeting CD33 (NCT02944162) in AML. Preliminary

findings from a trial conducted in China (NCT01864902) indicated

that one patient experienced an initial reduction in blasts and

systemic inflammatory symptoms; however, after two weeks, the

disease progressed (79). Notably, this patient did not exhibit clinical

or analytical signs of sinusoidal obstruction syndrome, a

complication associated with GO, as previously described (189).

A CART therapy targeting two antigens, either CD33 or CLL-1,

is currently undergoing phase I trial testing (NCT03795779). It has

been reported that a patient enrolled in this study was able to

undergo allo-HSCT after successful eradication of leukemia and

myeloablation (81).

The most recent clinical trial utilizing CART therapy directed

specifically towards CLL-1, either alone or in combination with

CD33 as previously mentioned (81), obtained promising outcomes

in both adult patients (84) and paediatric R/R AML patients (82,

85), (Table 1). Among the eight paediatric patients treated, four

achieved a state of morphologic leukemia-free state (MLFS) along

minimal residual disease (MRD) negativity (85).

A CART therapy targetingNKG2D has also undergone evaluation

in a phase I trial encompassing AML and other haematological

neoplasms (NCT02203825) (86). In this study, CART cells exhibited
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biological activity, as evidenced by an increase in inflammation

parameters post-injection. Nevertheless, their anti-AML effect was

limited (190). The potential improvement of clinical efficacy through

combination with therapies that upregulate NKG2D expression, such

as decitabine (191), warrants further investigation.

Furthermore, CART therapies targeting additional antigens are

currently undergoing patient trials, albeit with limited published data,

as seen in trials NCT03473457, NCT03291444, NCT04351022, etc.

See Tables 1 and 2 for detailed results of published clinical trials for

AML (87, 88).
4.4 Combining CART therapy and
allogeneic HSCT: a dual
immunotherapeutic strategy?

Allogeneic hematopoietic stem cells transplantation remains a

cornerstone in the therapeutic plan for eligible AML patients,

serving both as a consolidation approach for high-risk AML and

as part of a salvage option for R/R AML (141). Therefore,

integrating CART therapy into the treatment of these patients

needs a comprehensive plan that includes allo-HSCT (192–194).

In the case of R/R AML patients who have not previously

undergone allo-HSCT, the administration of a CART therapy

followed by allo-HSCT represents a rational strategy. This

approach aims to combine the potential benefits of CART

infusion, which is critical for achieving AML cytoreduction, with

the advantages of allo-HSCT. The latter can provide both additional

GvL effects and a haematopoietic rescue after cytopenia probably

caused by the CART cells. Executing this combined strategy is

nonetheless logistically and clinically challenging, particularly

managing the short interval between CART infusion and allo-
FIGURE 6

Number of clinical trials of CART therapies for AML divided by target antigen and country. CLL1, C-type lectin-like molecule-1 FLT3: FMS-like
tyrosine kinase 3 LILRB4, leukocyte immunoglobulin like receptor B4. Source: www.clinicaltrials.gov (26/06/2023).
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TABLE 2 Published clinical trials using CART in AML: Clinical results.

Clinical trial
number

Phase Lymphodepletion Dose Indication Patients Response Toxicity Country Reference

NCT01716364 I F-Cytarabine

1.1x109

(range 5 ×
108/kg to 1.3
× 109/kg)

AML 4

2 SD; 1
transient
blast

reduction; 1
transient

cytogenetics
remission

CRS: Grade I/ II
(neurotoxicity no

comments)
Australia (74)

NCT02623582 I Optional C

Cohort 1: 3
doses, each
4x106 cells/
kg; Cohort
2: 6 doses,
each 4x106

cells/kg

AML 7 (5) 5 PD

CRS Grade I: 8%;
grade II: 33% ;
grade III: 50%;

grade IV: 8%; No
vascular,

neurological or
hematologic
toxicity

USA (75)

NCT02159495 I FC

DL 1:
50x106

CART; DL
2: 200x106

CART

AML/ BPDCN 7 (6)

1 MLFS ;
2CR; 2 blast

count
reductions

CRS 5 pts grade I-
II; 1 rash grade III
(neurotoxicity no

comments)

USA (76)

NCT04318678 I FC

DL1: 3x105/
kg, DL2:
1x106/kg,

DL3: 3x106/
kg, DL4:
1x107/kg

Pediatric AML 12

1 blast
count

reduction; 1
CR.

CRS Grade I; no
neurotoxicity

USA (77)

NCT04106076 I FC/ FCA

DL1:
2.5x105;
DL2:

6.25x105;
DL2i:
1.5x106;
DL3:

3.03x106

AML 16

4 pts: 2 SD;
1 MLFS; 1
MRD-

negative CR

CRS: 15 pts (3 pts
≥ grade III; (2:

grade III; 1 grade
V)) ICANS: 1 pt≥

grade III

USA (78)

NCT01864902 I/II No

1.12x109 ;
fraccionated
doses on

consecutive
days: 1 ×
108, 1.2 ×

108, 4 × 108,
5 × 108

AML 1
Blast count
reduction

CRS grade IV,
pancytopenia

China (79)

NCT03927261 I No FC/ FC
1.8-83 x106

CART cells
AML/ CMML/

MDS
24 (20)

7 Blast
count

reduction; 1
CRi; 1 CR; 1
PR; 1 SD

CRS grade I: 10
pts; grade II: 6 pts;
grade III: 1 pt. No

cases of bone
marrow aplasia

USA (80)

NCT03795779 I FC

Two doses,
each of
1x106

CART/kg on
consecutive

days

AML NA 1 CR NA China (81)

NA I NA
0.35-

1x106CART/
kg

Peadiatric
AML

3
2 MRD- CR;
1 MRD+ CR

CRS: grade I: 2
pts; grade II: 1 pt;
no neurotoxicity;
pancytopenia

China (82)

NCT03222674/
Pediatric

ChiCTR1800015883
I/II FC

1x106

CART/kg
Pediatric AML 4 3 CR; 1 PD

CRS:grade I: 1pt;
grade II: 2 pts

ICANS: 1pt grade
I/II, no HLH,

transient grade IV
neutropenia

China (83)

(Continued)
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HSCT (see Figure 7). It requires precise coordination with the

haematopoietic cell donation process to minimize the period of

CART-induced myelotoxicity and maximize the effectiveness of the

CART cells. Moreover, the removal of CART cells to avoid

interference with engraftment requires the lymphodepleting

effects of a conditioning allo-HSCT regimen. Finally, patients may

face frequent and sometimes severe complications associated with

this sequential tandem procedure. These include immune-mediated
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complications post-CART infusion (e.g., CRS, ICANS, …) and the

complications typically linked with allo-HSCT, such as GvHD and

severe immunosuppression.

Furthermore, CART cells hold promise for treating AML who

experience a relapse after undergoing allo-HSCT. In this setting, any

severe cytopenia following CART infusion could potentially be

rescued using the same graft source utilized in the previous

allo-HSCT.
TABLE 2 Continued

Clinical trial
number

Phase Lymphodepletion Dose Indication Patients Response Toxicity Country Reference

ChiCTR2000041054 I FC
1-2x106

CART/kg
AML 10

3 MRD+
CR/CRi; 4
MRD- CR/
CRi; 3 PD

CRS grade I-II: 4
pts; grade III-IV: 6

pts; severe
pancytopenia: 10
pts (incl. 2 deaths
due to severe
infection), no
neurotoxicity

China (84)

NCT03222674/
Pediatric

ChiCTR1900027684
I/II FC

0.35- 1x106/
kg CART

Pediatric AML 8

4 CR MRD-;
1 CRi MRD
+; 1 MLFS
MRD+; 1
PR; 1 SD

CRS: grade I-II: 8
pts; no

neurotoxicity; 8
pancytopenia

China (85)

NCT02203825 I No

DL1: 1x106;
DL2: 3x106;
DL3: 1x107;
DL4: 3x107

(T cells)

AML/MM 12 (7) 2 SD; 5 PD

No CRS,
noneurotoxicity,
no autoimmunity,
2/12 grade 1 rash

USA (86)

NCT04351022 I/II FC
6.1-10x106/

kg
AML 6

1 CR, 3 CRi,
1 blast
count

reduction, 1
PD

CRS: grade I-II: 5
pts; grade III: 1 pt;
no neurotoxicity,

no GvHD,
neutropenia

(<500/mcL) 6 pts,
thrombocytopenia
(<10000/mcL)

6pts

China (87)

NCT04538599 I FCE 1-3x107/kg

CD7-positive
haematological
malignancies
(1 AML)

12 (1) 1 CRi
CRS: grade I, no
neurotoxicity, no

GvHD
China (88)
fro
Only data from AML patients are reported. Cell dose is reported for all patients included in the clinical trial. Total cell dose indicated, if not otherwise specified (i.e. CART/kg). Total number of
treated patients in the clinical trial and AML treated patients in parenthesis. Toxicity is reported about AML patients or all patient if is not specify. A, alemtuzumab; BPDCN, blastic plasmacytoid
dendritic cell neoplasm; C, Cyclophosphamide; CR, complete response; CRi, complete response with incomplete haematological recovery; CRS, cytokine release syndrome; E, etoposide; F,
Fludarabine; HLH, hemophagocytic; HMA, hypomethylating agent; MDS, myelodysplastic syndrome; MLFS, morphologic leukemia-free state; MM, multiple myeloma; MRD, measurable
residual disease; NA, not available; PD, progression disease; PR, partial response; SD, stable disease.
FIGURE 7

Combination of CART therapy and allo-HSCT. Flu, fludarabine; Cy, cyclophosphamide; CRS, cytokine release syndrome; ICANS, immune effector
cell-associated neurotoxicity syndrome; GVHD, graft-versus-host disease.
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5 Discussion

While CART therapies have shown remarkable success in

treating haematological diseases such as B-ALL, B-cell lymphoma

and MM, their application in AML patients has faced greater

challenges. The primary hurdle is the lack of a specific antigen

exclusively expressed in AML cells. Despite this, clinical trials have

predominantly focused on targets like CD123, CD33 and CLL-1.

While published clinical data offer glimpses of the potential of

CART therapies in AML treatment, they also underscore the

limitations due to on-target/off-tumour toxicities. Therefore, in

the majority of clinical trials involving CART therapies for AML,

the availability of an allogeneic HSC donor is imperative to

eventually rescue patients from life-threatening cytopenia. There

are safety strategies, including switch-off mechanisms or the

exploration of various dual CAR strategies, that can be employed

to mitigate the potential toxicity induced by CART cells in AML

(21, 195). Finally, refining clinical protocols, like combining CART

cells with other therapies or integrating allo-HSCT, may help

unlock the full potential of this therapeutic modality in AML

patients, rendering it both safer and more effective (196).
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Lymphodepletion (LD) or conditioning is an essential step in the application

of currently used autologous and allogeneic chimeric antigen receptor T-cell

(CAR-T) therapies as it maximizes engraftment, efficacy and long-term

survival of CAR-T. Its main modes of action are the depletion and

modulat ion of endogenous lymphocytes, condit ioning of the

microenvironment for improved CAR-T expansion and persistence, and

reduction of tumor load. However, most LD regimens provide a broad and

fairly unspecific suppression of T-cells as well as other hematopoietic cells,

which can also lead to severe side effects, particularly infections. We

reviewed 1271 published studies (2011-2023) with regard to current LD

strategies for approved anti-CD19 CAR-T products for large B cell

lymphoma (LBCL). Fludarabine (Flu) and cyclophosphamide (Cy) (alone or

in combination) were the most commonly used agents. A large number of

different schemes and combinations have been reported. In the respective

schemes, doses of Flu and Cy (range 75-120mg/m2 and 750-1.500mg/m2)

and wash out times (range 2-5 days) differed substantially. Furthermore,

combinations with other agents such as bendamustine (benda), busulfan or

alemtuzumab (for allogeneic CAR-T) were described. This diversity creates a

challenge but also an opportunity to investigate the impact of LD on cellular

kinetics and clinical outcomes of CAR-T. Only 21 studies explicitly

investigated in more detail the influence of LD on safety and efficacy. As

Flu and Cy can potentially impact both the in vivo activity and toxicity of CAR-
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T, a more detailed analysis of LD outcomes will be needed before we are able

to fully assess its impact on different T-cell subsets within the CAR-T product.

The T2EVOLVE consortium propagates a strategic investigation of LD

protocols for the development of optimized conditioning regimens.
KEYWORDS

CAR-T cells, lymphodepletion, conditioning, optimization, efficacy, toxicity
Background

Adoptive cell transfer (ACT) for the treatment of malignancies has

become one of the most active and fruitful developments in therapeutic

advances against cancer in the past 3 decades. Not so long ago, a series

of studies lead by Dr. Rosenberg opened a new field by proposing to re-

infuse in vitro expanded and IL-2-stimulated tumor-infiltrating

lymphocytes to overcome immunotolerance in patients with

metastatic melanoma and achieve tumour-control (1). Three decades

later, translational research has further developed procedures,

including direct activation of immune-effector cells against specific

targets in an MHC-independent manner (2, 3). In this respect, T-cells

modified to express chimeric antigen receptors (CAR-T) demonstrated

the potential to achieve deep and durable remissions across a wide

variety of hematological malignancies (4–27) and are now established

as an important part of antineoplastic therapies in lymphoproliferative

diseases (28–30). Expansion to new hematologic indications, solid

tumors, autoimmune and infectious diseases is on the horizon (31).

As of September 2023, there are six FDA and EMA approved products,

improving the lives of children and adults with B-Cell Acute

Lymphoblastic Leukemia (B-ALL), various forms of B-cell Non-

Hodgkin Lymphoma (NHL) and Multiple Myeloma (MM). Many

more therapies are currently going through different phases of clinical

trials. Approved CD19-CAR-T therapies show high response rates in

B-ALL and B-NHL, depending on the CAR-T product, line of

treatment and specific indication, with unprecedented long-term

progression-free and overall survival in patients with relapsed or

refractory disease (11, 12, 14–16, 32) The same holds true for B-cell

maturation antigen (BCMA) directed CAR-T for MM (24, 25), but

unfortunately a considerable proportion of these (high-risk) patients

still relapse after or are refractory to CAR-T therapy. Hence, there is

still a need to improve efficacy of many steps in the CAR-T treatment

sequence including T-cell quality, product characteristics,

manufacturing, lymphodepleting regimens as well as post-

treatment management.

Lymphodepletion (LD) has been identified as a critical factor

playing a major role in the outcomes achieved with CAR-T

treatment (33).

The main purposes of LD are (1) the reduction of endogenous

lymphocytes to prepare a niche for engraftment of CAR-T infusions

and to support their long-term activity; (2) the reduction of tumor
02154
cells to avoid rapid exhaustion of CAR-T; (3) preparation and

reprogramming of the microenvironment and soluble factors to

ensure optimal engraftment, homing and long-term survival of

CAR-T (Figure 1).

This is the reason why chemotherapeutic agents with both

cytoreductive activity against tumor cells as well as T-cells are

commonly used in LD. The most common schedules for LD

(Fludarabine (Flu), cyclophosphamide (Cy) and combinations

thereof) are based on the paradigm of pre-conditioning in small

trials with tumor-infiltrating lymphocytes (34, 35) as well as for

allogeneic hematopoietic stem cell transplantation (36).

Differences in LD regimens and dosages depend on the

targeting disease (e.g. ALL, NHL, MM or solid tumors) as well as

on the T-cell source (autologous vs. allogeneic). However, while

almost every patient receives LD, the actual evidence for their

activity as well as the underlying experimental data are

surprisingly scarce (37, 38).

Moreover, different LD regimens are usually linked to specific

CAR-T products in use, making evaluations in regard to their

influence on clinical outcome nearly impossible. This is a major

obstacle encountered in head-to-head comparisons and

meta-analysis.

Recent evidence from population-based pharmacokinetic

studies suggests that efficacy and toxicity of LD differ even within

the same regimen (37–39).

Therefore, studies investigating the activity and toxicity of LD in

depth are still needed.

Focusing on malignant diseases, we here review the rationale

and current evidence for various LD regimens and dosages,

adjustments and novel approaches with the intention to facilitate

selection of research topics for this important aspect of CAR-

T therapy.
Methods

This review is based on a systematic search of the literature,

with the initial intention to perform a meta-analysis on LD.

The preliminary aim to identify publications on different doses

of lymphodepletion was conducted on the 14.03.2023 via PubMed

in c l ud i n g t h e t e rms ( “LYMPHODEPLETION ” OR
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“CONDITIONING” OR “PREMEDICATION”), (“CART” OR

“CAR-T” OR “CAR-T CELLS” OR “CHIMERIC ANTIGEN

RECEPTOR T-CELLS”) and (“CD-19” OR “CD19”) delivering 21

studies of interest. While a more thorough search of those

publications did not show the variety and comparability of

lymphodepleting regimens, a broader analysis, including all 1271

published studies on approved anti-CD19 CART products for

LBCL (axicabtagene ciloleucel, tisagenlecleucel and lisocabtagene

maraleucel), only showed specific data on lymphodepleting

regimens in 0.016% of those. A search of currently ongoing,

planned or completed clinical trials was conducted on the

16.07.2023 using the search terms “CAR-T-Cells” and

“Lymphodepletion” showed 171 results which are displayed

in Table 1.

It became clear that due to the lack of conclusive data and the

close link of individual LD regimens to specific CAR-T products, a

meaningful meta-analysis of response and toxicity is currently

not feasible.

Thus, instead of a meta-analysis of LD regimens, members of

the T2EVOLVE work package 6 presents here a comprehensive

literature review.
Currently used substances and
lymphodepleting regimens

Table 1 shows the great variety of currently applied LD/

conditioning regimens across clinical trials. These treatments

differ in substances and their combinations, dosing and timing

(even within LD regimens with identical doses). The regimens also

differ between autologous and allogeneic CAR-T therapies.

Depending on the indication (lymphomas, leukemias or solid
Frontiers in Immunology 03155
tumors), various approaches have been proposed. The following

substances or combinations thereof are the main stay of LD:
Fludarabine

Fludarabine (Flu) is a purine analogue, which has been a vital

treatment option for Chronic Lymphocytic Leukemia (CLL) and

indolent NHL for many years (40), is mainly used in combination

with other lymphodepleting agents. Activity and toxicities are well

studied in CLL and conditioning for allogeneic stem cell

transplantation (41). Fludarabine seems to be particularly toxic

for hemopoietic precursors – a fact that may account for some early

toxicity after infusion (42, 43). The metabolism of the drug is

dependent on glucuronidation by the UGT2B17-pathway, resulting

in dependency on individual, sex- and ethnicity-related factors (44).
Cyclophosphamide

Cyclophosphamide (Cy) is an alkylating agent with efficacy in a

wide range of lymphomas, Hodgkin´s lymphoma, aggressive as well as

indolent NHLs (45–47). High-dosage Cy is used as a single

lymphodepleting agent followed by CAR-T transfusion or in

autologous stem cell transplantation. Dosages in the CAR-T setting

up to 1800 mg/m2 for two days have been studied for efficacy (33).
Fludarabine and cyclophosphamide

Flu and Cy are used in combination with immunotherapy for

CLL (48) and are currently the most commonly used
FIGURE 1

Major effects of lymphodepleting therapy on the host. LD influences (1) number and composition of host lymphocytes as well as cytokine
production; (2) reduces the tumor and modulates its behavior; (3) reprograms the host microenvironment for better homing of CAR-T cells.
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TABLE 1 Currently used lymphodepleting/conditioning regimens (26 variants).

Lymphodepletion
Regimen

Dose (mg) Dose
total (mg)

Days Timing Comments / Reference Variant

Fludarabine/
Cyclophosphamide

25/250/m2 75/750/m2 3 day -6
to -2

JULIET, PORTIA studies 1a

Fludarabine/
Cyclophosphamide

25/250/m2 75/750/m2 3 day -7
to -2

NCT05445011 1b

Fludarabine/
Cyclophosphamide

25/250/m2 75/750/m2 3 day -4
to -1

iPD1 CD19 eCAR T cells
NCT03208556

1c

Fludarabine/
Cyclophosphamide

25/250/m2 75/750/m2 3 day -3
to -1

Anti-EGFRvIII CAR T Cells
NCT02844062
NCT02937844

1d

Fludarabine/
Cyclophosphamide

25/300/m2 75/900/m2 3 day -5
to -3

CD19 CAR-T
NCT05326243
CAR7-T Cells
NCT04823091

2a

Fludarabine/
Cyclophosphamide

25/250/m2 75/750/m2 3 CI-135 CAR-T cells
NCT05266950
JWCAR029
NCT05727683

2b

Fludarabine/
Cyclophosphamide

30/250/m2 90/750/m2 3 Day -5
to -3

NCT05326243
Dual CD33/CLL1 CAR T Cells
NCT05248685
CD5 CAR T cells
NCT05032599
CT125B
NCT05487495

3

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 day-6 to -4 Varnimcabtagene autoleucel (ARI-0001),
Cesnicabtagene autoleucel
(ARI0002h), TranspoCART

4a

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 day -7
to -5

ciltacabtagene autoleucel
CARTITUDE-1

4b

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 day -4
to -2

Idecabtagene vicleucel
KarMMa
huCART
NCT03054298

4c

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 day -6
to -4

Lisocabtagene maraleucel TRANSCEND 4d

Fludarabine/
Cyclophosphamide

30/300/m2 90/300/m2 3,1 Day -5 to
-3, Day -6

ISIKOK-19
NCT04206943

4e

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 CART 2-
14d
after LD

CAR.B7-H3
NCT04670068
ATLCAR.CD128
NCT03672318
NCT05634785
ATLCAR.CD30

4f

Fludarabine/
Cyclophosphamide

30/300/m2 90/900/m2 3 Anti-BCMA CAR-T Cell
NCT04637269
CD19 and CD22 Dual-targeted CAR-T Cells
NCT04303247
Anti-CD19 Allo-CAR-T Cells
NCT04516551

4?

Fludarabine/
Cyclophosphamide

30/500/m2 90/1000/m2 3,2 day-5 to -3 ZUMA-7
OPBG
PBCAR20A
NCT04030195

5a

(Continued)
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TABLE 1 Continued

Lymphodepletion
Regimen

Dose (mg) Dose
total (mg)

Days Timing Comments / Reference Variant

Fludarabine/
Cyclophosphamide

30/500/m2 90/1500/m2 3 day -5
to -3

Axicabtagene Ciloleucel Routine, ZUMA-1,
CARTITUDE, KaRRMa, JCAR017/TRANSCEND,
MB-CART20.1, MB-CART2019.1 (lymphoma)

5b

Fludarabine/
Cyclophosphamide

30/500/m2 90/1500/m2 3 day -7
to -5

Bexucabtagene autoleucel
ZUMA - 2

5c

Fludarabine/
Cyclophosphamide

30/500/m2 90/1500/m2 3 CART 2-
14d
after LD

NCT02690545 NCT02917083 5d

Fludarabine/
Cyclophosphamide

30/500/m2 90/1500/m2 3 day -4
to -2

NCT02443831
CARPALL
UF-KURE19
NCT05400109
CARTinNS
NCT04561557
CT125A cells
NCT04767308

5e

Fludarabine/
Cyclophosphamide

30/500/m2 120/1000/m2 4,2 Completed
at day -2

NCT05010564
TRICAR-ALL
ELIANA
NCT03321123

5f

Fludarabine/
Cyclophosphamide

30/500/m2 150/1500/m2 5, 3 day -7 to
-3, day -4
to -2

CD19/22 CAR T-cells
NCT02443831

5g

Fludarabine/
Cyclophosphamide

30/500/m2 90/1500/m2 3 day -5
to -3

CD22 CAR
NCT04088890

5h

Fludarabine/
Cyclophosphamide

30/500/m2 120/1000/m2 4,2 CART 1-
2d after LD

Anti-GPC3 CAR T
NCT02876978

5i

Fludarabine/
Cyclophosphamide

30/750/m2 90/750/m2 3,1 Day -5 to
-3, Day -5

fhB7H3.CAR-Ts
NCT05211557
B7H3 CAR-T Cells
fhB7H3.CAR-Ts
NCT05323201

6a

Fludarabine/
Cyclophosphamide

30/750/m2 90/750/m2 3 day -6
to -4

NCT05950802
ODIN

6b

Fludarabine/
Cyclophosphamide

25/900/m2 75/900/m2 3,1 Day -4 to
-2, Day -2

NCT04088864
Bexucabtagene autoleucel
ZUMA - 2

7

Fludarabine/
Cyclophosphamide

25/m2/30mg/kg 75/m2/90 mg/kg 3 Complete
at day -2

NCT00902044 8

Fludarabine/
Cyclophosphamide

20-30/300-500/m2 80-120/600-
1000/m2

4,2 CD19 CAR T-Cell(CAT19T2)
NCT05613348

9

Fludarabine/
Cyclophosphamide

25/60mg/kg 75/180 mg/kg 3 day -7
to -5

F.Hutchinson 10

Fludarabine/
Bendamustine/
(Cyclophosphamide if
hypersensitive
to Bendamustine)

30/70/(300)/m2 90/210/(900)/m2 3 CART 2-
14d
after LD

ATLCAR.CD30
NCT04083495

11

Fludarabine/
Bendamustine

30/70/m2 90/210/m2 3 Day -5
to -3

CHARIOT-Trial
NCT04268706

12

Fludarabine/
Busilvex

40 mg/m2 /3.2
mg /kg

160 mg/m2 /12,8
mg /kg

4 Day 1-4 INSERM 13

(Continued)
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lymphodepleting agents used for CAR-T cell therapy. Most LD

regimens are based on the doses used for CLL therapy (49).

Commercially available CAR –T products rely mostly on Flu +

Cy for conditioning, except for tisa-cel (11) (Table 1). However,

variations in dosages of Flu/Cy (25/250 mg/m2 up to 30/750 mg/

m2) application duration (3 days up to 5 days of Flu and 1 up to 3

days of Cy respectively) and time until transfusion (1 day up to 14

days prior to transfusion) of CAR-T are common.
Frontiers in Immunology 06158
Bendamustine

Another alkylating agent is Bendamustine (Benda), used as a

first- and second-line treatment option for CLL and other B- and T-

cell lymphomas, either as single agent or in combination with

targeted therapies (50–52).

While being included as an alternative to Flu/Cy in the JULIET

trial (11) and showing fewer toxicities than Flu/Cy with similar
TABLE 1 Continued

Lymphodepletion
Regimen

Dose (mg) Dose
total (mg)

Days Timing Comments / Reference Variant

Fludarabine/
Cyclophosphamide/
Alemtuzumab

90 mg/m2 ;
1500mg/m2 ; 1mg/
kg or 40mg

Servier - Adult trial 14

Fludarabine/
Cyclophosphamide/
Alemtuzumab

150mg/m2 ;
120mg/m2 ; 1mg/
kg (capped
at 40mg)

Servier - Pediatric trial 15

Fludarabine/
Cyclophosphamide/
TLI

30/500/m2

2Gy in 2 fractions
90/1000/m2

2Gy in 2 fractions
3,2 day -6 to

-4
TLI day -3
to -2

NCT05950802
ODIN

16a

Fludarabine/
Cyclophosphamide/
TLI

30/750/m2

2Gy in 2 fractions
90/1500/m2

2Gy in 2 fractions
3,2 day -6 to

-4
TLI day -3
to -2

NCT05950802
ODIN

16b

Fludarabine/
Cyclophosphamide/
ALLO-647

NCT04416984
ALPHA2

17

Fludarabine/
Cyclophosphamide/
Etoposide

NCT05776407 18

Fludarabine/
Cyclophosphamide/
VP-16

NCT05679687
NCT05640713
NCT05691153
NCT05576181
ThisCART19A

19

Fludarabine/
Cyclophosphamide/
Etoposide/
Cytarabine/
Dexamethasone

24/150/90/180/
6/m2

120/750/450/900/
30/m2

5 NCT04499573 20

Fludarabine/
Cyclophosphamide/
Nirogacestat

NCT04171843 21

Cyclophosphamide 1800/m2 3600/m2 2 anti-GD2 CAR T cells
NCT02107963

22

Cyclophosphamide 1500/m2 1500/m2 1 Day -3 CART-meso cells
NCT03638193

23

Cyclophosphamide 300/m2 900/m2 3 Day -5
to -3

aPD1-MSLN-CAR T Cells
NCT04489862

24

Bendamustine 90/m2 180/m2 2 day-6 to -2 Tisagenlecleucel Routine, JULIET, PORTIA studies 25

Alemtuzumab NCT04150497
BALLI-01

26
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outcomes (53), it is not included as an option for other products and

only occasionally used in clinical trials regarding novel CAR-T. B

seems to be a good option for patients with renal insufficiency

(53).When used in clinical trials the dose ranges from 70 mg/m2 to

90 mg/m2 per day, for two consecutive days, as a single agent.
Radiation

Radiation therapy (RT) is nowadays used in the treatment of

localized lymphomas (54–56), as well as for transplant

conditioning. Radiation of tumor masses shows benefits in animal

studies as a pre-conditioning before CAR-T administration

enabling them to mitigate antigen escape (57). In preclinical

mouse models, total body irradiation has been used for a long

time to induce lymphodepletion. In addition, low dose local

radiation in combination with CAR-T is currently a promising

field especially in the context of solid tumor therapies.
Targeted lymphodepletion

Alemtuzumab
As an alternative, targeting antigens on T-cells (and malignant

cells) specifically has been explored. Alemtuzumab, alone or in

combination with Flu/Cy is being used as conditioning agent for

allogeneic CAR-T, particularly in lymphoproliferative diseases,

where it seems to improve the clinical response rate over Flu/Cy

(58). Higher toxicities should, however, be expected (58, 59).

Moreover, alemtuzumab due to its long half-life and pan-T activity

can only be applied when CD52 has been knocked out in CAR-T.

Most of the regimens target both B as well as T-cells, making

them particularly attractive to combine LD as well as tumor

reduction in lymphomas. On the other hand, metabolism, route

of elimination and half-life are different and may even vary between

ethnicities. This may account for varying toxicities and efficacy (60).

Serum concentrations as well as population genetic differences have

been linked to these effects (39, 61, 62).

Differences in the total dose or effective serum levels of Flu/Cy may

even account foroutcome. It is interesting tonote that tisa-celwhichuses

a lower dose of Flu/Cy has shown lower long-term progression-free

survival and is the only agent failing in second-line trials (11, 13, 23, 63).

Variations in the interval between LD and CAR-T delivery may

also be responsible for differences in toxicities and could even affect the

growth and cellular kinetics of CAR-T, since very close timing to

infusion may be associated with considerable serum concentrations of

fludarabine after day+1 in special populations (39, 61, 62). Moreover, T

cell subsets show different sensitivity to Flu, especially CD8+ effector T

cells seem to be more sensitive (64). Therefore, exploring options

targeting T cells or subsets thereof seems warranted.

Oxaliplatin/cyclophosphamide
This combination has been reported to enhance recruitment of

CAR-T to solid tumors and to increase efficacy when combined

with checkpoint blockade (65, 66).
Frontiers in Immunology 07159
Clofarabine
Clofarabine is well known for its activity as an anti-leukemic

agent. It has successfully been used for LD together with

cyclophosphamide before tisa-cel CD19+ CAR-T cell infusion

leading to clinical remission (67, 68) Another potential indication

is its use as conditioning for CAR-T reinfusion as in the case of ARI-

0001 (22). Flu/Cy plus rituximab has been used for conditioning

before a second CAR-T infusion (69).
Emerging strategies to avoid the need
for LD

Several studies have demonstrated the potential of alternative

strategies to enhance the in vivo activity of immune effectors

without the need for lymphodepletion in CAR-T cell therapy.

The s e s t r a t e g i e s a im to ove r come the l im i t a t i on s

of lymphodepletion.

Such approaches seek to enhance CAR-T cell persistence and

expansion by incorporating additional gene engineering besides the

transfer of the CAR gene construct. This can be achieved by

engineering CAR-T cells to also express certain cytokines that can

help promote their survival and proliferation. These are considered

“4th generation” CAR-T cells, or TRUCKs (“T cells redirected for

antigen-unrestricted cytokine-initiated killing”) (70), an approach

with a particular interest in solid tumors. Currently there are several

TRUCK designs being tested in preclinical and early phase trials

testing the incorporation of a wide variety of single or combinatory

cytokines with autocrine and paracrine functions including IL-7, IL-

12, IL-15, IL-18, and IL-23, among others.

Other complementary gene engineering candidates that could

potentially allow for enhanced CAR-T cell persistence and

expansion can also include the intervention of immune-

checkpoints like PD-1 and CTLA-4. This could be achieved by

either the incorporation of the capacity to secrete PD-1 and CTLA-

4 blocking antibodies directed upon antigen-driven CAR signaling,

or by directly disrupting PD-1 gene (71), an approach that

potentially could prevent T-cell exhaustion and/or suppression.

Nevertheless, while these approaches may seem promising, they

are still in very early stages of development, and all currently

commercially available CAR-T cell products strongly rely on

preconditioning, highlighting the need to identify optimal LD

regimens to improve the safety and efficacy of adoptive cell

therapy with engineered T-cells.
Evidence and rationale for dosing
in humans

Lymphodepleting chemotherapy has a 3-decade long history of

co-development with adoptive cell transfer. Right from the start, LD

has proven to be of upmost importance as it drives a synergistic

effect that outperforms the expected effect of what both,

chemotherapeutic agents and immune-effector cells would achieve

by themselves. In fact, initial reports in murine models showed how
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the prior administration of cyclophosphamide facilitated the

elimination of an established tumor by eliminating tumour-

induced suppressor T-cells (72). By doing this, the administration

of cyclophosphamide unveiled the importance of reducing

immunosuppression to boost T-cell mediated immunity. Thereby

it was shown that cyclophosphamide administration could also

unleash an antitumoral effect that was not directly related to

LD itself.

While non-myeloablative conditioning prior to ACT

significantly improves the efficacy of tumor-reactive T cells in

pre-clinical models, complete ablation with higher conditioning

doses can intensify these effects. In a non-myeloablated host the

regulatory compartment is significantly reduced with increased

cytokine availability of homeostatic cytokines like IL-7 and IL-15,

which positively impacts the anti-tumor efficacy of adoptively

transferred T cells. An intensified lymphodepletion up to the

point at which HSC reconstitution is required, further promotes

to the beneficial environment. Studies in the pmel-1 model for the

treatment of established B16 melanoma showed that intensified

myeloablative pre-conditioning up to 9 Gy in combination with

HSC improves the efficacy by further reduction of homeostatic

cytokine consuming host cells (73, 74). Nevertheless, the

administration of higher conditioning intensities has to be

balanced out with emerging toxicities (34).

The significance of conditioning intensity was further examined

in the early stages of TIL therapy among patients with metastatic

melanoma (75). Ninety-three participants with metastatic

melanoma underwent TIL therapy following three distinct

conditioning regimens in three non-randomized sequential

studies. These regimens included a non-myeloablative

chemotherapy-based approach with Cy/Flu (n=43) and two

myeloablative regimens incorporating Cy/Flu along with either 2

or 12 Gy of TBI (both n=25). Based on previous studies in murine

models indicating enhanced TIL efficacy with increased

conditioning intensity reaching a myeloablative level, followed by

autologous hematopoietic stem-cell rescue (34, 74), the clinical

study (75) reported overall response rates of 48.8%, 52%, and

72% for non-myeloablative, 2-Gy myeloablative, and 12-Gy

myeloablative conditioning, respectively. Additionally, complete

response rates were 9.3%, 8%, and 16%, respectively. Despite the

limitations of non-randomized sequential studies, a discernible

positive impact on efficacy appears notable in patients

conditioned with high-TBI myeloablative protocols.
Influence on the microenvironment

It was not long before the foundations of LD were laid, as it was

discovered that most of the synergistic effects were not only

mediated by the direct antitumoral effect itself, but rather on how

LD modulates the environment in which the immune system acts

(76, 77). Soon, the identification of several mechanisms on how LD

was able to modulate the activity of transferred immune-effector

cells was initiated, including its modulation of homeostatic

cytokines such as IL-7 and IL-15 by abrogation of cellular

cytokine ‘sinks’, or other immune cells that compete with
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transferred immune-effector cells for the consumption of

stimulatory cytokines. Also, the impairment of regulatory T-cells

(Treg) that suppress tumor-reactive T-cells contributes to

polarization of the environment. Finally, the induction of tumor

apoptosis and necrosis can potentially lead to an increased cellular

immunity, driven by an increased tumor-antigen presentation.

These findings were obtained when connecting increased tumor-

regression with the absence of host lymphocytes. In fact, a link

between LD and augmented immune function is suggested to be

mediated by `homeostatic proliferation` (78–85), a process that

drives increased T-cell proliferation after small numbers of them are

transferred into a lymphopenic host (see also chapter pre-clinical

experimental evidence). Evidence for the impact of competition for

homeostatic cytokines between transferred immune-effector cells

and host cells (or cellular cytokine ‘sinks’) has been described (78,

80, 85, 86), as the proliferation of transferred adoptive T-cells in

lymphopenic hosts can be reduced in a dose-dependent manner by

increasing the total number of either adoptive antigen-specific T-

cells or by co-transferring an ‘irrelevant’ population of T-cells.

Furthermore, the eradication of ‘cellular sinks’ by LD and the

resultant increase in the availability of homeostatic cytokines has

been described as a central mechanism driving the activation of

antigen-specific CD8+ T cells (77). Finally, naturally occurring Treg

can potently induce immunotolerance to self and foreign antigens,

as the physiological function of Treg is thought to be the avoidance

of autoimmunity by ensuring tolerance to self-antigens. Therefore,

a close link between autoimmunity and tumor immunity suggests

that Treg may have a crucial role in shaping a tolerogenic TME (87).

Intestinal microbiota are also involved in modulating the

activity of cellular therapies including CAR-T cells. In addition to

the LD regimen itself, antibiotic treatment as prophylactic

intervention does cause dysbiotic states. Experimental approaches

have shown that the microbial composition and commensal-

derived metabolites crucially impact on host immunity, thereby

shaping either tolerogenic or activating environments (88, 89).

Further, recent studies have shown that the microbiome is

capable of influencing the functionality of CD19-specific CAR-T

cells in patients. Those correlated the use of antibiotics before CAR-

T cell administration with decreased commensal diversity and

worse survival highlighting a beneficial role of a rich microbiome

in cellular therapy (90, 91). In that regard, it was demonstrated that

commensal metabolites such as short-chain fatty acids might

improve the function of adoptively transferred T-cells for cancer

treatment (92). Interestingly, LD can also contribute to anticancer

reactivity by causing bacterial translocation to other tissues than the

intestine itself such as the mesenteric lymph nodes. There,

activation of antigen-presenting cells by TLR ligands can enhance

the stimulation of adoptively transferred T-cells with antitumoral

activity (93). Translocation of commensals to the tumor site has

been described as well. By local secretion of L-lactate, Lactobacillus

iners is able to confer chemoradiation resistance in mouse and

patients (94). In contrast, the related strain Lactobacillus reuteri

releases a tryptophan metabolite intratumorally, thereby improving

checkpoint inhibition (95). Hence, both the translocation of the

microbiome to other sites as well as the modulatory capacity of

bacterial metabolites should be considered as potential factors
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altering immunotherapy response which are in turn changed by LD

and antibiotic regimens.
Reduction and modulation of lymphocytes

Further clinical evidence of the relevance of LD has been

previously described in early trials of tumor-infiltrating

lymphocytes (TIL) on patients with metastatic melanoma, where

a LD regimen consisting of 2 days of cyclophosphamide 60 mg/kg

followed by 5 days of 25mg/m2 fludarabine could effectively reduce

leukocyte counts to fewer than 20 cells/mm3, allowing for TIL

administration in a lymphodepleted status (35). Furthermore, this

transferred adoptive immune-effector cell expansion could be

boosted by the administration of the cytokine IL-2 (96). Similar

outcomes were observed in another early TIL trial for patients with

metastatic melanoma, where 10 patients received TIL treatment in

two occasions, the first one without LD, and the second one

following 5 days of fludarabine 25mg/m2, allowing for intra-

patient comparison (97). Investigators observed that prior

administration of fludarabine led to a 2.9-fold increase in the in

vivo persistence, as well as also led to an increase in plasma levels of

the homeostatic cytokines IL-7 and IL-15.

The importance of LD was later evaluated with the first clinical

reports of administration of CAR-T, where a small group of patients

received treatment with a first generation (CD3z) CD20-specific

autologous CAR-T in the absence of LD. In the trial reported by Till

and colleagues (98) the first 3 patients had a very limited expansion

and persistence of the transduced cells (1-3 weeks) that was later

increased up to 9 weeks after the addition of IL-2 administration.

Due to the modest therapeutic effects observed in this trial, the

construct was modified through the addition of two costimulatory

domains (CD28-4-1BB-CD3z) and LD with 2 days of

cyclophosphamide 1000 mg/m2 was followed by IL-2

administration (99). Using these modifications, the persistence of

the transduced cells was detectable for up to 12 months, and 2 out of

4 patients achieved a complete response (CR). Consequently, at the

nadir of LD, the absolute Treg levels, absolute CD3+ counts, and B

cell counts were reduced by up to 96%, 93%, and 85%, respectively.

However, despite the rapid lymphocyte expansion observed during

IL-2 therapy, a possible counterproductive effect was detected as

increased Treg levels were also seen after IL-2 injections. Therefore,

IL-2 administrations were abandoned. Similar outcomes were

observed in another early CAR-T report (100), this time with a

more sophisticated construct composed of an anti-CD19 (FMC63),

CD28-CD3z autologous product administered to a patient with

lymphoma. The patient received an LD regimen consisting of 2 days

of cyclophosphamide 60 mg/kg followed by 5 days offludarabine 25

mg/m2. B cell aplasia has been observed for more than 3 years and

the patient achieved a dramatic remission that lasted 32 weeks.

LD with Flu/Cy leads to changes in cytokine profiles and

lymphocyte composition of the host, particularly when applied with

growth factors such as GM-CSF (101). CD4+ T regulatory cells, CD8+

T suppressor cells, and T memory cells (CD8+ T central memory cells;

T effector memory RA+ cells) are increased. Long-term changes of the

T-cell and cytokine profiles are also observed with bendamustine
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(102).These long-term immunomodulatory effects of LD probably

facilitate the development of opportunistic infections (103).
Reduction of rejection

The importance of the achievement of lymphodepletion was

suggested in another early CAR-T trial (104) that observed how

anti-transgene rejection responses contributed to limited

persistence and efficacy of a first generation, dual (CD20/CD19

specific) CAR-T in a small group of 4 patients with Relapsed/

Refractory (R/R) DLBCL and Follicular Lymphoma (FL). CAR-T

were infused either following autologous Hematopoietic Stem Cell

Transplantation (HSCT) or before fludarabine administration.

Detection of transduced cells was reduced to a week or less, and

anti-transgene immune rejection responses were detected in half of

the patients. No patients were infused while lymphocyte counts

were below normal range. This unveiled the possible role of

immune rejection of the transgene as a major driver in the

engraftment of the transferred cells, which in turn raised the

interest in the immunosuppressive (IS) power of LD: an

intensified LD might also lead to increased immunosuppression,

consequently improving engraftment by avoiding anti-CAR-T-

specific response.
Consolidation of efficacy

After these initial observations, several groups started reporting

encouraging response rates and engraftment of CAR-T in patients

with R/R B-ALL. A trial treating 16 adult ALL patients with Cy 1.5

to 3.0 g/m2 as LD followed by an anti-CD19 CD28-CD3z was able

to achieve an unprecedented complete response rate (CRR) of 78%

(105). Similar outcomes were observed in the pediatric setting in

another trial (106) in which 30 patients were treated with a wide

variety of LD regimens (Flu/Cy, Cyclophosphamide, Vincristine,

and Prednisone [C/VP] and Cyclophosphamide, Vincristine,

Doxorubicin, Dexamethasone [CVAD]) followed by CTL019

(later known as tisa-cel). In this trial, the CRR was 90%, with a 6-

month rate of EFS and CTL019 persistence of 67% and 68%,

respectively. Interestingly, most of the patients received LD, with

at least half of them receiving Flu/Cy. Finally, a third trial (107) for

R/R ALL treated 14 additional patients with LD consisting of 3 days

Flu 25 mg/m2 and 1 day of Cy 900 mg/m2 followed by an anti-

CD19 CD28-based CAR-T, achieving an 85% Minimal Residual

Disease (MRD)-negative CRR.
Clinical evidence for the impact
of fludarabine

Following the experience on the use of fludarabine in the

context of allogeneic stem cell transplantation, new studies were

designed to formally evaluate its impact on the LD regimen of

patients with R/R ALL (108). On this trial, patients received a

defined CD4+:CD8+ CAR-T composition with prior LD, either with
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1303935
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lickefett et al. 10.3389/fimmu.2023.1303935
Cy 2–4 g/m2 alone, Cy 2–3 g/m2 plus etoposide 100 mg/m2/d for 3

days, or Cy 60 mg/kg plus Flu 25 mg/m2/d for 3 or 5 days.

Interestingly, patients receiving a fludarabine-based LD had

improved CAR-T expansion, persistence and consistently with the

increased CAR-T expansion, an improved disease-free survival.

Comparable outcomes were also observed in the pediatric

setting in a study with 45 patients with R/R ALL treated with a

defined CD4+:CD8+ CAR-T composition (4). Patients received LD

either with cyclophosphamide alone or in combination with

fludarabine. Patients that received Flu/Cy-based LD had a higher

expansion peak, with a longer duration of B-cell aplasia in

comparison to the ones that received Cy-based LD without Flu

(2.1 vs 6.4 months). Finally, MRD-negative CRR was 100% and 90%

for patients receiving LD with and without fludarabine.

Similar outcomes were obtained for patients with B cell

lymphomas (109). In this study, patients who received Flu/Cy LD

had a markedly increased CAR-T expansion and persistence, as well

as higher response rates in comparison to the ones that received

only cyclophosphamide-based LD (CRR of 50% vs 8%). Flu/Cy-

based LD also led to higher serum concentrations of IL-7 and IL-15

on the day of CAR-T infusion. Furthermore, patients treated with

cyclophosphamide based LD (without Flu) had an increased anti-

CAR-T immune response, as second CAR-T administrations led to

a lack of engraftment or measurable efficacy, as well as a detection of

cytotoxic T cell responses specific for the murine single-chain

fragment variable encoded by the transgene in 5/5 patients

analyzed. This contrasts with the fact that 3/4 patients that

received a second CAR-T infusion after previous exposure to Flu/

Cy LD at their first CAR-T treatment were able to achieve a second

engraftment which translated into tumor regression. These

observations point towards to the importance of fludarabine to

reduce the immune response to the transgene, allowing for longer

persistence, efficacy, and eventually, for repetitive dosing of CAR-

T cells.

Comparable outcomes were observed in a new study that

focused on factors associated with durable event-free survival

(EFS) in B-ALL patients after treatment with anti-CD19 CAR-T

therapy (7). A total of 53 patients treated with a 4-1BB-based

second generation product after being lymphodepleted with a

variety of LD schemes. In this study, 85% of patients achieved a

MRD-negative CR, and the multivariate modeling showed that the

performance of LD regimens that incorporated fludarabine was

associated with better EFS with a hazard ratio of 0.34. Interestingly,

all CD19 negative relapses were observed in patients that received a

fludarabine-based LD, and all relapses observed in patients whose

LD did not contain fludarabine were CD19 positive. All this,

together with the fact that a higher CAR-T AUC was seen in the

Ful-based LD patients, is consistent with the fact that the magnitude

of CAR-T expansion and persistence (and the LD performed) might

influence the relapse phenotype.

Similarly, another study performed in 34 patients with R/R

Hodgkin lymphoma analyzed the safety and efficacy of an

autologous CAR-T targeting CD30 (27). In this trial, 3 different

LD regimens were administered: Cy 500 mg/m2/day plus Flu 30

mg/m2/day for 3 days, bendamustine 90mg/m2/day for 2 days

alone, and Benda 70 mg/m2/day and Flu 30 mg/m2/day for 3 days.
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Surprisingly, CRR varied between LD regimens to a point of

achieving a 0% CRR in patients undergoing LD with Benda alone,

which increased to 47% and 73% in patients lymphodepleted with

Flu/Cy and Benda/Flu, respectively. These findings suggest that

fludarabine seems to remain a fundamental drug in CAR-T LD

therapy, which does not appear to be limited to products targeting

B-cell malignancies.
The issue of intensity – influence on CAR-
T cell kinetics

Focusing on dose intensity, another study further analyzed the

impact of increasing the intensity of Flu/Cy-based LD in patients

with B-cell lymphomas (33). In this study, patients with R/R

aggressive B-cell lymphomas were treated with an anti-CD19

CAR-T product following 5 different LD categorized into ‘high-

intensity’ vs ‘low-intensity’ LD based on the dose of Cy

administered. ‘High-intensity’ LD consisted on Cy 60 mg/kg with

either 3 or 5 days of Flu 25 mg/m2/day. On the other hand, ‘Low-

intensity’ LD consisted on Cy 30 mg/kg or with 3 days Flu 25 mg/

m2/day, 3 days of Cy 300 mg/m2/day with 3 days Flu 30 mg/m2/

day, or 3 days of Cy 500 mg/m2/day with 3 days Flu 30 mg/m2/

day (Table 1).

In this study, the best ORR was 51%, with 40% of patients

achieving a CR and a 46% probability of estimated 2-year

Progression Free Survival (PFS). However, patients that received

‘high-intensity’ LD achieved a more favorable cytokine profile, as

defined by the levels of monocyte chemoattractant protein-1 (MCP-

1) prior to infusion and peak interleukin-7 (IL-7). Those

concentrations were above the median in patients that had a

“high-intensity LD”, which in turn translated into higher CAR-T

peak expansion, higher Cytokine Release Syndrome (CRS) intensity

and severity, and a superior PFS (Figure 2B).

Nevertheless, an increase in intensity of LD might not always be

associated with increased efficacy, as found in another study

performed in R/R ALL (110)). 50 CAYA (children, adolescents,

and young adult) patients were treated with a CD28-based anti-

CD19 autologous CAR-T with the option of choosing the intensity

of the LD regimen based on the disease burden observed prior

infusion. This approach was designed to test the hypothesis that

alternative LD regimens could reduce disease burden better prior to

CAR-T infusion, with the objective of reducing CRS severity and

potentially improve efficacy. ‘High-burden’ disease was defined by

>25% bone marrow blasts, circulating peripheral blasts, or

lymphomatous disease. Patients with ‘high-burden’ tended to

receive an increased intensity LD either with (1) high-dose Flu

(30 mg/m2 once a day x4 days) plus Cy (1,200 mg/m2 once a day x2

days), (2) FLAG, Flu (25 mg/m2 x 5 days) and cytarabine (2,000

mg/m2/day x5 days); and (3) ifosfamide (1,800 mg/m2 once a day

x5 days) plus etoposide (100mg/m2 once a day x5 days), whereas

patients with ‘low-burden’ disease received ‘standard-dose’ LD

consisting of Flu (25 mg/m2 x 3 days) and Cy (900 mg/m2 x1

day). As for efficacy, MRD-negative CR was achieved in 56% of

patients. CRR tended, however, to be significantly lower in patients

that received increased intensity LD, with only 25% of patients
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achieving CR, which compares unfavorable with the 69% CRR

observed in patients that received Flu/Cy-based LD. These

outcomes suggest that increasing the intensity of LD might not be

enough to overcome the bad prognosis associated with high-

tumor burden.

All studies mentioned above indicate that the search for an

optimal dose for LD for CAR-T rather reflected a ‘trial and error

‘strategy based on many drugs used in allogeneic stem cell

transplantation and was not based on actual pharmacokinetic

studies. Over the last decade, however, multiple studies showed a

major impact of the individual pharmacokinetics for Anti-

Thymocyte Globulin ATG (111), busulfan (112) but also

fludarabine (61, 113) on the immune reconstitution of

transplanted patient, leading to a proposal for optimal fludarabine

dosages to be used (15-25 mg*h/l) to allow a well-balanced immune

reconstitution with high efficacy and low toxicity. Therefore,

prospective clinical trials are underway to test the impact of

individual fludarabine dosing on immune reconstitution after

allogenic stem cell transplantation (EudraCT Number: 2018-

000356-18). Within this context, hypothesis-generating

retrospective studies have been performed to assess the impact of

fludarabine on CAR-T engraftment and clinical outcome,

suggesting that intra-individual pharmacokinetics are an

important factor to consider, even if patients receive at the first

sight a similar dose. In the first study (114), CAYAs treated with

commercial tisa-cel with prior on-label ‘conventional’ Flu/Cy LD

had their cumulative total fludarabine exposure (area under the

concentration-time curve [AUC]) measured. Blood samples were

taken at time 0, + 1, +3, +7 and +11 hours after infusion of

fludarabine on days 1 to 4 of LD. Concentrations of the

circulating fludarabine metabolite were measured by a validated

mass spectrometry method. Given the different needs of LD for

allogeneic stem cell transplantation and CAR-T infusion, focus in
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this study was mainly on underexposure, as creating space for

infused immune cells is the main goal. Patients were retrospectively

categorized into ‘underexposure’ if the area under the AUC of

fludarabine was lower than 14 mg*h/L. In the underexposed group,

the median leukemia-free survival (LFS) was 1.8 months, which was

lower compared with the 12.9 months observed in the group with

an AUC of F ≥14 mg*h/L. Furthermore, the duration of B-cell

aplasia within 6 months was shorter in the underexposed group

(77.3% vs 37.3%). In addition, the cumulative incidence of CD19-

positive relapse within 1 year following infusion was 100% in the

underexposed group, which was significantly higher compared with

27.4% in the group with an AUC ≥14 mg*h/L. Finally, higher

fludarabine exposure was associated with increased CAR-T

expansion within the first 28 days after CAR T-cell infusion, with

a mean peak CAR-T expansion in Peripheral Blood (PB) of 102

CAR-T cells/mL in the underexposed group vs the 295 CAR-T cells/

mL in the group with an AUC ≥14 mg*h/L.

Comparable outcomes were observed by a second study that

estimated the fludarabine exposure also as an AUC using a validated

pharmacokinetic model in CAYAs treated with commercial tisa-cel

with on-label, conventional’ Flu/Cy LD (62)). Fludarabine exposure

was related to overall survival (OS), cumulative incidence of relapse

(CIR), and a composite end point that included loss of B-cell aplasia

and/or relapse. In this study, optimal fludarabine exposure was also

similarly determined as an AUC ≥13.8 mg × h/L. In multivariable

analyses, patients with AUC <13.8 mg × h/L had a 2.5-fold higher

CIR and two-fold higher risk of relapse or loss of B-cell aplasia

compared with those with optimal fludarabine exposure.

Similar outcomes were seen in patients with aggressive B-cell

lymphomas treated with commercially available axicabtagene

ciloleucel (115). In this study, a retrospective analysis of the

impact of the fludarabine exposure on the safety and efficacy of

axi-cel was measured in 199 adult patients. By estimating the
A B

FIGURE 2

Cellular kinetics after lymphodepletion: (A) Profound decrease in host PB hematopoietic precursor cells. A marked drop in common myeloid
progenitors CFU-GEMM (orange line) is observed between LD (red vertical bar) and CAR-T infusion in parallel with PB leukocyte counts (blue line)
(patient example); (B) Kinetics of CAR-T cells is dependent on the intensity of LD. This is accompanied by an improved survival.
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fludarabine AUC using a validated pharmacokinetic model, three

AUC categories were identified based on the results of P-splines

curves: low (<18 mg*h/L), optimal (18-20 mg*h/L), and high (>20

mg*h/L). As previously described with tisa-cel in B-ALL, optimal

fludarabine AUC was significantly associated with the most

favorable PFS and OS. The 12-month PFS rate was 66% for the

optimal AUC, which compared favorable to the 39% and 46%

observed in the low and high groups, respectively. Also, the 12-

month OS rate was 77% for the optimal AUC, which compared

favorable to the 59% and 66% observed in the low and high groups,

respectively. Given the different needs of LD for allogeneic stem cell

transplantation and CAR-T infusion, focus in this study was mainly

on underexposure, as creating space for infused immune cells is the

main goal.
Animals/preclinical –
experimental evidence

Murine model systems remain a powerful tool for the functional

evaluation of adoptive cell therapy with immune-effector cells.

Xenograft models allow the transplantation of human tumor

cells and primary human T cells to study the anti-tumor efficacy. To

enable the successful engraftment of human cells, highly

immunodeficient mice must be used as host. Especially mice with

the NOD/shi-scid IL-2rg(-/-) (NSG) background as well as the

humanized version have proved to be reliable for the evaluation of

efficacy and safety of CAR-T therapies. Due to the high

immunodeficient state of the strains, these models are not,

however, suited to investigate the complex interactions with other

immune cell compartments influencing the outcome of the therapy

in the context of lymphodepletion.

Therefore, a variety of syngeneic murine models has been

developed to study the efficacy of adoptively transferred cells in

the presence of the lymphoid compartment. Several decades ago, it

was observed that the pre-conditioning with chemotherapeutic

agents or total body irradiation has a significant impact on

engraftment and therapy outcome (72, 116–118). This

experimental evidence has been translated into the application of

lymphopenia inducing conditioning as standard procedure to

improve the engraftment and persistence of adoptively transferred

cells in the clinic (35).

Typically, lymphodepletion in murine model systems is

achieved by non-myeloablative total body irradiation (TBI). The

irradiation dose to induce the desired pre-conditioning state before

adoptive cell transfer can vary depending on the strain of mice and

experimental requirements. Gattinoni et al. elucidated the effect of 5

Gy TBI in the context of T-cell Receptor (TCR) transgenic CD8+ T

cells (pmel-1) targeting the self/tumor antigen gp100 in mice

bearing established B16 melanoma. While the pre-conditioning

with this intensity induced severe lymphopenia in treated mice,

the anti-tumor efficacy was significantly increased compared to

non-conditioned mice (77). Similar results were observed in pre-

clinical settings with anti-murine CD19 CAR-T. Conditioning with

5-6 Gy provided optimal support for the key factors of efficacy like
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engraftment, proliferation and tumor eradication in mice

challenged with 38c13 or A20 lymphoma and treated with CAR-

T (119, 120). Therefore, the common irradiation doses in preclinical

models for adoptive cell therapy, also applied in further tumor

models, are usually based on a single-dose treatment between 4 to 6

Gray (121, 122).

Besides irradiation, clinically relevant chemotherapeutic agents

such as cyclophosphamide and fludarabine as well as combination

therapies are used in pre-clinical models to induce the conditioned

state for adoptive transfer of T-cells. In a syngeneic C57Bl/6 mouse

model of B-ALL Davila et al. applied escalating doses of

cyclophosphamide and CAR-T doses (123). While the

cyclophosphamide administration in moderate doses of 100 mg/

kg improved the survival of treated mice and lead to a reduction in

the B cell compartment, a dose escalation amplified the effect even

further on the B cell level irrespective of the CAR-T cell dose

administered. These results illustrate the central role of intensive

pre-conditioning, rather than CAR-T dose escalation. This and

other models apply typical cyclophosphamide conditioning from 50

mg/kg to 300 mg/kg in a single-dose treatment (123–126). Selected

fludarabine doses are considerably lower ranging from 25 mg/kg to

100 mg/kg (77, 127, 128). Furthermore, not only individual therapy

options are considered, Flu/Cy pre-treatments in pre-clinical

models are also combined compared to the clinical regimens [16].

While a single-dose cyclophosphamide as well as Flu/Cy regimens

induce strong leukopenia in mice, a single-dose fludarabine alone

does not affect the leukocyte compartment (129).

While these studies demonstrate the importance of

conditioning for engraftment and persistence of tumor reactive T

cells in pre-clinical models, the effects of pre-conditioning on

recipient mice that generate the most favorable milieu for cell

transfer are complex and diverse.

In general, the combination of different mechanisms might be

responsible for the advantage in engraftment and persistence of

administered T cells in conditioned recipients rather than one

mechanism alone.

Homeostatic expansion of T-cells has been one of the proposed

mechanisms that drive anti-tumor immunity (86)(see also chapter

influence of tumor microenvironment). The size of the immune

compartment is precisely controlled through homeostatic

regulation of the level and activation state of each individual cell

type. Pre-conditioning induced lymphopenia triggers the expansion

of T-cells by recognition of self-MHC/peptide ligands to restore the

initial T-cell compartment size. In this process, naïve T-cells

differentiate into activated/effector T-cells and gain effector

functions characterized by interferon production. Surprisingly, in

the pmel-1 transgenic mouse model challenged with B16

melanoma, the irradiation induced an increase in the functional

capacity rather than the specific expansion of anti-tumor T-cells.

While the compartment size of transferred T-cells was comparable

between conditioned and non-conditioned mice, the interferon,

tumor necrosis factor and IL-2 production were increased in

irradiated mice (77). These results indicate a conditioning

induced shift towards a reduced activation threshold of

transferred T-cells.
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In line with these findings, lymphodepletion has shown to reduce

the levels of immune suppressive cells such as CD4+/CD25 +/FoxP3 +

Treg and myeloid derived suppressor cells that contribute to immune

tolerance by maintaining the activation threshold of effector T-cells

(130). These cells maintain immunological tolerance to self/tumor

antigens (131, 132) (see also chapter microenvironment).

In the pmel-1 mouse model, the adoptive transfer of CD4 T helper

cells depleted by the regulatory CD25 type improved the anti-tumor

response, while the transfer including the regulatory compartment

significantly decreased anti-tumor efficacy indicating the critical role of

lymphopenia inducing conditioning (133). Moreover, especially low

dose cyclophosphamide is reported to selectively deplete Treg with a

less suppressive capacity after recovery (126, 134, 135). Interestingly, it

could be shown in a RAG-/- mice, which are naturally deficient in Treg

cells, that non-myeloablative irradiation potentiates the efficacy of the

treatment with tumor-reactive lymphocytes (77). Antibody mediated

depletion of NK cells abolished this effect leading to similar tumor-

control as in conditioned mice. Transferring the cells into tumor-

bearing mice deficient in the homeostatic cytokines IL-7 or IL-15

impairs the treatment effect irrespective of conditioning. Based on these

results, it was postulated, that lymphodepletion removes cellular

compartments, that act as cytokine sinks and increases the cytokine

availability of tumor-reactive transferred T cells (77).

While lymphodepletion with irradiation and Flu/Cy treatment

significantly enhances adoptive cell therapy with tumor reactive

lymphocytes in murine und human settings, the occurrence of life-

threatening toxicities associated with pre-conditioning strategies

demonstrates the need to overcome this hurdle.

Even though the transfer of in vitro activated and engineered T-

cells in non-conditioned recipients remains challenging,

engraftment of extremely low T-cell numbers, as low as a single

naïve T-cell, can already be sufficient to develop into highly effective

effector and memory T-cell subsets in non-lymphodepleted hosts

(136). Several studies also investigated the potential of different

phenotypic T-cell compositions on the potency to induce tumor

destruction, a strategy that might also impact the dependence on the

engraftment and persistence potential in lymphoreplete mouse

models. Especially T-cell subsets of the stem cell memory

(TSCM) and central memory (TCM) compartment possess

superior functionality and persistence potential compared to

more differentiated subsets (137–139). Therefore, ultra-short

manufacturing protocols and the transfer of highly defined T cell

subsets might be the strategy to preserve long-term persistence,

while minimizing or preventing pre-conditioning requirements.

The co-engineering of T-cells to express tumor specific

receptors in combination with interleukins is another promising

strategy to overcome the conditioning obstacle. For example, a

second generation anti-murine CD19 CAR construct co-expressing

IL-12 was reported to successfully eliminate A20 lymphoma cells

and to improve survival in lymphodepleted mice (125). Proposed

mechanisms by which IL-12 co-expression leads to a functionality

improvement even in the absence of pre-conditioning are the

induction of proinflammatory cytokines, activation of NK and

DC cells as well as an improvement in the cytotoxic effector

function of T cells (140–142). Similar results were generated by

the co-expression of the anti-murine CD19 CAR with IL-18 (143).
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As recombinant or transgenic cytokine delivery improves

functionality, it comes at the cost of significant toxicities limiting

clinical application. Therefore, the selective constitutive stimulation

via engineered interleukin receptors like the IL-7 receptor or IL-2

incorporated in the CAR transgene as well as vaccination strategies

provide a safer more promising approach for clinical translation

(144–146). This co-engineering might also be a valuable approach

to overcome CAR-T cell application in the solid tumor context

moving more and more into the focus of the field (147). In

summary murine model systems are essential in the toolbox for

designing novel CAR-T products with reduced or even omitted

LD requirements.
Impact of LD on CAR-T cellular
kinetics in humans

Factors that impact toxicity and efficacy have been difficult to

define because of differences in lymphodepletion regimens and

heterogeneity of CAR-T administered to individuals. There have

been many studies that investigated the effects of higher intensity vs.

lower intensity of lymphodepletions on CD19 CAR-T expansion and

persistence and clinical responses (Figure 2B). Patients, who received

Flu/Cy lymphodepletion, had markedly increased CAR-T expansion

and persistence (109). In addition, Curran et al., 2019 showed that

higher dose intensity of conditioning chemotherapy and minimal

pretreatment disease burden have a positive impact on response

without a negative effect on toxicity (148). Higher intensity

lymphodepletion clearly improves the cell expansion and persistence

along with better efficacy rates; it is, however, usually associated with

higher toxicity rates. Flu 25 mg/m2 x 2 + Cy 250 mg/m2 X 3 or Benda

90 mg/m2 x 2 (tisa-cel, DLBCL/FL) was also used in LBCL with tisa-cel

as LD agent and results showed that Benda is as effective as Flu/Cy and

validates a safer adverse event profile with reduced CRS, Immune

Effector Cell-Associated Neurotoxicity Syndrome (ICANS), and

hematological toxicities (53). These chemotherapeutic drugs can,

however, increase the risk of infections and other side effects leading

to the development of secondary malignancies.
Clinical effects

Impact on safety

It rapidly became clear that LD chemotherapy was not toxicity-

free (149), as an early report describes how a patient with R/R CLL

developed an unexpected toxic death (hypotension, dyspnea and

renal failure) after adding LD with 1.5 g/m2 Cy before

administering a 19-28z CAR-T. This was the first patient on this

trial receiving CAR-T after LD, as the preceding 3 patients were

safely treated without LD but with lack of CAR-T engraftment or

efficacy. This experience made clear that LDmight not only increase

desired adoptive cell functions, but also their related toxicities.

Later, further patients were treated in this trial (150).Almost no

expansion and no clinical responses were seen among patients that

received treatment without prior LD (0/3), in contrast to the 4/9
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patients that did receive cyclophosphamide as LD that achieved

better engraftment.

Almost at the same time, another case report (18)on a R/R CLL

patient presented a patient treated with another second generation

anti-CD19 (FMC63), 4-1BB-CD3z-based autologous CAR-T. The

patient received prior LD with 600mg/m2 cyclophosphamide plus

pentostatin 4mg/m2. These drugs were chosen due to their potential

double effect (LD plus antitumor activity) as they already were being

used to treat CLL (151). Surprisingly, the administration of what was

considered a very low CAR-T dose (1.46×10e5 CAR-T cells/kg) led to

an unprecedented MRD-negative response and deep B-cell aplasia.

Similar outcomes were seen with 2 subsequent patients treated on the

same trial that received LD with other agents (benda alone or with

rituximab) (152).

Cytopenias and subsequent infections are one of the most

important long-term side effects. Neutropenia and lymphopenia

both contribute to the development of gram-negative or other

opportunistic infections (153) Interestingly, a biphasic curve is

observed for PB cell counts. The initial drop in white blood cells

(within the first 2 weeks) is probably related to LD therapy (154).

We have recently obtained evidence that not only mature myeloid

or lymphatic cells are decreased during this phase, but that

peripheral blood hematopoietic progenitors are also diminished

(155) (Figure 2A). This indicates the marked toxicity of Flu/Cy - or

benda-based regimens on all maturation grades of hematopoietic

cells. Furthermore, it is unclear whether fludarabine levels

remaining after CAR-T cell infusion (e.g. in patients with reduced

kidney function) have detrimental effects on the number and

function of CAR-T cells (61, 62). Recent evidence suggests that

benda might be associated with fewer infections (53, 156).

While not being the main factor, LD is also likely to affect other

known toxicities of CAR-T therapy including CRS and neurotoxicity.

LD with Flu/Cy was identified as an independent variable of baseline

characteristics together with high marrow tumor burden, higher CAR

T-cell dose, thrombocytopenia before lymphodepletion, and

manufacturing of CAR-T without selection of CD8+ central memory

T cells as independent predictors of CRS (157).

The direct influence of LD on neurotoxicity is unclear, but

parameters obtained at the start of LD predict severity of toxicity (158).

Due to the broad toxicity of Flu, Cy or benda, effects on other

body systems such as the intestinal mucosa and the microbiome are

also expected (159). This could facilitate the development of early

gram-negative infections during neutropenia.
Impact on response to CAR-T cells

A direct influence of LD intensity on clinical response rates is

well documented (see above). However, the strict connection

between certain LD regimens and approved CAR-T products

make a meta-analysis based on large datasets virtually impossible.

However, it is interesting to note that in aggressive lymphoma the

two products with higher Flu/Cy doses (axi-cel and liso-cel) have

higher response rates and better long-term survival parameters then

tisa-cel (63) Through their influence on cellular kinetics, LD

regimens could also be involved in modulation of response.
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Best current approaches

The best current approach may vary depending on indication

and product. However, it seems that Flu/Cy at doses of 90mg/

900-1500mg is a reasonable choice for most autologous settings.

The data suggesting an optimal therapeutic window may lead to

individualized dosing, particularly for fludarabine (115). Recent

evidence suggests that bendamustin (180mg) is equally effective

and possibly less toxic with both, tisa-cel and axi-cel in

lymphoma and with cita-cel and ide-cel in multiple myeloma

(53, 160, 161). Moreover, Benda is the preferred LD for patients

with renal insufficiency or other comorbidities. For allogeneic

CAR-T cells the evidence is less clear. Alemtuzumab based LD is

a preferred option in the al logeneic sett ing, but has

considerable toxicity.
Open questions and
future developments

While LD is firmly established in the routine CAR-T cell

treatment cycle, it seems clear that improvements in this area are

an unmet need. We note the paucity of systematic investigations of

agents, dosage and combinations (animal and human data). This

includes the lack of comparability between trials and real-world

evidence data due to variability and close connection of LD to

(approved) therapies. Further investigation of individual

metabolism including comorbidities and ethnic differences will

help to personalize LD. Optimal LD in solid tumors or non-

malignant diseases has yet to be established. Finally, recent

studies exploring ultra-short manufacturing protocols or in vivo

gene editing indicate that with the advent of less in vitro cell culture-

dependent strategies and technologies, the dependency of CAR-T

engraftment, expansion and survival on LD is strongly reduced and

could in certain situations even be omitted (162, 163). Furthermore,

the co-engineering strategies with receptors or the implementation

of vaccination strategies to selectively boost the proliferation and

expansion of adoptively transferred T-cells represents another

exciting approach to overcome hurdles associated with LD

(144–146).
Conclusions

Lymphodepletion is essential for the success of currently used

CAR-T therapies. Detailed laboratory investigations on drugs,

dosage and timing are, however, still needed for informed

selection of regimens and novel drugs. Clinical data on the

specific effects of LD on cellular kinetics, efficacy as well as

toxicity should be obtained through real world experience as well

as dose finding studies. The T2EVOLVE consortium and others are

currently addressing many of these question in a concerted action to

pave the way for standardized and optimized designs of LD

regimens, aiming to improve patient care and therapy success in

the future.
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A chimeric antigen
receptor-based cellular safeguard
mechanism for selective in vivo
depletion of engineered T cells

Mortimer Svec1†, Sarah Dötsch1†, Linda Warmuth1†,
Manuel Trebo1, Simon Fräßle1, Stanley R. Riddell2,
Ulrich Jäger3, Elvira D’Ippolito1‡ and Dirk H. Busch1*‡

1Institute for Medical Microbiology, Immunology and Hygiene, School of Medicine and Health,
Technical University of Munich, Munich, Germany, 2Translational Sciences and Therapeutics, Fred
Hutchinson Cancer Research Center, Seattle, WA, United States, 3Department of Medicine I, Division
of Hematology and Hemostaseology, Medical University of Vienna, Vienna, Austria
Adoptive immunotherapy based on chimeric antigen receptor (CAR)-engineered T

cells has exhibited impressive clinical efficacy in treating B-cell malignancies.

However, the potency of CAR-T cells carriethe potential for significant on-target/

off-tumor toxicities when target antigens are shared with healthy cells, necessitating

the development of complementary safety measures. In this context, there is a need

to selectively eliminate therapeutically administered CAR-T cells, especially to revert

long-term CAR-T cell-related side effects. To address this, we have developed an

effective cellular-based safety mechanism to specifically target and eliminate the

transferred CAR-T cells. As proof-of-principle, we have designed a secondary CAR

(anti-CAR CAR) capable of recognizing a short peptide sequence (Strep-tag II)

incorporated into the hinge domain of an anti-CD19 CAR. In in vitro experiments,

these anti-CAR CAR-T cells have demonstrated antigen-specific cytokine release

and cytotoxicity when co-cultured with anti-CD19 CAR-T cells. Moreover, in both

immunocompromised and immunocompetent mice, we observed the successful

depletion of anti-CD19 CAR-T cells when administered concurrently with anti-CAR

CAR-T cells. We have also demonstrated the efficacy of this safeguardmechanism in

a clinically relevant animal model of B-cell aplasia induced by CD19 CAR treatment,

where this side effect was reversed upon anti-CAR CAR-T cells infusion. Notably,

efficient B-cell recovery occurred even in the absence of any pre-conditioning

regimens prior anti-CAR CAR-T cells transfer, thus enhancing its practical

applicability. In summary, we developed a robust cellular safeguard system for

selective in vivo elimination of engineered T cells, offering a promising solution to

address CAR-T cell-related on-target/off-tumor toxicities.

KEYWORDS

chimeric antigen receptor, safeguard mechanism, side effects, on-target/off-tumor, B
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1 Introduction

The use of tumor-specific transgenic receptors to engineer

autologous patient-derived T cells and harness them against host

cancer cells has opened promising new therapeutic options (1, 2).

More importantly, it has allowed the manufacturing of well-

characterized T-cell products with highly defined specificity and

functionality. Remarkable success has been shown with chimeric

antigen receptors (CARs) targeting CD19-expressing refractory and

relapsed B-cell malignancies, where the adoptive transfer of CAR-T

cells led to durable cancer regression (3–5). Currently, most efforts

focus on identifying suitable target/CAR combinations for other

malignancies (6) and to increase the specificity, sensitivity and

durability of CAR-T cells by a variety of engineering approaches like

supporting cytokine production, gene knockouts or smart logic

gating (7–9).

However, CAR-T cell therapy also comes with some safety

concerns. Short-term side effects like cytokine release syndrome

(CRS) (10) and neurotoxicity, termed CAR-T cell-related

encephalopathy syndrome (CRES) (11) still occur at high frequencies

(5, 12). While these acute toxicities are usually reversible and can be

alleviated by immediate immunosuppression by corticosteroids or anti-

IL-6 receptor antibodies (13), there is still a need for safeguard

mechanisms that are truly specific for the transferred cells and

mediate the elimination of the cell product within early and - maybe

more relevant - late stages after the transfer. Indeed, relevant on-target/

off-tumor long-term side effects experienced by patients receiving anti-

CD19 CAR-T cell therapy are persistent B-cell aplasia and consequent

hypogammaglobulinemia (14). Substitution with polyclonal antibodies

is an established therapy, but there is no consensus on the proper

management of this toxicity (15). Moreover, there is still scarce

evidence on the consequences of prolonged B-cell aplasia, such as

increased risk of infections and mortality. This becomes more

important in children and young adults where the development of

long-lived plasma cells resistant to anti-CD19 CAR-T cell therapy (16),

which could provide a long-lasting humoral response, might still

be incomplete.

Besides novel engineering approaches attempting to reduce off-

target toxicities by controlling the expression and activity of CARs in

terms of timing and dosage (17, 18), there are two main concepts of

safety regulation. These are based on the use of suicide genes or cell

surface markers that aim at the eradication of the adoptively

transferred cells. The predominant suicide genes are the inducible

caspase 9 (iCas9) (19) and the herpes simplex virus thymidine kinase

(HSV-TK) (20). These suicide genes were sufficient under certain

circumstances but showed some drawbacks. In the case of the HSV-

TK, the clearance of target cells was incomplete; moreover, immune

responses against the transgene - also in immunocompromised

patients - limited the in vivo persistence of the therapeutic cells

after transfer (21). Immunogenicity was less prevalent for the highly

humanized iCasp9 (22). Still, this mechanism relied on a high

expression level of the iCasp9, and some degree of spontaneous

activation triggering auto-apoptosis could not be avoided

entirely (19).
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Regarding safeguard mechanisms based on surface molecules,

one relevant marker is a truncated version of the human epidermal

growth factor receptor (EGFRt) that lacks the intracellular domain

and is thus physiologically inert (23). We, among others, have

shown in syngeneic preclinical models that transferred EGFRt-

expressing CAR-T cells could be efficiently depleted upon

administration of the monoclonal anti-EGFR antibody Cetuximab

(24) and were long-term maintained (25), hinting against

immunogenicity. Nevertheless, this marker also requires a high

surface expression to deliver a complete clearance of transferred

cells (24). Despite ongoing improvements towards an optimized

EGFRt expression (26), one should still be cautious about the on-

target side effects of Cetuximab. The other caveat is the dependence

of this safety mechanism on the antibody-dependent cellular

cytotoxicity of the patient.

In this study, we propose a cellular safeguard mechanism that

exploits the highly specific antigen recognition and potency of a

CAR-T cell capable of recognizing a tag within a different target

CAR-T cell. We could show that these so-called ‘anti-CAR CAR-T

cells’ exhibit potent cytotoxicity in vitro as well as in vivo, including

a clinically relevant mouse model that mirrors established long-

term CAR-T cell-related on-target/off-tumor toxicity. In this

context, adoptively transferred anti-CAR CAR-T cells reversed

persistent B-cell aplasia induced by anti-CD19 CAR-T cells.

Intriguingly, high doses of anti-CAR CAR-T cells could mediate

this effect also in the absence of pre-conditioning prior to

cell transfer.
2 Materials and methods

2.1 Animal models and cell lines

C57BL/6 mice (female, 8-11 weeks old) were acquired from

Envigo. RAG-/- mice and C57BL/6 mice on different congenic

backgrounds (CD45.2+/+, CD45.1+/+, CD45.1+/-, CD90.1+/+,

CD90.1+/-) were derived from in-house breeding under specific

pathogen-free conditions at our mouse facility at the Technical

University Munich, Institute for Medical Microbiology,

Immunology and Hygiene. The performed animal experiments

were approved by the district government of Upper Bavaria

(Department 5—Environment, Health and Consumer Protection

ROB- 55.2-2532.Vet_02-17-138).

Murine splenocytes were cultured in RMPI (Life Technologies,

Cat #31870074) with 10% fetal bovine serum (FCS) (Sigma, Cat

#F7524), 0.025% L-glutamine (Sigma, Cat #G8540), 0.1% HEPES

(Roth, Cat #HN77.4), 0.001% gentamycin (LifeTechnologies, Cat

#15750037), 0.002% penicillin/streptomycin (LifeTechnologies, Cat

#10378016) and 15 ng/ml recombinant human (rh) IL-15

(Peprotech, Cat # 200-15). The Platinum-E packaging cell line

(PlatE) was cultured in DMEM (Life Technologies, Cat

#10938025) supplemented with 10% FCS, 0.025% L-glutamine,

0.1% HEPES, 0.001% gentamycin, 0.002% streptomycin. All cells

were grown in a humidified incubator at 37°C and 5% CO2.
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2.2 CAR DNA template design

scFvs were generated by fusing the variable regions of the heavy

(VH) and light (VL) chains with a short (G4S)3 linker. For CAR

constructs, the signal peptide of CD8a was followed by the scFv, a

hinge domain (a triple repetitive sequence of Strep-tag II (STII) for

anti-CD19 CAR and a CD8a spacer domain for the anti-CAR CAR)

and parts of the IgG4-Fc molecule. This extracellular domain was

followed by a transmembrane region originated from the CD28 chain

and the intracellular signaling domains CD3-zeta. A truncated version

of the EGFR (EGFRt) was added at the 5’ and separated from the CAR

sequence by a self-splicing viral P2A element. As control, a construct

with the same elements as the anti-CD19 CAR but without the scFV

(defined as ‘mock’) was generated. DNA templates were designed in

silico and synthesized by GeneArt (Thermo Fisher Scientific) or Twist

Bioscience into pMP72 vectors. scFv sequence of anti-CAR CAR

(clone: 5G2) were kindly provided by the lab of Prof. Riddell.
2.3 Retroviral transduction

For the production of retroviral particles, PlatE cells were

transiently transfected with a pMP72 expression vector by calcium

phosphate precipitation. For this, 15 µl of a 3.31 M MgCl2 was mixed

with 18 µg vector DNA and filled up to 150 µl with ddH2O. This

solution was slowly added under vortexing to 150 µl transfection buffer

(274 mM NaCl, 9.9 mM KCl, 3.5 mM Na2HPO4 and 41.9 mM

HEPES), and the final transfection mix was added to PlatE cells for

6 h at 37°C, followed by a complete medium exchange. The virus-

containing supernatant was harvested 48 and 72 h after transfection by

filtration (0,45 µm sterile filter) and stored at 4°C for up to one week.

Mouse splenocytes were obtained from CD45/CD90 congenic mice by

mashing the spleen into single-cell suspensions. After red cell lysis,

splenocytes were stimulated at a concentration of 107 cells/mL with

purified anti-mouse CD3 (BD Biosciences, clone 145-2C11, 1:1000, Cat

#553058) and anti-mouse CD28 (BD Biosciences, clone 37.51, 1:3000,

BD Cat #553295) antibodies in presence of 25 U/ml recombinant

human interleukin-2 (Peprotech, Cat #200-02). For anti-CAR CAR

transduction, splenocytes were previously depleted of B cells by

magnetic purification (Miltenyi Biotec, Cat #130-048-701) using an

anti-mouse CD19-FITC antibody (BD Biosciences, clone 1D3, 1:100,

Cat #553785) according to the manufacturer’s protocol. After 24 h,

stimulated splenocytes were collected and transduced via

spinoculation. For this, tissue-culture untreated 24-well plates were

coated overnight with retronectin (TaKaRa, Cat #T100B), purified anti-

mouse CD3 (1:1000) and anti-mouse CD28 (1:3000) antibodies. The

virus-containing supernatant was centrifuged onto the plates at 3000 g

at 32°C for 2 h. After removal of the supernatant, cells were transferred

and centrifuged at 800 g at 32°C for 1.5 h. Cells were then rested for two

days before administration to the mice.
2.4 Flow cytometry

For in vitro assays, cells were harvested from the culture and

washed twice with FACS buffer (1x PBS, 0.5% (w/v) bovine serum
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albumin (BSA), pH 7.45) before staining. For blood analysis, blood

was sampled from the tail vein and stored in heparin at room

temperature. Bone marrow was acquired from the hind legs by

removal of muscles and rinsing with complete RPMI medium

whereas lymph nodes and spleens were homogenized into single-

cell suspension by mashing. Red cell lysis was performed for single-

cell suspensions from all organs and blood with RBC lysis buffer

(90% 0.17M NH4Cl in Tris-HCl). After lysis, cells were first stained

with anti-CD16/32 antibody (Biolegend, clone 93, 1:400, Cat

#101301) for 20 min at 4°C (only cells from lymphoid tissues),

followed by surface marker staining for 20 min at 4°C in the dark. In

this study we used the following antibodies for surface staining:

CD3-APC (Biolegend, clone 145-2C11, 1:100, Cat #100312), CD3-

FITC (Life Technologies, clone 17A2, 1:100, Cat #11003282), CD8-

PacO (Life Technologies, clone 5H10, 1:50, Cat #MCD0830),

CD19-ECD (BD Bioscience, clone 1D3, 1:300, Cat #562291),

CD45.1-PacBlue (Life Technologies, clone A20, 1:100, Cat

#48045382), CD45.1-APC (Life Technologies, clone A20, 1:100,

Cat #17045382), CD90.1-PacBlue (Life Technologies, clone HIS51,

1:500, Cat #48-0900-82), CD90.2-APC (Life Technologies, clone

53-2.1, 1:500, Cat #17090283), EGFR-PE (Biolegend, clone AY13,

1:2000, Cat #352904), PD-1-PE-Cy7 (Life Technologies, clone J43,

1:100, Cat #25-9985-80), TIM3-BV421 (Biolegend, clone RMT3-23,

1:100, Cat #119723), CD69-BV510 (Biolegend, clone H1-2F3, 1:100,

Cat #104531). Live/dead discrimination was performed either by

addition of propidium iodide (LifeTechnologies, 1:100, Cat

#P1304MP) 3 min before the end of the staining or with

ethidium-monoazide-bromide (LifeTechnologies, 1:1000, Cat

#E1374) for 15 min at 4°C under bright light. Absolute

quantification was performed by using 123count eBeads (Life

Technologies, Cat #01-1234-42) according to the manufacturer’s

instructions. Specific information is further provided for each

experiment. Samples were acquired on a CytoFLEX S flow

cytometer (Beckman Coulter). All flow cytometry data were

analyzed with FlowJo v10.
2.5 Antigen-specific in vitro stimulation
and intracellular cytokine staining

5x104 effector anti-CAR CAR-T cells (EGFRt+) were co-

cultured with target anti-CD19 CAR-T cells (EGFRt+) at different

effector-to-target ratios in 96-well plates. After 1 h co-incubation, 1x

GolgiPlug was added (BD PharMingen, Cat #555029) and cells were

incubated for additional 4 h at 37°C. 25 ng/ml Phorbol-12-myristat-

13-acetate (Sigma, Cat #P1585) and 1 mg/ml ionomycin (Sigma, Cat

#I9657) were used as positive controls, while untransduced cells

were used as negative controls. After co-culture, staining for live/

dead discrimination was performed with ethidium-monoazide-

bromide as described before, followed by surface marker antibody

staining for congenic markers (CD45.1, CD45.2) and EGFRt for

20 min at 4°C. Cells were permeabilized using Cytofix/Cytoperm

(BD Biosciences, reference #554714) and stained intracellularly for

TNF-a-PE-Cy7 (BD Biosciences, clone MP6-XT22, 1:100, Cat

#557644), INF-g-APC (LifeTech, clone XGM1.2, 1:400, Cat #17-

7311-82) and IL-2 (LifeTech, clone JES6-5H4, 1:100, Cat #12-7021-
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82). As bulk CAR-T cell products were used, the number of

transferred cells always refers to the amount of congenic

marker+EGFRt+ cells. The total amount of transferred cells was

defined by flow cytometry according to the expression of the

EGFRt marker.
2.6 Flow cytometry-based cytotoxic T
lymphocyte assay

4x104 effector anti-CAR CAR-T cells (EGFRt+) were co-

cultured with target anti-CD19 CAR-T cells (EGFRt+) at different

effector to target ratios in 96-well U-bottom plate at a concentration

of 7.5x105 cells/mL for 48 h. At the beginning of the incubation

(0 h), and after 24 and 48 h, 200 µL of the cell suspension was

harvested for surface marker antibody staining of congenic markers

(CD90.1, CD45.1), CD3, CD8, CD19 and EGFRt. Staining for live/

dead discrimination was performed with propidium iodide. As bulk

CAR-T cell products were used, the number of transferred cells

always refers to the amount of congenic marker+ EGFRt+ cells. The

total amount of transferred cells was defined by flow cytometry

according to the expression of the EGFRt marker.
2.7 Western blot

Transduced mouse splenocytes were rested for 5 days or

activated with anti-CD3 (1:1000) and anti-CD28 (1:3000)

antibodies for 24 h prior analyses. Cell lysates were generated by

addition of 200 µl 1X SDS sample buffer (62.5 mM Tris pH 6.8, 2%

w/v SDS, 10% Glycerol, 0.01% Bromophenol blue, 50 mM DTT) to

2x106 cells, followed by sonication for 10 min and incubation at 95°

C for 5 min. The solution was centrifuged for 5 min at 13.000 g, and

15 µl of the supernatant were run on an 8% SDS-PAGE gel (stacking

gel: TRIS 0.5 M pH 6.5, 0.4% SDS, 40% Acrylamide, 10% APS

TEMED; separating gel: Tris 1.5 M pH 8.8, 0.4% SDS, 40%

Acrylamide, 10% APS TEMED) for 1 h at 150 V. The proteins

were semi-dry blotted onto a nitrocellulose membrane at 10 V for

30 min. The efficiency of the transfer was evaluated via Ponceau

staining (0.5% Ponceau, 1% acetic acid). The membrane was

blocked in Tris-buffered saline containing 0.1% Tween (TBS-T

buffer) with 5% nonfat dry milk (blocking buffer) for 1 h at room

temperature. Afterwards the membrane was stained with anti-

pCD3z antibody (Life Technologies, clone EM54, 1:3000, Cat

#PIMA528538) in TBS-T buffer containing 5% BSA at 4°C. As

loading control, GAPDH was stained with anti-GAPDH antibody

(Thermo Fisher Scientific, clone 1D4, 1:3000, Cat #MA1-16757).

After 12 h, the membrane was washed in TBS-T buffer and

incubated with a horseradish peroxidase-conjugated anti-mouse

secondary antibody (Cell Signaling, 1:1000, Cat #7076S) in

blocking buffer for 1 h at room temperature. After washing, the

membrane was incubated with 200 µl enhanced chemiluminescence

solution (Biorad, Cat #1705061) for 5 min at room temperature and

analyzed with the INTAS chemoluminescence detection system.
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2.8 Adoptive T cell transfer

For the co-injection model, Rag-/- or C57BL/6 mice were

sublethally irradiated (5 Gy) the day before the simultaneous

adoptive transfer of 1x106 anti-CD19 CAR-T cells and 2x106

anti-CAR CAR-T cells by intravenous injection (i.v.). Transferred

cells and B cells were followed in the blood at different time points

and in bone marrow, spleen and lymph nodes at the endpoint.

For the therapeutic model, 2x106 anti-CD19 CAR-T cells were

transferred i.v. into sublethally irradiated mice (5 Gy). After 27

days, mice were either or not irradiated with a 2 Gy dose and treated

the day after i.v. with 4x106 or 8x106 anti-CAR CAR-T cells, or

4x106 mock T cells (CAR construct without the scFv). Moreover,

one group received the monoclonal antibody Cetuximab (1mg per

mouse) (Bristol-Myers Squibb) by intraperitoneal injection.

Transferred cells and B cells were followed in the blood at

different time points and in bone marrow, spleen and lymph

nodes at the endpoint.

As bulk CAR-T cell products were used, the number of

transferred cells always refers to the number of congenic

marker+EGFRt+ cells. The total amount of transferred cells was

defined by flow cytometry according to the expression of the EGFRt

marker. The specific congenic marker combinations are indicated

for each experiment.
2.9 Visualization and statistical testing

Data were visualized using GraphPad Prism (V9.1). All

statistical tests were performed using GraphPad Prism (V9.1).

Specific details regarding statistical analyses can be found in the

corresponding figure legends. Levels of significance were defined as

the following: ns = p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p

≤ 0.0001. Data are presented as mean ± standard deviation or mean

+ standard deviation, as indicated in figure legends.
3 Results

3.1 Design and in vitro functionality of
anti-CAR CAR-T cells

In this study, we used a fully syngeneic second-generation anti-

CD19 CAR as the primary ‘therapeutic’ CAR. We further included

in the hinge region a sequence containing a three-time in tandem

repetition of an 8 amino acid peptide, named Strep-tag II (27).

Previous investigations have demonstrated that the inclusion of this

triple Strep-tag II in the CAR construct does not compromise the

functionality of the corresponding engineered T cells (28). To target

anti-CD19 CAR-T cells, we generated a second CAR construct

where the scFv could specifically recognize the Strep-tag II. This

CAR, referred to as ‘anti-CAR’ CAR from now on, was additionally

equipped with the same CD3zeta/CD28 intracellular domains and

truncated human EGFR (23, 24) as the anti-CD19 CAR
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(Figure 1A). This engineering approach theoretically enables the

depletion of fully functional anti-CD19 CAR-T cells by the second

anti-CAR CAR-T cells (Figure 1B). For appropriate discrimination,

the two CARs were always re-expressed in splenocytes from mice

harboring distinct CD45/CD90 congenic marker combinations.

Furthermore, B cells were depleted from spleen-derived cell

suspensions before viral transduction to avoid stimulation of anti-

CD19 CAR-T cells prior any in vitro or in vivo assay. Both receptors

could be successfully expressed in primary murine splenocytes

through retroviral gene delivery and showed comparable surface

expression levels (Figure 1C).

To demonstrate the in vitro functionality of the newly designed

anti-CAR CAR-T cells, we first examined intracellular cytokine

release upon target-specific stimulation during co-culture with

Strep-tag II-expressing anti-CD19 CAR-T cells. The anti-CAR

CAR-T cells showed reliable cytokine production (IFN-g, TNF-a
and IL-2) in a dose-dependent manner in presence of the target
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cells. Moreover, there was little to no unspecific signaling when co-

cultured with untransduced control cells (Figures 1D, E). For

evaluating cytotoxic capacity, we again co-cultured anti-CD19

CAR-T cells with anti-CAR CAR-T cells at different effector-to-

target (E:T) ratios and monitored the absolute number of each T cell

population over 48 hours. By using bulk populations, we could also

assess the specificity of killing by tracking the survival of unedited

(EGFRt-) cells. Importantly, while the untransduced control cells

without antigen expression, as well as the effector cells, proliferated

over time, we observed a significant decrease of the target anti-

CD19 CAR-T cells (Figures 1F, G). Altogether, these data

demonstrate the specific target recognition of our anti-CAR CAR-

T cells, which ultimately translates into effective cytotoxic T-

cell functions.

Finally, we investigated whether anti-CAR CAR-T cells showed

any tonic signaling activity. For this purpose, we firstly analyzed the

baseline phosphorylation of CD3zeta in rested splenocytes, using
A

B
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C

FIGURE 1

Design and in vitro functionality of anti-CAR CAR-T cells. (A) Schematic of the CAR sequences for retroviral transduction. (B) Schematic of the
mechanism of action of anti-CAR CAR-T cells. (C) Cell surface expression of CAR constructs after retroviral transduction measured by EGFRt co-
expression. (D, E) 5x104 anti-CAR CAR-T cells were co-cultured with B cell-depleted anti-CD19 CAR-T cells or untransduced cells at the indicated
E:T ratios for 4 h. Representative flow cytometry plots (E:T 1:1) (D) and quantification (F) of intracellular staining of IFN-g, TNF-a and IL-2. Pregated
on CD3+ EGFRt+ living lymphocytes. (F, G) 4x104 anti-CAR CAR-T cells (red: CD45.1+ EGFRt+) were co-cultured with B cell-depleted bulk anti-CD19
CAR-T cells (blue: CD45.1- EGFRt+; gray: CD45.1- EGFRt-) at the indicated E:T ratios and analyzed at 0, 24 and 48 h. Representative flow cytometry
plots (G) and quantification (H) of the co-culture killing assay. Pregated on CD3+ living lymphocytes. Data are shown as mean + SD in (C) and mean
± SD in (E, G). In (C), statistical analyses have been performed by Mann-Whitney nonparametric test. In (G) statistical analyses have been performed
by two-way ANOVA with Dunnett’s multiple comparisons test using 0 h as reference. ns = p > 0.05, *p < 0.05, **p < 0.01.
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freshly restimulated cells as control. While we observed elevated

levels of pCD3z in restimulated anti-CAR CAR-T cells, we did not

detect any level exceeding those found in control cells in rested

splenocytes (Supplementary Figure 1A). To confirm this phenotype,

we also assessed the persistence and activation state of adoptively

transferred anti-CAR CAR-T cells under homeostatic conditions

(Supplementary Figure 1B). We observed overall similar numbers

of circulating anti-CAR CAR-T cells compared to untransduced

mock control cells (Supplementary Figure 1C), and, as expected, no

influence on the B-cell compartment except for the drop in the first

week due to the pre-conditioning regimen prior T-cell transfer

(Supplementary Figure 1D). Furthermore, we did not detect neither

consistent upregulation of activation markers (CD69 and PD-1) nor

exhausted cells (PD-1+TIM3+) (Supplementary Figures 1E, F).

These observations were confirmed also in anti-CAR CAR-T cells

infiltrating secondary lymphoid organs, except from the detection

of a small fraction of CD69+ cells in the bone marrow

(Supplementary Figure 1G). Altogether, we could not find robust

indications of tonic signaling.
3.2 Anti-CAR CAR-T cells display in vivo
killing in immunocompromised mice in a
model of acute antigen encounter

Our in vitro data indicated a certain degree of functionality for

the designed anti-CAR receptor. However, such evidence could not

definitively predict the in vivo functionality, as this relies on

additional factors such as the overall antigen load, target cell

accessibility and the receptor moiety itself, among others (29, 30).

To assess the in vivo functionality of our anti-CAR construct

with minimal confounders, we first conducted a short-term in vivo
Frontiers in Immunology 06177
killing assay in the imunocompromised RAG1-/- mouse model,

which lacks mature T cells. As before, we generated anti-CD19 and

anti-CAR CAR-T cells from different congenically labelled

splenocytes, which were simultaneously injected in pre-

conditioned mice. We monitored the adoptively transferred cells

in the periphery through blood analysis for 6 days and in tissues on

day 10 (Figure 2A). While anti-CD19 CAR-T cells were reliably

detected in the blood when transferred alone, we could not detect

circulating anti-CD19 CAR-T cells when both T-cell products were

co-transferred. This observation was consistent in secondary

lymphoid tissues (Figures 2B, C; Supplementary Figure 2),

suggesting infiltration properties that are expected from a cell-

based mechanism.
3.3 Anti-CAR CAR-T cells can restore B
cells in CD19 CAR-treated
immunocompetent mice

As the next step, we setup up a similar experiment using an

immunocompetent wild type C57BL/6 mouse model as a recipient.

We also included an additional control group treated solely with

anti-CAR CAR-T cells (Figure 3A; Supplementary Figure 3A). In

this model, the administration of anti-CD19 CAR-T cells induces

long-lasting B-cell aplasia (31), similar to what reported in patients

receiving anti-CD19 CAR therapy (5, 32). Thus, this syngeneic

model allowed us to monitor the efficacy of anti-CAR CAR-T cells

in terms of depleting the anti-CD19 CAR-T cells as well as

reconstituting the B-cell compartment eliminated by the primary

therapeutic CAR-T cells (24). Moreover, this model presented

challenges more relevant to potential applications in humans,

such as the competition with other immune cell populations and,
A

B C

FIGURE 2

anti-CAR CAR-T cells display in vivo killing in immunocompromised mice in a model of acute antigen encounter. (A) Schematic of the experimental
setup. (B, C) Representative flow cytometry plots (B) and quantification (C) of anti-CD19 CAR-T cells (EGFRt+CD90.2+) in the peripheral blood at the
indicated time points and in tissues in the presence or not of anti-CAR CAR-T cells. Data are shown as mean ± SD. In (C), statistical analyses were
performed by unpaired t-test. ns = p > 0.05, **p < 0.01, ***p < 0.001.
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most importantly, a stimulus for the primary anti-CD19 CAR,

which was still expected to functionally recognize B cells.

Looking at the dynamics of anti-CD19 CAR-T cells in the blood

(Supplementary Figure 3B), we observed a well-known pattern of

expansion and contraction within the first two weeks in mice treated

solely with the primary CAR-T cells (Figures 3B, C; Supplementary

Figure 3C). This phenomenon is commonly observed in CD19+

preclinical tumor models as well as in patients receiving anti-CD19

CAR-T cells, and, in our model, was triggered by the endogenous B

cells. In sharp contrast, as anticipated from our previous data, this

kinetic did not occur in presence of the anti-CAR CAR-T cells.

Moreover, we did not detect anti-CD19 CAR-T cells throughout the

observation period, further indicating the persistent functionality of

the treatment over time (Figures 3B, C; Supplementary Figure 3C).

While we observed peripheral expansion and contraction of anti-

CAR CAR-T cells in mice receiving both CAR-T cell types, this

occurred to a much lesser extent. The high circulating levels of the
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anti-CAR CAR-T cells when transferred alone, instead, were a sign of

T cells with no specificity in the used experimental model

(Figures 3B–D; Supplementary Figure 3C). In secondary lymphoid

tissues, we found sustained depletion of anti-CD19 CAR-T cells,

despite anti-CAR CAR-T cells were barely detectable (Figure 3E).

We finally investigated the endogenous B-cell compartment,

which represents the off-tumor target of our primary CAR-T cells.

In the anti-CAR-treated control group, B cells recovered within

seven days post irradiation, while mice receiving anti-CD19 CAR-T

cells experienced long-term aplasia, confirming that the addition of

the Strep-tag in the hinge region did not affect functionality.

Importantly, in mice receiving the combination of the two CAR-

engineered T cells, B cells reconstituted early at lower frequency and

eventually reached levels comparable to our control group

approximately six weeks after infusion (Figures 3F, G).

In summary, our findings show that anti-CAR CAR-T cells can

effectively deplete primary CAR-T cells in an immunocompetent
A

B D

E F G

C

FIGURE 3

anti-CAR CAR-T cells can restore B cells in CD19 CAR-treated immunocompetent mice. (A) Schematic of the experimental setup. (B) Representative
flow cytometry plots of anti-CD19 CAR-T cells (EGFRt+CD90.1+) and anti-CAR CAR-T cells (EGFRt+CD45.1+) at day 6 post infusion according to the
different treatment schemes. Cells are pregated on living CD3+ T cells. (C, D) Quantification of the frequencies of anti-CD19 CAR-T cells (C) and
anti-CAR CAR-T cells (D) in blood over time. (E) Quantification of tissue-infiltrating anti-CD19 and anti-CAR CAR-T cells. (F) Representative flow
cytometry plots of living CD19+ B cells according to the different treatment schemes at the indicated time points. (G) Kinetics of B cells in blood
over time. Data are shown as mean + SD. In (C) and (G) statistical analyses were performed by two-way ANOVA with Sidak’s multiple comparisons
test (C) and Dunnett’s multiple comparisons test using the anti-CAR group as reference (G). In (E) statistical analyses were performed with non-
parametric Mann-Whitney t test. ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p > 0.0001.
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host, leading to the reversal of the unwanted long-term B-cell

aplasia induced by anti-CD19 CAR-T cells as a side effect.
3.4 Therapeutic anti-CAR CAR-T cell
application reconstitutes B cells also in
absence of pre-conditioning treatment

Our previous data proved the functionality and reliability of the

anti-CAR approach in a model of simultaneous target engagement.

Next, we sought to investigate whether it could effectively reverse a

long-term side effect caused by a primary therapeutic CAR-T cell

product. To address this question, we induced stable B-cell aplasia

in wild-type immunocompetent C57BL/6 mice by administering
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anti-CD19 CAR-T cells, and then transferred anti-CAR CAR-T

cells four weeks later (Figure 4A). Achieving successful engraftment

of transferred T cells usually requires lymphodepletion, a step

commonly used in clinical practice to enhance the effectiveness of

CAR-based therapy in patients (33). Nevertheless, consenting

patients for a second round of pre-conditioning, in particular in

cases of disease remission, can be challenging. Therefore, we

compared the efficiency of anti-CAR CAR-T cell transfer with

and without pre-conditioning, using different cell doses.

Additionally, we included a CAR construct without the scFv

(mock) as a negative control, and the monoclonal anti-EGFR

Cetuximab as a positive control, known for depleting adoptively

transferred EGFRt-expressing CAR-T cells and promoting B-cell

reconstitution (24) (Figure 4A; Supplementary Figure 4A).
A

B

D

E F

C

FIGURE 4

Reliable B-cell reconstitution after therapeutic anti-CAR application also in the absence of pre-conditioning treatment. (A) Schematic of the
experimental setup (n=3). (B) Representative flow cytometry plots of B cells one week prior (upper) and six weeks after (lower) anti-CAR CAR-T cell
transfer. (C, D) Quantification of B cells (C) and anti-CD19 CAR-T cells (D) in blood. (E, F) Absolute numbers of B cells (E) and anti-CD19 CAR-T cells
(F) in secondary lymphoid organs at the endpoint. Data are shown as mean + SD. In (C, D), statistical analyses have been performed by two-way
Anova with Dunnett’s multiple comparisons test using the mock group as reference. In (E, F), statistical analyses have been performed by Kruskal-
Wallis test with Dunnett’s multiple comparisons test using the mock group as reference. ns = p > 0.05, *p < 0.05, ***p < 0.001.
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All mice showed B-cell aplasia until 21 days from anti-CD19

CAR-T cell transfer, which was the last time point of monitoring

prior to the second T-cell transfer. Mice receiving anti-CAR CAR-T

cells exhibited reliable B-cell reconstitution as early as two weeks

post-administration, reaching levels comparable to Cetuximab-

treated mice (Figures 4B, C). Noteworthy, there were no

significant differences among the four anti-CAR-treated groups,

except in mice receiving the lower T-cell dose without pre-

conditioning. However, despite a slower reconstitution kinetic, B-

cell frequencies in this group eventually reached comparable levels

with the other groups at later time points. Importantly, mice

receiving the control mock CAR-T cells maintained stable B-cell

aplasia throughout the observation period also in combination with

the second pre-conditioning, except for one mouse (Figures 4B, C).

This observation suggested that anti-CD19 CAR-T cells reliably

persisted and remained functional after irradiation. Moreover, it

also attributed the B-cell reconstitution to the specific depletion of

anti-CD19 CAR-T cells by the secondary safeguard CAR-T cells.

This was further supported by the clear presence of anti-CD19

CAR-T cells in mice receiving the mock CAR-T cells at both early

(day 21) and late (day 70) time points, regardless of irradiation,

while anti-CAR-treated mice showed no detectable anti-CD19

CAR-T cells (Figure 4D; Supplementary Figure 4B).

Similarly to what observed in the peripheral circulation, tissue

analysis revealed high B-cell levels and undetectable anti-CD19

CAR-T cells also in the spleen, lymph nodes and bone marrow of

anti-CAR CAR-T cell treated mice. Intriguingly, the group

receiving low-dose anti-CAR without pre-conditioning showed

more variable B-cell levels and persisting infiltrating anti-CD19

CAR-T cells (Figures 4E, F), despite no detectable B cells in

the blood.
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We finally examined the persistence of the anti-CAR CAR-T

cells and observed a clear relationship between the cell dose and

pre-conditioning. As expected, irradiation facilitated engraftment of

the transferred cells regardless of cell doses. Indeed, circulating anti-

CAR CAR-T cells remained detectable only in irradiated mice

(Figures 5A, B), with the highest frequencies observed in mice

receiving 8x106 cells plus irradiation in both blood and tissues

(Figure 5). Intriguingly, the higher cell dose compensated for the

absence of pre-conditioning, at least during the initial weeks in the

circulation, as indicated by comparable levels between the groups

8x106 cells vs 4x106 cells plus irradiation (Figure 5B). Although the

amount of anti-CAR CAR-T cells declined to undeletable levels in

the blood of mice receiving this high cell dose at later time points,

tissue infiltration remained consistent and comparable to the other

groups (Figure 5C). Taking into account the similar kinetics of B-

cell reconstitution and complete anti-CD19 CAR-T cell depletion,

we could conclude that this condition (8x106 cells, no irradiation)

would be still efficient.

In summary, our findings demonstrate that administration of

anti-CAR CAR-T cells can reverse established B-cell aplasia in a

model simulating a possible therapeutic application, potentially

eliminating the need for pre-conditioning before T-cell transfer.
4 Discussion

In this study, we investigated a cellular-based mechanism for

the depletion of adoptively transferred CAR-T cells leveraging on

the use of a second transgenic receptor-engineered T cell. Our

concept featured a CAR targeting a short 8 amino acid peptide

sequence (WSHPQFEK) called Strep-tag II, which was located in
A B

C

FIGURE 5

anti-CAR CAR-T cells persist also in absence of pre-conditioning. (A) Representative flow cytometry plots of anti-CAR CAR-T cells one week (upper)
and six weeks after (lower) anti-CAR treatment. (B, C) Quantification of anti-CAR CAR-T cells in blood (B) and lymphoid tissues at the endpoint (C).
Data are shown as mean+SD. Grey area indicates the detection limit. In (B) statistical analyses have been performed by two-way Anova with
Dunnett’s multiple comparisons test using the 4x106 cells group as reference. In (C) statistical analyses have been performed by Kruskal-Wallis test
with Dunnett’s multiple comparisons test using the ‘4x106 cells’ group as reference. ns = p > 0.05, **p < 0.01.
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the hinge region of an anti-CD19 CAR. Targeting this small tag

delivered a highly specific cytokine release from the anti-CAR CAR-

T cells that ultimately translated into efficient cytotoxicity,

restricted only to the Strep-tagged target cells. In two syngeneic

mouse models of simultaneous injection of anti-CAR and tagged

anti-CD19 CAR-T cells, the safeguard CAR-T cells proved

functional, infiltration of secondary lymphoid organs and rapid

B-cell reconstitution. More importantly, a later administration of

anti-CAR CAR-T cells could reverse established B-cell aplasia

induced by anti-CD19 CAR-T cells also in the absence of pre-

conditioning regimes.

CAR-T cells against CD19 antigen for relapsed and refractory

B-cell malignancies paved the way to cell therapy with CAR-

engineered T cells. It should be considered that a significant

reason for this success is due to the exclusive expression of the

CD19 antigen. Being a unique B-cell lineage marker (34), side

effects related to anti-CD19 CAR-T cells have been overall tolerable

considering the clinical benefits received by patients with such

advanced and aggressive tumors. Indeed, the initially life-

threatening acute toxicities (CRS and CRES) (10, 11) that develop

within few days after the T-cell transfer have become to a greater

extent manageable (13) without any need to deplete the therapeutic

living drug. In addition, new short-term manufacturing protocols

for the production of CAR-T cells allowed the administration of

much lower cell doses while maintaining promising clinical

outcomes, presumably due to preserved T cell fitness and

functionality during ex vivo manipulation (35, 36). As higher

CAR-T cell doses usually mediate more severe side effects (37,

38), these improvements in manufacturing should further lower the

risks of acute toxicities.

In contrast, on-target/off-tumor side effects due to shared

tumor-associated antigens still pose a major threat, in particular

for solid tumors (39, 40). Patients receiving CD19 CAR-T cells

showed long-term depletion of healthy B cells and consequent

hypogammaglobulinemia (5, 32). While manageable via

replacement therapy, these low antibody levels could still

potentially predispose CAR-treated patients to severe infections

(14). Moreover, the incapacity of building de novo B-cell responses

could limit the establishment of functional immunity against new

pathogens, as observed during the SARS-CoV-2 pandemic (41).

The initial expansion and persistence of CD19 CAR-T cells are

crucial for achieving clinical responses (42). Still, their long-term

maintenance might not be essential for sustained complete

remission. Indeed, a fraction of patients with 5-year complete

remission had undetectable CD19 CAR-T cells and recovered B

cells already within the first 1-2 years (43). Altogether, while more

studies are necessary to clarify the dynamics between CD19 CAR-T

cells and endogenous B cells, the existing evidence at least raises the

question of whether the maintenance of CD19 CAR-T cells is

necessary after years of complete remission at the expense of a

functional B-cell compartment.

Precise and complete abrogation of adoptively transferred

CAR-T cells might become thus necessary to revert long-term

toxicity. Among possible strategies of cell depletion in patients,

the use of CAR-T cells engineered with additional suicide genes or

that co-express a second targetable marker showed to be efficient
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but with some limitations, i.e. immunogenicity and incomplete cell

eradication (21), high levels of the transgene (19), dependency on

the patient’s immune system, tissue penetration and recognition of

shared antigens on healthy cells (23). Similarly to others (44), we

opted for a T cell-mediated recognition of tagged therapeutic CAR-

T cells from a safeguard anti-CAR CAR-T cells, as it harbors the

potential of overcoming the limitations mentioned before.

In line with existing evidence (44), we validated the feasibility of

the approach in vitro. In addition, we carefully investigated the in

vivo efficacy, persistence and tissue infiltration of our anti-CAR

CAR-T cells, which would represent a unique benefit of the

approach. We could show that anti-CAR CAR-T cells specifically

recognize and eliminate anti-CD19 CAR-T cells in the periphery as

well as in relevant secondary lymphoid organs. One of the most

intriguing observation was that the transfer of anti-CAR CAR-T

cells was efficacious also in the absence of lymphodepletion. It is

believed that this step of pre-conditioning is crucial for the

successful engraftment and maintenance of CAR-T cells (33), and

indeed it is routinely performed in the clinic. In our data, we could

confirm the beneficial effect of pre-conditioning on T-cell

engraftment, as indicated by the higher frequency of circulating

anti-CAR CAR-T cells in irradiated mice. Anti-CAR CAR-T cells

were barely detectable (low T cell doses) or vanished (high T cell

doses) in the periphery without pre-conditioning, but they reliably

persisted in lymphoid organs. In line with this, we observed efficient

B-cell recovery also in the absence of pre-conditioning, despite the

co-existence of anti-CD19 CAR-T and B cells in the spleen and

bone marrow of mice treated with the low cell dose. It happened

also in patients receiving CD19 CAR-T cells to observe low levels of

the transferred cells around the detection limit but still consistent B

cell depletion (45), indicating that blood levels do not always reflect

the actual persistence of CAR-T cells in disease-relevant organs.

Overall, while the long-term maintenance of anti-CAR CAR-T cells

in the absence of pre-conditioning may still be questionable, our

data indicate that relatively high cell doses could still support

sufficient engraftment to efficiently deplete target cells.

One limitation of the proposed approach is the slower rate of

anti-CD19 CAR-T cell elimination compared to the use of

Cetuximab. This time delay is less significant when such an

approach is employed to revert long-term on-target/off-tumor

toxicities that do not pose an immediate threat to the patient’s

life, such as B-cell aplasia in CD19 CAR-treated patients. In these

specific cases, anti-CAR CAR-T cells offer an alternative to mitigate

potential safety concerns associated with Cetuximab. Indeed, as

EGFR is expressed also in healthy tissues of epithelial, mesenchymal

and neuronal origin, Cetuximab poses the risk of relevant toxicities

e.g. skin and gastrointestinal toxicities (46). However, in situations

involving life-threatening toxicities, more immediate responses are

advisable. Another limitation to consider is that the persistence of

anti-CAR CAR-T cells after antigen encounter was observed

primarily at relatively high doses. Although we did not detect any

signs of tonic signaling that might suggest their susceptibility to

early dysfunction, further studies are needed to provide more clarity

on these observations.

In summary, we demonstrated that it is feasible to generate a

safeguard mechanism that exploits the specificity and sensitivity of
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CAR-T cells to deplete tagged therapeutic CAR-T cells. The

proposed approach is generalizable to both other tags and CAR-T

cells targeting different tumor-associated antigens, and might

therefore be broadly applicable to enhance control over highly

potent cell therapies.
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Engineered T cells from
induced pluripotent stem
cells: from research towards
clinical implementation
Ratchapong Netsrithong1,2, Laura Garcia-Perez1,2

and Maria Themeli1,2*

1Department of Hematology, Amsterdam University Medical Center (UMC), Vrije Universiteit
Amsterdam, Amsterdam, Netherlands, 2Cancer Biology and Immunology, Cancer Center Amsterdam,
Amsterdam, Netherlands
Induced pluripotent stem cell (iPSC)-derived T (iT) cells represent a

groundbreaking frontier in adoptive cell therapies with engineered T cells,

poised to overcome pivotal limitations associated with conventional

manufacturing methods. iPSCs offer an off-the-shelf source of therapeutic T

cells with the potential for infinite expansion and straightforward genetic

manipulation to ensure hypo-immunogenicity and introduce specific

therapeutic functions, such as antigen specificity through a chimeric antigen

receptor (CAR). Importantly, genetic engineering of iPSC offers the benefit of

generating fully modified clonal lines that are amenable to rigorous safety

assessments. Critical to harnessing the potential of iT cells is the development

of a robust and clinically compatible production process. Current protocols for

genetic engineering as well as differentiation protocols designed to mirror

human hematopoiesis and T cell development, vary in efficiency and often

contain non-compliant components, thereby rendering them unsuitable for

clinical implementation. This comprehensive review centers on the remarkable

progress made over the last decade in generating functional engineered T cells

from iPSCs. Emphasis is placed on alignment with good manufacturing practice

(GMP) standards, scalability, safety measures and quality controls, which

constitute the fundamental prerequisites for clinical application. In conclusion,

the focus on iPSC as a source promises standardized, scalable, clinically relevant,

and potentially safer production of engineered T cells. This groundbreaking

approach holds the potential to extend hope to a broader spectrum of patients

and diseases, leading in a new era in adoptive T cell therapy.
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1 Introduction

Adoptive immunotherapy with engineered T cells is a

significant therapeutic tool in the field of cancer, infectious

diseases, autoimmune diseases and transplantation. More

specifically, therapy with chimeric antigen receptor (CAR)-

engineered T cells (CAR T) has demonstrated great potential in

treating various hematological malignancies and is now

commercially available for relapsed or refractory B-cell acute

lymphoblastic leukemia (ALL), lymphomas and Multiple

Myeloma (1). In addition, the use of CAR T cells or CAR-

engineered regulatory T cells (CAR Treg) has shown pre-clinical

and clinical utility for diseases beyond cancer such as autoimmune

diseases (SLE, RA, MS etc) (2–4), graft-versus-host disease (5, 6),

transplant rejection (7, 8). These results dictate for further advances

allowing expanding the applicability of adoptive T cell therapy for

more patients. Nevertheless, current manufacturing approaches for

engineered T cells limit the feasibility of cost-effective, easier and

broader application of this effective therapy. Autologous

engineered-T cell manufacturing requires a time-consuming

process with long vein-to-vein times, while sometimes the

production can be unsuccessful (9). Patient-derived products are

highly variable, depending on the type and stage of the disease,

previous therapies and immune cell composition leading to variable

clinical outcomes (10). Allogeneic T cells from healthy donors could

provide a solution to several of the aforementioned limitations and

are being currently clinically tested as an alternative source of CAR

T cells (11). Obviously, substantial genomic editing of the T cell

receptor (TCR) and HLA genes is essential for the use of allogeneic

cells in order to avoid graft-versus-host reactions and limit graft

rejection. However, genetic engineering of primary autologous or

allogeneic T cells in a multiplex manner is very challenging (12), as

it currently results in a) reduced production yield; b) genotoxicity

due to undesired off-target effects and gene translocations; c) an

exhausted T cell phenotype and product due to the requirement of

extended ex vivo expansion.

To overcome these limitations, the use of induced pluripotent

stem cells (iPSCs) has been proposed as an off-the-shelf source of

therapeutic T cells (13). iPSCs can theoretically grow infinitely, are

easy to genetically manipulate, and can differentiate into different

types of immune cells, including T cells. Thus, iPSC have the

potential to serve as an unlimited source of T (iT) and CAR T

(iCAR T) cells. In contrast to primary T cells, genetic engineering of

iPSCs results in fully modified clonal lines, which could be

extensively evaluated resulting in a stable safe source.

Most research-grade T cell-development protocols from iPSC

have limited translational potential since they include non-

compliant good manufacturing practice (GMP) components,

making them incompatible for clinical use due to potential

xenogeneic immune reactions. Translating a research protocol

into a clinically relevant production process is a critical step in

the development of new therapies and interventions. Recent efforts

are focusing on the development of scalable and good

manufacturing practice compliant protocols with serum-free,

xeno-free, and feeder-free procedures.
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Here, we aim to provide an overview of the research progress of

the last decade regarding the effective generation of functional iT

and iCAR T cells from iPSC, while highlighting the future directions

essential for translational and clinical development in this field. The

production of iT cells rely on a complex, orchestrated and highly

regulated differentiation process divided in three pivotal stages: the

establishment of a master iPSC clone, the progression through

hematopoietic differentiation and the subsequent specification of T

cells. We will revisit the available research protocols, paying special

attention to their alignment with GMP standards, scalability

considerations, and their potential for clinical application.

Additionally, the integration of safety measures and quality

controls for clinical application will be explored, as these facets

constitute imperative prerequisites for the eventual clinical

deployment of iT and iCAR T cells.
2 Good manufacturing procedures in
a nutshell

The successful translation of a research protocol into a clinically

relevant production process is a critical step in the development of

new therapies and interventions. Current research-grade protocols

for T cell development from iPSC have demonstrated efficient iCAR

T cell production; however, there are still several challenges that are

being preclinical addressed, while the first clinical application of

iCAR T cells is ongoing (NCT04629729) (14). These efforts to

expand the clinical use of iCAR T cells are currently focused on

achieving efficient GMP-compliant iPSC generation, cultivation,

genetic modification and differentiation towards mature T cells. The

labor-intensive nature of preparing the product for clinical use

includes the development of GMP-compliant manufacturing

practices, standardized procedures, scalability considerations and

adherence to other directives and regulations (15).

All reagents, raw materials and disposables must meet the

highest available quality standards, preferably manufactured

under GMP guidelines. Rigorous quality control systems and

standard procedures extend not only to reagents but also to

processes themselves, ensuring both the quality and the

consistency of the protocols used during manufacturing. Certified

and qualified materials and equipment, reliable suppliers, detailed

SOPs (standard Operational Procedures) and process validation

steps are incorporated in the manufacturing and every procedure is

then performed in fully equipped dedicated cleanrooms (16).

In the context of research-grade culture and differentiation,

available protocols, that usually involve co-culture with animal-

derived components, raise regulatory concerns related to variability

between batches, scalability and safety due to potential xenogeneic

immune reactions. Therefore, a shift towards the use of human or

chemically defined components in the culture, genetic modification

and preservation of cells is essential (16). This transition sets the

stage for future endeavors towards up-scaling to bioreactor

technology and therefore industrial scale production. We note,

however, that there might be differences between regulatory

regions of the world regarding the obligatory requirements of the
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use of xenogeneic materials (17). If no other compliant alternatives

is available, and sufficient control (testing and sensitivity) can be

shown, the use of a non-compliant material could be defended at

the competent authority.

Prioritizing a translational approach from early preclinical

stages and addressing the necessary steps required for GMP

compliance will enhance the prospects of successfully translating

research outcomes into clinical applications, facilitating a smoother

transition and precluding potential bottlenecks. Given the absence

of a standardized method for generating iT cells, substantial efforts

are still needed to establish robust, reliable and GMP-compliant

manufacturing protocols. Moreover, these protocols should allow a

more efficient, clinical-grade production, emphasizing the

generation of the T cell subtype with the desired functionality

(cytotoxic CD8ab cells but also helper or regulatory CD4 cells)

(18, 19). A pivotal aspect of this effort involves the establishment of

relevant quality control and bioassay tests tailored to the specific

medicinal product, as will be discussed further.
3 Generation of engineered
iPSC clones

iPSCs can theoretically support endless genome editing to

accommodate desired characteristics of their lymphoid

derivatives, such as tumor-specificity, enhanced function and

histocompatibility. Different genetic modifications may also have

an impact on the quality and yield of iT and iCAR T cell products.

The accommodation of as many as possible optimized

immunotherapeutic properties in the iCAR T cells, requires the

facilitation and flexibility of gene editing processes. What are key

aspects to consider when developing a CAR-engineered iPSC

master clone? (See summary in Figure 1).
3.1 Reprogramming process and donor cell
of origin.

The first attempts to generate hiPSCs succeeded by using

integrated retroviruses to express the specific genes encoding for

the reprogramming transcription factors (Oct4, Sox2, Klf4, and c-

Myc) (20, 21). Alternative methods for generating hiPSCs without

integrating foreign genetic material have been explored to address

these issues including using Sendai viruses (22), episomal vectors

(23, 24), synthetic modified mRNA (25), minicircle DNAs (26),

microRNAs (27), and proteins (28). While integration-free

reprogramming methods have different reprogramming

efficiencies, they hold the most promise for developing clinical

products due to the lower risk of insertional mutagenesis.

Interestingly, there is much evidence that hiPSCs retain

epigenetic (29, 30) and transcriptomic (31) characteristics

resembling their original cell type, a phenomenon known as

somatic memory. Somatic memory could influence the

differentiation potential of hiPSCs, causing them to preferentially

differentiate into the cell type of origin, sometimes at the expense of

other lineages. Specifically, hiPSCs derived from umbilical cord
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blood cells exhibit enhanced efficiency in differentiating into the

hematopoietic lineage compared to hiPSCs derived from fibroblast

(31, 32) and keratinocyte (30), despite showing comparable

pluripotent characteristics at their undifferentiated state Notably,

unlike murine iPSCs, where somatic memory fades after 10

passages, the observed differences in differentiation potential

among hiPSCs remained consistent even after extended culture of

up to 20 passages (29, 33),. Up to date, T cells have been generated

from T cell-derived iPSC (TiPSC) (34, 35) as well as from non-T

cell-derived iPSC (other hematopoietic cell or fibroblast) (36–39),

while no detailed studies have been performed on the impact of the

cell of origin on the functional properties of the generated iT cells.
3.2 Universally applicable iPSC clones

In the context of universally available products, various

strategies have been suggested in order to endow iT and iCAR T

cells with reduced immunogenicity and alloreactivity. Mismatched

MHC class I on adoptively transferred T cells triggers host-versus-

graft (HvG) responses from endogenous lymphocytes, limiting the

survival and persistence of therapeutic donor cells (40). The

disruption of b2m, the gene encoding for b2-microglobulin, is the

most common strategy for partially overcoming HLA matching

barriers (41, 42). B2M monomers combine with major

histocompatibility class I (MHC I) molecules, which are present

on the surface of all nucleated cells, including T cells (43). However,

loss of HLA class I expression results in a “missing-self” response, in

which cells lack an essential inhibitory ligand, making them

susceptible to attacks by natural killer (NK) cells (44, 45). To

address this issue, several additional strategies have been

explored. One approach involves the combination of b2m knock-

out with the introduction of HLA-E over-expression. HLA-E binds

to the CD94/NKG2A receptor on NK cells (46, 47) and protects

edited cells from NK-mediated killing (48). However, this approach

does not address the case of NK cells lacking the NKG2A receptor.

Another approach to impair the NK cell response against HLA class

I-negative cellular products is the overexpression of CD47, a

molecule that serves as a “don’t eat me” signal (49). To enhance

immunological tolerance, a different strategy entails deleting both

b2m (HLA class I) and CIITA (HLA class II) genes in iPSCs while

introducing HLA-G, CD47, and PD-L1 (50). This strategy is based

on the knowledge that HLA-G1 can suppress KIR2D+ NK cell

populations (51–53) and the well-established immune checkpoint

inhibitor PD-L1 inhibits T-cell activation (54, 55). Another group

developed selectively deleted HLA-A, HLA-B, and HLA-class II but

retained HLA-C, a non-canonical HLA molecule (56, 57), that is

expected to inhibit the activation of NK cells (58). In addition, a

recent study reported the generation of human iT cells that can

evade NKG2A+ and DNAM-1+ NK cell recognition, by knocking

out the NK cell activating ligand PVR as well as both b2m and

CIITA, while simultaneously introducing HLA-E through

transduction in hiPSCs (59).

Even when using hypoimmunogenic iT cells lacking expression

of HLAmolecules, Graft-versis-host disease (GvHD) can still pose a

significant challenge due to the presence of T cell receptors (TCRs),
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possibly leading to the alloreactivity of donor iT cells. Genetic

disruption of the TRAC locus to eliminate abTCR surface

expression has become a widely used gene editing method to

prevent GvHD in allogeneic CAR T cells (60–62). One strategy,

for instance, involves integrating the CAR transgene into the TRAC

locus, resulting in TCRless iPSC-derived CAR T cells with reduced

risk of triggering GvHD (14, 63).
3.3 Expression of the CAR transgenes

Endowing human iT cells with tumor specific functions has

been achieved by the expression of a CAR (34). Introduction of the

CAR transgene in order to generate iCAR T cells can be performed

either by genetic engineering in the iPSC level (34, 64) or at the

stage of the already generated iT cells (65). Generation of CAR-

engineered iPSC clones has the advantage of requiring only a single

genetic engineering step and providing after differentiation to the

lymphoid lineage a more uniform iCAR T cell product. However,

the CAR engineering strategies employed can impact the lymphoid

lineage commitment during differentiation. Premature and
Frontiers in Immunology 04187
constitutive expression of a CAR during iPSC-to-T cell

development reduces NOTCH1 (Notch receptor 1) expression

and disrupts the normal regulation of downstream genes,leading

to lineage skewing of iCAR T cells to innate/gdTCR-like CD8aa+ T

cell features (34, 66), and expression of NK cell surface markers (34,

38, 66). To partially restore the conventional CD8ab phenotype

(63), it is crucial to regulate CAR signal strength and the timing of

expression. Additionally, the choice of different CAR designs plays a

significant role in influencing the iT phenotype since 1BBz-based
constructs allow the development of CD8ab iT cells in contrast to

CD28z-based CARs (67, 68).
3.4 Gene editing

Besides viral delivery methods, the use of gene editing has

emerged as the most efficient strategy to introduce genetic

modifications into hiPSC, including the overexpression of

transgenes or the silencing/knockout of specific genes. The initial

nuclease families used were: meganucleases, zinc finger nucleases

(ZFNs) and transcription activator-like effector nucleases
FIGURE 1

Summary of general aspects for the generation of CAR-engineered iPSC clones. Initially, either CD34+ cells or T cells obtained from donors are
reprogrammed into hiPSCs using a genomic integration-free method. Following thorough characterization of pluripotent cells, these hiPSCs are
engineered to express a CAR for targeted tumor cell killing. Notably, the CAR construct incorporates elements to control its expression and prevent
the effect of tonic signals during T cell development. To achieve a universal T cell product, the hiPSC-derived CAR T cells undergo HLA and TCR
elimination with the addition of NK inhibitors to protect against host NK rejection. Additionally, an inducible suicide gene system is introduced into
the CAR hiPSCs, serving as a fail-safe mechanism the event of unforeseen complications following T cell infusion. Created with BioRender.com.
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(TALENs). The emergence of the Clustered Regularly Interspaced

Short Palindromic Repeats (CRISPR)-associated nucleases (Cas)

system has revolutionized genome editing due to its simplicity and

cost-effectiveness. CRISPR/Cas9 has been used to edit b2m, CIITA,

HLA and TRAC genes in iPSC (49, 59, 69–72). Furthermore,

CRISPR/Cas9 can facilitate multiplex genome editing, allowing

for the simultaneous modification of multiple genes through the

use of multiple guide RNAs (56, 57). In addition, the CRISPR/Cas9

system has been harnessed for precise gene insertion at specific

genomic locations through homologous recombination. For

example, it has been utilized to insert a CAR into the TRAC

locus, enabling the creation of TCR-less CAR T cells derived

from hiPSC (63) and insert NK inhibitor molecules into the safe

harbor site AAVS1 locus (50). While CRISPR/Cas9 genome editing

avoids random integration events, it carries the risk of adverse

genomic events by introducing double-strand breaks at off-target

sites (73, 74), which can lead to frameshift mutations, chromosomal

translocations, and complex rearrangements within edited cells

(75–77). Newer generations of high fidelity Cas9 nucleases have

been developed with reduced off-target activity (Cas12a) (78).

Nickases, which are modified Cas9 nucleases containing only one

functional domain to generate a DNA single-strand break, can be

combined with base editors (BE) to induce specific mutations.

Finally, the prime editing method involves a nickase fused to a

reverse transcriptase complexed with a prime editing guide RNA

and can generate targeted insertions, deletions or base

substitutions (79).
3.5 Safeguard systems

The use of hiPSC as a cellular source for therapeutic clinical

applications is accompanied by safety concerns regarding the

potential tumorigenicity of their derivatives as well as

contamination of the final product with residual undifferentiated

iPSC that could potentially lead to the uncontrollable formation of a

teratoma. Additionally, strategic engineering to confer

hypoimmunogenic traits to these cells, including the absence of

MHCs and the expression of CD47 and PD-1, could make them

resistant to immune surveillance. To address the risks associated

with tumorigenicity, inducible suicide gene systems can be used as a

safeguard system. The Herpes simplex virus-thymidine kinase

(HSV-TK) system (80, 81), when combined with ganciclovir,

effectively eliminates tumorigenic cells in murine iPSCs (82) and

human iPSCs (83). However, HSV-TK is a viral protein which can

trigger an immune response against the transplanted cells.

Moreover the HSV-TK system entails a relatively slow process of

cell killing, and is often incomplete due to its inability to target

slowly growing cells effectively (84, 85). In contrast, the inducible

caspase-9 (iC9) protein, a fusion protein of human caspase-9 and a

modified FK506-binding protein, can operate independently of the

cell cycle, enabling the rapid initiation of apoptosis of transduced

cells within a few hours. The iC9 system can induce of iC9-

expressing TiPSC and iCAR T cells in vitro and in vivo without

alteration in pluripotency and T cell differentiation potential of
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TiPSC (86). Genome editing can further refine this system by

targeting integration of the iCasp9 cassette to a safe-harbor locus.
4 Considerations for cGMP-
generation of engineered iPSC clones

The efforts to make full cGMP iPSC lines (Figure 2) starts

by obtaining the donor cells, while following the appropriate

guidelines including giving written and legally valid informed

consent. The informed consent should include terms for potential

research and therapeutic uses, potential for commercial application,

disclosure of incidental findings and issues specific to the

intervention type (16, 17, 87). In order to overcome the concerns

of insertional mutagenesis of viral vectors, several non-integrating

reprogramming methods have been developed. Recombinant

proteins (88), DNA plasmids (23, 89), Sendai virus (90–93) or

mRNA-based methods (25, 94) are all non-integrative technologies

used to transiently express transcription factors needed to induce

cell reprogramming. Overall, although these methods show

lower reprograming efficiency than integrating methods and

inconsistency the reprograming frequencies are still sufficient to

recover iPSC clones when starting from sufficient cell numbers.

mRNA transfer has been the most efficient non-integrating

reprogramming technology so far, but it is considered a laborious

technique and the generated iPSC show extremely low rates of

aneuploidy and karyotype abnormalities (95, 96). Nevertheless,

comparison of the reprogramming methods within the same

starting material, culture time and conditions and comparison to

the parental cells is still missing to properly assess differences in

efficiency and potential genomic instabilities.

Focus on optimizing ingredients, quality and consistency of

matrices and media have reach considerable development towards a

defined animal origin-free, serum-free, xeno-free iPSC culture

environment certifiable under cGMP. To ensure suitability for

clinical grade protocols several synthesized human recombinant

extracellular matrix (ECM) proteins or peptides have been

developed for iPSC maintenance. Laminin, a major ECM protein

during embryogenesis, has proven an efficient adhesion, survival

and iPSC self-renewal (97–99) and has become popular as a natural

scaffold to transition from research to clinical trials due to its

capacity for cell expansion (100) in cost-effective and time-

efficient method (101). Other ECM substrates like fibronectin or

vitronectin as well as synthetic defined substrate based coatings (ex.

Synthemax II-SC, CellStart) have been also used (102).

The culture medium used is another critical component as it

provides the necessary growth factors and optimal microenvironment

for iPSC maintenance. Chemically defined, animal origin-free culture

media (ex. mTeSR-AOF (103–105), StemFit AK02N (65, 106),

Essential 8 (E8) (102, 107) (108), HIDEF-B8 (109) as well as

cryopreservation media options are commercially available. As

enzymatic passaging of iPSC is associated with increased genomic

instability (110), chemically defined, enzyme-free dissociation methods

(EDTA based) were developed to circumvent this problem (111).

Selection of the optimal cGMP conditions should be based on
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keeping the balance between iPSC expansion, preservation of

pluripotency and genomic stability (112).

To satisfy the increasing clinical requirement of iPSCs the

potential of scaling up iPSC culture several automated platforms

are available to provide automated, closed system and customizable

settings for coating, cell seeding, media feeding and cell harvesting

of adherent cells such as the CliniMACS Prodigy Platform

(Milteny) or the Quantum Cell Expansion System (100). In this

later, capillary tubes are coated with matrix and then loaded with

iPSCs providing a very large surface area for cells to attach to, while

keeping a small physical footprint. However, in this system, cell

growth is challenging to monitor (113) and the expansion of iPSC

culture still remains modest for industrial use. To overcome these

issues, various possibilities to scale up iPSC culture in suspension in

bioreactors exist including self-assembled 3D spheroid aggregate

(114–120) culture and cultivated cells in microcarriers or hydrogels.

Cells can be cultured on microcarriers, increasing the cell surface

while maintaining reproducible suspension cultures in closed

systems (121–124). Several types of microcarriers are available

with different coatings, cell attachment properties and sizes, that

will provide different cell expansion and pluripotency maintenance

while maintaining normal genomic stability (125–127).

Microencapsulation of iPSC cells with hydrogels, like alginate, is

also a potent option for successful up-scaled iPSC maintenance and
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expansion (128–131). However, cost effectiveness of some of these

methods still needs to be considered.

Finally, quality control testing and release criteria need to be

established to ensure product sterility, cell identity and

characterization and genetic stability of the iPSC master product

(Table 1). To this end, the international stem cell banking initiative

(16) and the Global Alliance for iPSC therapies (132) currently

provide general guidance regarding clinical-grade iPSC standards.

Since procedures to obtain master iPSC lines are not always

performed under full cGMP and the cell product itself cannot be

sterilized, donors and the resulting donor cells should be screened

with rigorous viral (human immunodeficiency virus HIV, hepatitis

B virus, and hepatitis C virus), bacterial, fungi, mycoplasma and

endotoxin sterility tests. Moreover, clinical grade iPSC cells need to

be fully characterized to confirm cell identity, genomic integrity,

pluripotency, purity and potency as well as to manage the risk

associated with the presence of atypical or spontaneously

differentiating cells. Cell reprograming efficiency and purity of the

cell line is widely evaluated by flow cytometry and immunostaining,

analyzing expression of commonly used pluripotency stem cell

markers like Oct4, Nanog, Sox2, TRA-1-60, TRA-1-81, SSEA-3

and SSEA-4. A minimum of two positive markers from this panel is

mandatory, combining at least one intracellular (Oct4, Nanog,

Sox2) and one extracellular marker (TRA-1-60, TRA-1-81, SSEA-
FIGURE 2

iPSC clone development: research vs cGMP methods. The overall goal is to ensure that the entire process, from donor acquisition to iPSC expansion
and culture, adheres to strict quality and safety GMP standards essentials for clinical applications and therapies. The process initiates with the donor
cell acquisition adhering to ethical guidelines and obtaining legally valid informed consent. The comprehensive informed consent covers various
aspects including potential applications in research and therapy, considerations for commercial use, disclosure of incidental findings, and
intervention-specific issues. Non-integrative methods are employed for clinical-grade iPSCs reprograming such as recombinant proteins, DNA
plasmids, Sendai virus, and mRNA-based approaches to minimize the risk of genetic alterations as compared to integrating viral systems also used in
research. A crucial distinction between research-graded iPSCs and cGMP-compatible iPSCs lies in the iPSC expansion step. Research-grade iPSCs
can be cultured on MEFs or Matrigel with animal protein-containing medium, whereas cGMP iPSC culture must reach a defined animal origin-free,
serum-free, xeno-free environment. This requirement extends to the components of reagents for iPSC dissociation and cryopreservation media.
Furthermore, clinical-grade iPSCs undergo development in a scaled-up culture system using an automated, closed system designed for industrial
use. To address these challenges, cGMP iPSCs can be cultivated in 2D factory flasks and in suspension within bioreactors, employing diverse
methods such as 3D iPSC spheroids, culturing onto microcarriers, and encapsulation in hydrogels. Created with BioRender.com.
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3 and SSEA-4. Positive expression of these markers should be

consistent and homogenous in the population analyzed with over

70% of positive cells (133, 134). Based on the description reported

by Yu et al. (2007) (21), iPSC culture should maintain their typical

morphology with compact rounded colonies and smooth edges, and

a high nucleus-cytoplasm ratio. Genome integrity of the iPSC line is

evaluated by single tandem repeat (STR) genotyping to confirm a

matching identity between the source cells and the reprogramed cell

line (102, 134). For gene-edited iPSC lines, assessment of the guide

RNA quality, presence of the wildtype sequence, proof of any off-

target effect and sequence analysis of the target pre and post editing

needs to be provided. Lastly, testing for the presence of

reprogramming vectors is mandatory to confirm clearance or

silencing of these vectors. Clearance to an acceptable threshold of

<1 plasmid copy per 100 cells must be demonstrated (134). Tests to

currently show clearance of Sendai virus and mRNA methods are

being developed. Potency of the generated cells is confirmed by

carefully analyzing their differentiation potential into all three germ

layers (ectoderm, endoderm and mesoderm) (100, 133, 134). The

most widely accepted and available of these are Pluritest™ (135)

and hPSC ScoreCard™ (136). Finally, iPSC are known to be prone

to genomic instability which raises potential hazards around cell

transformation and risk for causing malignancies in patients. Some

consensus and guidelines are slowly emerging to assure genome

integrity and stability of iPSC (137, 138). Karyotyping, using G-
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banding, has been considered the gold standard method to report

karyological analysis of iPSC. A universal clinical standard

recommended is a 20-metaphase karyotypic analysis with 95%

certainty of diploidy and is widely accepted by regulators

worldwide. Newer and more accessible technologies are being

developed as KaryoLite BoBs® and Single nucleotide

polymorphism (SNP) arrays although each have significant

differences in sensitivity, resolution and each has limitations for

routine QC in terms of cost and time (133). SNP array offers higher

resolution, enable to detect subchromosomal changes and single

point mutations, deletions or duplications. SNP is recommended

for information only, while karyotyping is a mandatory control.

Extra whole genome analysis can also voluntarily be performed.

Online tools such as the Decipher interface or the Variant Effect

Predictor can help to identify genomic abnormalities and predict

the possible effects (138).

The combination of the different tests and criteria should

provide enough information to determine the quality and safety

of the iPSC line. Although specific assays and standards are not yet

defined, consensus on specific parameters and guidelines on

essential information needed is being build up in the area to

ensure successful clinical grade iPSC application.
5 Differentiation of iPSC towards
hematopoietic cells

In order to develop protocols and methods to generate cells of

the hematopoietic lineage, including T lymphocytes, from iPSC one

should take into account the physiologic developmental processes.

Hematopoietic stem and progenitor cell (HSPC) development

occurs in three sequential waves of cells characterized by distinct

locations, timing, and differentiation potential (139, 140). The

initial wave, referred to as “primitive hematopoiesis,” occurs at

the yolk sac and is responsible for generating various blood cells

that together establish the embryo’s blood circulation and initial

immune system (141). The second, pro-definitive hematopoiesis,

originates in yolk sac and provides erythro-myeloid progenitors and

lympho-myeloid progenitors that migrate across the embryo,

supplying blood cells until the time of birth (142). The third

wave, termed “definitive hematopoiesis” emerges within the

embryo from hemogenic endothelial cells in the dorsal aorta of

the aorta-gonad-mesonephros region. Unlike the previous waves,

this wave is capable of giving rise to the first true HSPCs that exhibit

robust long-term self-renewal capabilities and have the potential to

differentiate into all hematopoietic lineages, including mature

erythrocytes switching from fetal to adult globin, as well as all

lymphoid lineages, including B cells and T cells. Definitive HSPCs

produced during this stage initially localize in the fetal liver and

subsequently colonize in the bone marrow, where they facilitate

lifelong hematopoiesis (143, 144).

The initial step to successfully generate definitive HSPCs in vitro

involves inducing mesoderm lineage through primitive streak by

specific signaling pathways like bone morphogenetic protein (BMP),

activin/nodal and Wingless/Integrated (Wnt) pathway (145). In the
TABLE 1 Quality control assessment of iPSCs clones.

Quality
attribute

Assay Criteria

Sterility

Viral
pathogen
(HIV,

HBV, HCV)

qPCR

Not detectable
Bacterial

qPCR/brothFungi

Mycoplasma

Cell
Characterization

Purity
Flow cytometry Above 70% positive

pluripotency stem
cell markersImmunostaining

Viability/
Morphology

Visual
assessment

Cell identity

STR genotyping Matching identity

Virus/Plasmid
clearance
by PCR

<1 plasmid per
100 cells

Potency

Teratoma
Trilineage

differentiation capacity
_ Upregulation
trilineage genes

Spontaneous or
directed

differentiation
_ PCR

Genome
integrity
& stability

Karyotyping

G-banding

SNP

Whole genome
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early stages of mesodermal specification, the expression of

Brachyury (T), followed by the expression of KDR kinase insert

domain receptor (KDR), also referred to as vascular endothelial

growth factor receptor 2 (VEGFR2), is pivotal for further

differentiation (146). VEGFR guides mesoderm cells with KDR to

transition into the endothelial cell stage. Within this endothelial

population, a distinct cell type known as hemogenic endothelium

(HE) exists with potential to give rise to hematopoietic lineage cells.

The HE exhibit markers typical of endothelial cells, including

platelet endothelial cell adhesion molecule PECAM-1 (CD31), VE-

cadherin (CD144), and hematopoietic lineage progenitor marker

CD34 (147, 148). In the final step, a significant morphological shift

occurs as these cells detach from neighboring endothelial cells,

forming round floating clusters of HSPCs for definitive

hematopoiesis. This cellular transition, termed the endothelial-to-

hematopoietic transition, occurs after hematopoietic transcription

factors such as Runx1, Gata2, and Sox17 are upregulated within a

specific subgroup of HE cells (149). Consequently, these newly

generated HSPCs express not only CD34 but also CD43, a pan-

hematopoietic marker that distinguishes them from endothelial

cells (150).

Various methods have been established to generate HSCs from

hiPSCs and hESCs in vitro, aiming to closely replicate the key

features of definitive hematopoiesis as described above. The

hematopoietic differentiation in vitro can occur through three

distinct approaches. Firstly, it can be conducted via co-culturing

with murine stromal cells such as S17, MS5, C3H101/2 and OP9

(151–154). Notably, the OP9 stromal cell line was initially derived

from a newborn mouse carrying a mutation in the macrophage

colony-stimulating factor (M-CSF) gene (155). Due to this

mutation, OP9 stromal cells are unable to produce functional M-

CSF, which in turn prevents them from supporting the

differentiation of macrophages. Nevertheless, the OP9 cell line has

emerged as the most widely used stromal cell line to induce

hematopoietic differentiation of hPSCs. The efficiency of OP9 co-

culture induction can be improved by various combinations of

factors such as stem cell factor (SCF), BMP4 and FMS-related

tyrosine kinase 3 ligand (FLT3L). The studies have provided

evidence of the efficiency of murine stromal cell co-cultures in

generating definitive hematopoietic progenitors with lymphoid

potential (153, 155) and long‐term engraftment potential (156).

However, the use of mouse cells poses compatibility challenges for

clinical product development due to concerns about xenogeneic

antigen contamination.

A second approach is the spontaneously formed 3D organoids

named embryoid bodies (EBs). EBs faithfully replicate the spatial

organization observed in embryo development, closely mimicking

the multicellular arrangement found in actual human organs. This

3D structure promotes cell-to-cell interactions, facilitates cell

communication, and allows for the exchange of substances.

Consequently, EB systems have been widely utilized to generate

specific cell types, including hematopoietic cell lineage, by

employing combinations of inhibitors, small molecules, and other

growth factors. Sturgeon et al. successfully guided hiPSC to

differentiate into definitive CD34+ HSPCs by inhibiting activin-

nodal signaling through SB431542 or activating the Wnt signaling
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using CHIR99021 during the EB formation in serum-free condition.

Remarkably, the CD34+ cells produced through this method

demonstrated the ability to differentiate into erythrocytes

expressing adult globin and lymphoid cells (157). Furthermore,

when combined with genetic modification involving the

overexpression of specific transcription factors, the EB method

effectively generated HSPCs with engraftment potential in a

mouse model (158–160).

Spherical formation of EBs presents challenges due to

significant heterogeneity of differentiated cells and difficulty in

monitoring hematopoietic processes within them. As a result, 2D

monolayer feeder-free method for inducing hematopoietic

differentiation in vitro has been developed iPSCs are seeded onto

a surface coated with extracellular matrices and subsequently,

different combinations of cytokines and small molecules are

introduced at specific stages during the culture to lead the 3-stage

differentiation process (35, 161–165). These refinements have

simplified the monolayer method into a cost-effective and

straightforward strategy for generating HSPCs suitable for

clinical applications.
6 In vitro T lymphoid development

Physiological T-cell development takes place within the thymus,

where bone marrow-derived hematopoietic progenitors migrate

through the bloodstream, commit to the T-cell lineage and

undergo further maturation to become functional T lymphocytes

(166). This commitment and maturation process is largely driven

by the Notch signal transduction pathway, which plays a central

role in initiating a T-cell gene program in these cells upon their

arrival in the thymus (167, 168). Upon their entry into the thymus,

these progenitors undergo a commitment to become early thymic

progenitors (ETP). Following this initial commitment, ETPs

embark on a journey through a series of differentiation stages,

culminating in the formation of mature T cells. These stages include

the development of immature CD4/CD8 double-negative

thymocytes, immature CD4 single-positive thymocytes (ISP cells),

and immature CD4/CD8 double-positive thymocytes (DP cells).

Following a series of positive and negative selection processes, DP

cells undergo further maturation, giving rise to two distinct

subpopulations: naïve mature CD4 single-positive (CD4SP)

thymocytes and CD8 single-positive (CD8SP) thymocytes (169).

The recognition of Notch signaling as a critical regulator of T

cell commitment has resulted in significant advancements in

methods for generating T cells in vitro. Initially, researchers

employed an OP9 cell line that had been genetically modified to

overexpress Notch Delta-like ligand 1 (DL-1). Similar to thymic

stromal cells, this modified cell line, referred to as OP9-DL1, was

employed to establish a co-culture system, which served as the

starting point for initiating T cell development in vitro, including

interleukin 7 (IL-7), stromal cell-derived factor 1 (SDF-1), and stem

cell factor (SCF). The OP9-DL1 co-culture system enables the

generation of functional CD3+ TCR+ iT cells in vitro (170).

Interestingly, in in vivo models, the targeted knockout of Dll1 in

the thymus does not affect T cell development (171). In contrast,
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Dll4 is an indispensable Notch1 ligand in T cell development (172).

The key distinction between Dll1 and Dll4 is that Dll4 exhibits a

higher binding capacity to the Notch1 receptor. Therefore, Dll4

appears to be more effective than Dll1 in activating Notch and

initiating a T cell lineage at the early stages of T cell development

(173). In the context of T lineage development from hiPSCs, OP9-

DL1 as well as OP9-DL4 successfully supported the development of

DP cells from hiPSCs with germline TCR genes (37, 174, 175).

However, it’s worth noting that when TiPSC are used as a source on

the OP9-DL1 system, there is no development of DP thymocytes

and the regenerated iT cells do not express surface markers of

cellular maturity such as CD5 and the CD8ab dimer, while

expressing CD8aa and CD56, indicative of an innate-like

phenotype (34, 66, 90, 176). The pre-mature expression of the

pre-rearranged TCRa genes during in vitro differentiation is

responsible for this lineage skewing and use of stronger Notch

activation though OP9-DL4 can restore the progress to the DP stage

(63). Furthermore, this system has been used to generate functional

iCAR T cells, exhibiting specific killing potential in in vitro and in

vivo mouse models (34, 38, 66, 177). Similar to early TCRa
expression, CAR signaling during differentiation hampers the

development of DP and mature single positive CD8ab iCAR T

cells (63, 67, 68).

In recent years, feeder-based systems have advanced to mimic

better the thymus’s 3D structure, which plays a pivotal role in

facilitating positive selection and improving human T cell

development (178, 179). The artificial thymic organoid (ATO)

platform closely mimics certain aspects of the 3D thymic

structure. In this innovative approach, DLL1- or DLL4-expressing

MS5 stromal cells are aggregated by centrifugation with

mesodermal progenitors from hESC or hiPSC, creating a 3D

environment conducive to T cell differentiation (36). The DLL1-

expressing MS5 cells in ATO efficiently support the development of

anti-CD19 CAR T cells derived from hiPSCs, preserving CAR

expression and function. These hiPSC-derived CD19-CAR T cells

exhibit comparable specific cytotoxicity, cytokine secretion and

efficacy in controlling the progression of CD19+ leukemic cells in

animal models when compared to PBMC CD19-CAR T cells (64).

Interestingly, recent studies have highlighted the ATO system’s

ability to induce the differentiation of CD4+ iT and iCAR T cells.

Nevertheless, the functionality and potential of these CD4+ T cells

remain subjects requiring further investigation (36, 68).
7 Considerations for cGMP
differentiation of iPSC to iT cells

As mentioned above to date, research grade approaches to

differentiate hiPSCs toward HSPCs include either murine bone

marrow-derived feeder cells in serum-containing medium (36, 37,

64, 153) or defined conditions with specific growth factors or

cytokines via formation of embryoid bodies (EBs) (157, 180) or

monolayer system (35, 181, 182) (see Figure 3). The first big step

forward towards clinical production has been the generation of

CD34+CD43− HSPC, with a serum-free and stroma cell-free

protocol based on embryoid body formation and the use of
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specific cytokine and growth factor combinations in a stepwise

manner by Kennedy et al. (2012) (180). Since then, EBs have been

widely used to develop HSPC with diverse differentiation potential

towards T cell (34, 63, 181, 183, 184). Although initial EB formation

protocols relied on serum-containing media (185), more recent

advancements have led to the development of xeno-free and serum-

free media for use in these protocols (186–188). Differentiation

approaches with defined conditions highly rely on the cytokine/

growth factor cocktails used to prime the HSPC towards the

preferred lineage, therefore important to be sure that required

compounds are GMP grade available. As EBs are 3D aggregates

containing a complex cellular composition, the hematopoietic

progenitors need to be released from the EBs. Progenitor

releasing involves enzymatic dissociation which can be harsh

treatments affecting viability and further processes. After cell

dissociation, CD34+ cells need to be enriched and isolated

to proceed for further differentiation in an appropriate

cGMP environment.

Possibly simpler, more efficient and cost-effective approaches to

generate hematopoietic cells have been established using a feeder-

free and serum-free monolayer method to derive HEPs with mature

blood cell differentiation potential from iPSC (35). This monolayer

method provides large numbers of high purity hematopoietic cells,

removing the need of CD34 purification step for both fundamental

research and most important for regenerative medicine in a

cGMP manner.

As mentioned earlier, conventional methods for further

generating iT cells from the iPSC-derived HSPC have used various

murine feeder cell lines, presenting significant challenges when

designing manufacturing processes compliant with cGMP. Efforts

have been made to explore the use of human feeder cells to support T

cell development in vitro. The results of T cell differentiation in a co-

culture of mouse primary fibroblast-DL4 and human HSCs were

remarkable. In contrast, human primary fibroblasts expressing DL4

exhibited only minimal capacity to initiate early stages of T-cell

development from human HSCs, even when macrophage colony-

stimulating factor inhibitors were introduced (189). An alternative

approach for establishing a human feeder cell system involved

growing primary human fibroblasts and keratinocytes on a 3D

scaffold, followed by seeding them with human CD34+ cells (190).

This method holds promise for producing clinical-grade mature T

cells in a laboratory setting. The outcomes of this co-culture revealed

that fibroblasts and keratinocytes exhibited an increase in the

expression of Dll4 and IL-7 during culture on the 3D scaffold,

resulting in successful generation of single-positive CD4+ and

CD8+ T cells expressing ab TCR. However, the reproducibility of

these results has not confirmed (191). Using human thymic epithelial

cells (TECs) is another option for feeder cells. A previous study

revealed that co-culture of cord blood CD34+ cells with a human

immortalized TEC line overexpressed DL1 significantly facilitated T

cell development and proliferation, progressing CD34+ cells to the

DP stage. However, these differentiated cells did not proceed to the SP

stage (192). A recent protocol has emerged involving the formation of

thymic organoids by combining hPSC-derived thymic epithelial

progenitors (TEPs), HPSCs, and mesenchymal cells. Within the 3D

structure, hPSC-derived TEPs undergo further differentiation into
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TECs, and these cells can support T cell development in vitro, as

demonstrated by the detection of abTCR+ CD3+ cells after 4

weeks (193).

Self-assembled 3D organoids have been employed in

hematopoietic and T cell differentiation, aiming to closely mimic

the in vivo microenvironment compared to traditional 2D cell

cultures. However, 3D organoid models are inherently more

complex than 2D cell cultures, posing challenges for

standardization. Variability in organoid structures and

compositions may impact reproducibility. Additionally,

establishing and maintaining 3D organoid cultures can be

technically demanding. Researchers may encounter difficulties in

optimizing culture conditions, maintaining cell viability, and

ensuring consistent outcomes. 3D bioprinting emerges as a

promising method for modeling T cell development, offering

advantages such as precise control over the spatial arrangement

of cells and biomaterials and the ability to achieve a high level of

complexity. However, compared to self-assembled 3D organoids,

scaling up 3D bioprinting cultures for large-scale experiments can

be challenging and requires specialized culture media and
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equipment. The resulting high costs and associated complexity

may make this approach less suitable for mass production.

While using human-origin feeder cells for T-cell generation

from iPSCs has faced challenges due to disappointing efficiency and

difficulties in scaling up the process, a feeder-free system has been

developed for generating T cells from iPSCs. Recombinant DL4

alone has proven to be effective in promoting T cell differentiation

from hiPSC. When recombinant DL4 is immobilized on a plate, it

successfully generates functional antigen-specific CD3+ CD8+ T

cells (65). Subsequent investigations have revealed that combining

DL4 and VCAM1, an adhesion molecule for lymphoid cells, into a

coating material enhanced the T cell potential of hematopoietic

progenitors from hPSCs during the EHT stage, resulting in a

substantial increase in the production of mature CD8+ T cells

(184, 194). Additionally, employing a feeder-free approach,

coupled with knocking down EZH1, the definitive hematopoietic

fate repressor, yields a higher percentage of CD3+ iT cells and an

increased number of differentiated iT cells (184). Finally, the

scalable bioreactor for large-scale iT cell production method was

established by using a DL4-immobilized bead (183, 195).
FIGURE 3

Differentiation processes to generate iPSC-derived CAR T cells. The differentiation processes involved in generating iPSC-derived CAR T cells is
depicted, highlighting the transition from research-level methods to those tailored for large production in clinical settings adhering to cGMP
standards. At the research level, iPSCs are differentiated into hematopoietic stem and progenitor cells (HSPC) using various methods, including
embryoid bodies (EB), monolayer, and artificial thymic organoid (ATO) methods. The necessity of producing HSPCs on a defined, xeno-free, large
scale clinical setting makes EB formation in bioreactor systems an attractive approach. While the monolayer differentiation protocol also follows
cGMP standards, 2D large scale production might be more cumbersome. For T cell differentiation, murine feeder cells prove to be affective in
research settings. Nevertheless, the development of a cGMP-compatible T cell differentiation methods demands the exclusion of xenogeneic
antigens, leading to the use of a recombinant DL4 and VCAM1 protein-coated surface or human origin feeder cells. Notably, the protein-coated
surface approach arises as an attractive strategy for large scale implementation culturing HSPCs together with coated microbeads in bioreactor
systems to give rise to differentiated T cells. Created with BioRender.com.
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Nevertheless, it is important to note that despite the success of

feeder-free systems in generating functional SP CD8+ T cells, there

successful generation of SP CD4+ T cells with helper functions is

lagging. Prior studies induced positive selection in vitro using an

anti-CD3 antibody to target the TCR complex in the presence of

combinations of cytokines (65, 184, 194). Regrettably, these

methods were unable to generate functional CD4+ T cells from

hPSCs. A recent study introduced a novel method for inducing

positive selection of iPSC-derived DP cells, by using low

concentrations of PMA and ionomycin within the feeder-free

system, resulting in the successful generation of SP CD4+ T cells.

These CD4+ T cells can secrete signature cytokines of helper T cells,

such as IL-2, IL-4 and TNF-a, upon activation but do not secrete

IFN-g. Furthermore, when these generated CD4+ T cells are

cultured in a medium supplemented with TGF-b and IL-2, they

undergo further differentiation into regulatory CD4+ T cells capable

of suppressing T cell activation and proliferation in vitro (196).
8 Scalability of HSPC and
iT production

At research level EBs are maintained in static suspension cultures

with limited potential for large scale production and control over cell

aggregation and EB formation. Large scale EB formation and

differentiation can be achieved in hydrodynamic conditions such as

rotary orbital culture, rotating cell culture systems or bioreactor

systems, which generally improves cell aggregation and a more

homogenous EB formation compared to static methods (197, 198).

Shaker flasks or roller bottles with constant circular motion provide a

simple system for suspension based mixing environment improving

the efficiency of EB formation. Although this technology lacks process

control and scalability compared to other methods, it is helpful as a

first attempt of scaling up while allowing comparison of different

experimental parameters as various shakers and bottles can be

accommodated on the rotary platform (197). A key parameter to

control during dynamic cultures is the shear stress for the cells in

culture as it will determine the cell clumping or dissociation of the

cells. Rocking motion bioreactor and rotary cell culture systems are

low-shear methods that drive continuous mixing and aeration,

yielding high quality and yield EB culture. These systems are

available as single use disposable bioreactors which make it

advantageous to avoid issues around contaminations from reusable

systems (197, 199–201). On the other side, spinner flask and vertical-

wheel stirred bioreactors provide an attractive simple design, with

scalable configuration, easy continuous monitoring and a flexible

culture of cells as aggregated or on microcarriers/scaffolds (200, 201).

The paddle impeller inside the bioreactor is responsible to

continuously mix the medium having an impact on the cell viability

and aggregate size of the culture. Cell aggregates like EBs or cells

grown in microcarriers are more sensitive to shear stress than single

cells. While low rate of stirring results in cell clumping supporting EB

cultures, high rates can be harmful for the cells and dissociate (202).

Studies to reach the optimal fluid velocity and promote a suitable

shear stress is critical for scaling up in these systems.
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In contrast to EBs methods, which have a more straightforward

adaptation to bioreactors, CD34 differentiation on a monolayer

requires attachment of iPSC to a surface. Microcarriers are reported

as a suitable biomaterial to culture cells in suspension instead of

planar surface. Commercially available microcarriers differ in size,

core and coating material, surface charges and porosity resulting in

different cell seeding capacity and expansion. Therefore it is

important to select the most efficient microcarrier for each large

scale application by screening and assessing the seeding,

proliferation, differentiation and harvesting efficiency of the cells

of interest such as iPSC culture and CD34 differentiation in this

case (203).

To our knowledge, only one scalable approach for T cell

differentiation using serum and feeder free protocol has been

published (183) and patented (195). Streptavidin microbeads are

coated with DL4 and cultured in suspension together with the

developed hematopoietic progenitors and differentiating T cells.

The best cells-to-beads ratio was assessed using G Rex Gas

Permeable Rapid Cell Expansion Devices to successfully develop

functional CD8ab T cells. Other automated, closed, flexible

integrated cell manufacturing platforms could also be considered,

such as the Cocoon® (Lonza) or the CliniMACS Prodigy (Miltenyi),

used already for conventional CAR T cell manufacturing, in order

to increase control over the specific processes.
9 Quality and safety control of the
final iPSC-derived T cell products

Ensuring the quality, safety, and potency of the generated iPSC-

derived T and CAR T cells is paramount for successful translational

and clinical development. Robust release criteria, along with

stringent safety and quality control measures, are essential to

guarantee the therapeutic effectiveness and minimize potential

risks (Table 2). Specific guidelines for CAR T cell therapy clinical

release were added in 2021 in a revised version of the EMA

Guideline on quality, nonclinical, and clinical aspects of

medicinal products containing genetically modified cells and

released in 2022 in the “Considerations for the Development of

Chimeric Antigen Receptor (CAR) T-Cell Therapies” by the FDA.

Release criteria for stem cell-based interventions must encompass

qualified and validated assays that comprehensively assess various

product attributes, including identity, purity, sterility, safety,

and potency.

Similarly to the abovementioned considerations for iPSCs

maintenance, rigorous safety testing should be implemented for

all production phases, encompassing assays to detect microbial and

mycoplasma contamination, adventitious agents, replication-

competent viruses, and potential genotoxicity. Sterility assessment

involves the detection of microbial or fungal growth by turbidity

assessment of the samples after incubation, or by newer and faster

methods developed based on colorimetric, fluorescent or

bioluminescence assays (e.g., BacT/Alert 3D® and BD

BACTEC™ systems, Rapid Milliflex® Detection System) (204).

PCR-based assays to detect mycoplasma are also being developed
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detecting conserved sequences like the bacterial 16S rRNA (205). In

the case that integrating viral vectors are used for delivering of a

transgene (CAR or other) then recommendations for Replication

Competent Lentivirus (RCL) or Retrovirus (RCR) testing

encompass evaluating all viral vector lots, manufactured cell

products, and monitoring patients’ post-infusion (204, 206, 207).

Also, the risk of insertional mutagenesis should be considered and

factors influencing the risk include vector insertion profile, design

with enhancer and promoter sequences, transgene product, and

vector copy number (VCN) per transduced cell. Regulatory

agencies mandate integration profile characterization to support

marketing authorization applications. VCN per transduced cell

analysis is a pivotal safety attribute, aiming to strike a balance

between safety and efficacy. Typically, maintaining less than five

copies per transduced cell is deemed safe, often assessed using
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quantitative PCR (qPCR) (208). Single-cell analysis, like droplet

digital PCR (ddPCR), offers advantages in detecting cell-to-cell

variability and identifying clones with higher integration counts,

which may pose greater risks (209, 210). Besides, comprehensive

genomic distribution and potential adverse effects of introduced

genetic alterations is necessary to evaluate the long-term safety of

the product. Techniques like next-generation sequencing (NGS)

can be employed to analyze the integration profile of introduced

transgenes and assess potential genomic alterations (209). Finally,

detailed and sensitive biodistribution studies are essential for

understanding how cells distribute throughout the body after

administration, whether they are injected locally or systemically.

Techniques such as qPCR and imaging modalities (such as

bioluminescence imaging or positron emission tomography) can

provide insights into the spatial distribution and persistence of

administered cells over time (209).

Identity testing should include assays to measure the presence

of the transgens and immune-phenotyping of specific cellular

populations. such as single positive CD4 or CD8 T cells, to

confirm the product’s identity (204). Initiatives such as the

Euroflow consortium and the Human Immuno-Phenotyping

Consortium are working towards developing streamline and

standardize immune-phenotyping assays, focusing on standard

antibody panels, internal controls and automated analysis

strategies (211, 212).

Purity assessment involves quantifying the relative freedom

from extraneous materials in the final product, including both

process-related and product-related impurities. Quantitative

limits of certain impurities coming from media, supplements,

antibiotics or reagents in the final product need to be set.

Regarding product-related impurities, given the potential

heterogeneity of iPSC-derived products, special consideration is

given to residual undifferentiated iPSC due to their potential to

form teratomas. To identify residual undifferentiated iPSCs

cellular marker panels targeting pluripotency-associated markers

(such as OCT4, SOX2, NANOG) can be utilized to detect and

quantify them within the product (204). Release criteria for

conventional CAR T cell products include % CD3 T cells but

full characterization of the product is desirable. A minimum of

70% viability of the CAR T cell product is recommended by the

FDA (205) and evaluation of bacterial endotoxin level by for

example the Limulus Amoebocyte Lysate (LAL) method is

mandatory (204). Finally, to consider the cryopreservation of

the cell product where DMSO is used as excipient, however it is

toxic if high volumes are infused together with the CAR T cell

product. A safety limit for infusion was defined by the FDA as 1

mL/kg/day. Precise cell count and flow cytometry analysis of the

CAR expression and cell populations in final product permits a

precise assessment of the final dose (204).

The allogeneic nature of iPSC-derived products as well as

reports on aberrant protein expression by iPSC-derived products

dictates for careful assessment of their potential for allo-

immunization before clinical application (213). To date, there are

no standardized assays for iT and iCAR T products. Tests analogous
TABLE 2 Quality control and iT and iCAR T cell release criteria.

Category
Quality
attribute

Assay Criteria

Safety

Sterility
(microbial,
virus, fungi)

PCR
Broth

Not
detectable

Mycoplasma

Endotoxin LAL assay
Not

detectable

Genotoxicity
RCL/RCR assay

VCN PCR

Not
detectable

< 5

Biodistribution PCR/Immaging

Cell Identity

CAR
transgene expression

PCR

Flow cytometry

% CAR cells Flow cytometry

Cell purity

Viral particles Negligible

Residual
unmodified cells

Flow cytometry
% CD3 T cells

Viability > 70%

DMSO content < 1mL/
kg/day

Potency

Cytotoxicity

Direct assay (CR
release,

impedance,
bioluminescence)

Indirect assay
(secretion of
cytokines,

degranulation)

Immunophenotyping
Memory, Exhaustion,
Senescence profiles

Proliferation
capacity
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to those applied in assessing the immunogenicity of conventional

CAR T cells can be extended to iCAR T cells. For example, ELISA

and flow cytometry have proven effective in detecting existing

antibodies specific to CAR proteins or other components from

iCAR T cells (214) and standard mixed lymphocyte cultures can

reveal cell-mediated reactions. The potential for de novo allo-

immunization can be tested in non-human primate models (215).

Preclinical studies should not only provide evidence of product

safety but also establish proof-of-principle for therapeutic effects.

Potency assessment is a critical component to ensure the function

and consistency of cellular products, ensuring batch-to-batch

uniformity. Customized assays aligned with product mechanisms

and attributes are essential. Although standardized assays for CAR

T-cells are yet to be widely established, in vitro cytotoxicity assays

against target cells are commonly employed (204, 207, 216). In vivo

assays face limitations due to variability of animal models and

technical complexities. In vitro functional assays, such as

cytotoxicity assays, provide insights into the product’s anti-tumor

potential. Immunophenotyping, for example expression of

phenotypic markers associated with T cell activation, exhaustion,

and memory differentiation, could aid potency assessment by

correlating phenotypes with efficacy. However, there isn’t a

specific immunophenotypic profile currently identified as a direct

predictor of CAR T-cell function in a validated quantitative assay.

Indirect assays that measure a by-product of the effector–target

interaction can also serve as an indicator of potency such as the

secretion of cytokines and chemotoxins (e.g., IFN-g, TNF-a, IL-2,
granzyme B) upon effector cell activation (217). Notably, FDA-

approved products like Tisagenlecleucel and Axicaptagene

Ciloleucel employ IFN-g secretion as part of their potency

assessment in response to CD19-expressing targets (204).

However, when using IFN-g detection via ELISA, it’s important

to recognize that this reflects cytokine release from the entire

incubated cell population, which could lead to an overestimation

of CAR T-cell cytokine secretion (217). For a more targeted

analysis, flow cytometry assays can intracellularly differentiate

cytokine secretion among distinct cell types. This approach

measures cytokine production rather than release. Additionally, as

discussed by de Wolf et al. (2018) (217), effector-released cytokines

can be measured at the single-cell level using enzyme-linked

immunospot assays (ELISPot). Alternative methods, such as the

FluoroSpot assay based on fluorophores, enable the precise

detection of multiple cytokines per cell. Furthermore, the LysisPot

platform employs target cell lines that express b-galactosidase, an
enzyme released upon lysis. This technique enables the

characterization of the CAR T-cell product’s direct cytotoxic

activity and cytokine (IFN-g) release at the single-cell level.

Another strategy relies on correlating T-cell degranulation with

killing activity. Following interaction with target cells, markers of T-

cell activation and degranulation (e.g., CD107a) are expressed on

the CAR T-cell surface, detectable via flow cytometry (217). Finally,

CAR-T cell therapy efficacy in vivo can also be predicted by

assessing the proliferation capacity of the cell upon target antigen

recognition by assessing the incorporation of labelled-DNA
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thymidine or using fluorescent markers such as CFSE or other

CellTrace kit (Thermofisher).

Overall, the phenotypic and functional maturity of the generated

iT and CAR iT cell effectors has to be ensured as well as an anti-

tumor potential comparable with natural T cells. Moreover, as iPSC/

derived CAR T cells are intended to provide an off the shelf therapy

product, testing long term stability of the cryopreserved product as

well as holding time after thawing is crucial to define it shelf life and

ensure efficacy and safety upon infusion (218).
10 Conclusions

In conclusion, the clinical production of iCAR T cells represents

a remarkable leap forward in the field of cancer immunotherapy.

The unique advantages offered by iPSCs, including their potential

for greater compliance with good manufacturing practice (GMP)

standards, scalability, and ease of genetic manipulation, underscore

their importance as a source for CAR T cell generation. Moreover,

the concept of universal iPSC clones, which can be standardized and

quality-controlled in a manner akin to pharmaceutical production,

holds tremendous promise for streamlining the manufacturing

process and ensuring product consistency. However, it is clear

that the journey towards clinical implementation is not without

its challenges.

The complexity of T cell development from iPSCs necessitates

ongoing research and novel ideas to streamline and optimize the

process. Notable advances have been made in the field of

hematopoietic development, in establishing cGMP-compliant and

scalable culturing and genetic engineering processes. This part is in

many aspects common with the process of NK cell generation from

iPSC (iNK), which is more straightforward thus, leading the more

rapid clinical application of iNK cell products (NCT05182073,

NCT05950334, NCT05336409). In contrast to the generation of

NK cells from iPSC, the production of CAR iT cells has a

multistep nature, involving various stages from iPSC establishment

to hematopoietic and T cell differentiation and multiple potential

endpoint T cell phenotypes (CD8, CD4, cytotoxic or regulatory),

thus, presenting logistical challenges that demand innovative

solutions. To make this therapy more clinically applicable, efforts

must focus on manufacturing improvements, such as closed-system

processes, enhanced scalability, and process optimization, all of which

can contribute to improved affordability and accessibility for patients.

A promising direction in this endeavor involves transitioning from

modular production systems for each cell process (iPSC,

hematopoietic progenitors and T cells) to preferentially adopting

all-in-one systems, which can simplify the workflow, reduce

production timelines, and enhance the overall efficiency of iPSC-

derived CAR T cell manufacturing. This paradigm shift aligns with

the overarching goal of expanding the reach of CAR T cell therapy to

a broader patient population as an off the shelf therapy.

In summary, while challenges persist, the ongoing advancements

in CAR iT cell production and first-in-human clinical application

(NCT04629729) offer a tantalizing glimpse into a future where
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innovative treatments are more accessible, affordable, and effective,

paving the way for improved outcomes in cancer immunotherapy.
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Brief research report: in-
depth immunophenotyping
reveals stability of CD19
CAR T-cells over time
Ivan Odak1†, Lâle M. Bayir1,2†, Lennart Riemann1,3, Ruth Sikora1,2,
Jessica Schneider1,2, Yankai Xiao1, Nora Möhn4,
Thomas Skripuletz4, Gernot Beutel2, Matthias Eder2,
Arnold Ganser2, Reinhold Förster1,
Christian R. Schultze-Florey1,2*‡ and Christian Koenecke1,2*‡

1Institute of Immunology, Hannover Medical School, Hannover, Germany, 2Department of
Hematology, Hemostasis, Oncology and Stem Cell Transplantation, Hannover Medical School,
Hannover, Germany, 3Department of Pediatric Pneumology, Allergology and Neonatology, Hannover
Medical School, Hannover, Germany, 4Department of Neurology, Hannover Medical School,
Hannover, Germany
Variability or stability might have an impact on treatment success and toxicity of

CD19 CAR T-cells. We conducted a prospective observational study of 12

patients treated with Tisagenlecleucel for CD19+ B-cell malignancies. Using a

31-color spectral flow cytometry panel, we analyzed differentiation stages and

exhaustion markers of CAR T-cell subsets prior to CAR T-cell infusion and

longitudinally during 6 months of follow-up. The majority of activation markers

on CAR T-cells showed stable expression patterns over time and were not

associated with response to therapy or toxicity. Unsupervised cluster analysis

revealed an immune signature of CAR T-cell products associated with the

development of immune cell-associated neurotoxicity syndrome. Warranting

validation in an independent patient cohort, in-depth phenotyping of CAR T-cell

products as well as longitudinal monitoring post cell transfer might become a

valuable tool to increase efficacy and safety of CAR T-cell therapy.
KEYWORDS

CAR T-cell, DLBCL diffuse large B-cell lymphoma, ALL acute lymphoblastic leukemia,
tisagenlecleucel tisa-cel, spectral flow cytometry, immunophenotyping, CRS cytokine
release syndrome, ICANS immune effector cell associated neurotoxicity syndrome
1 Introduction

CD19-directed chimeric antigen receptor (CAR) T-cell therapy has become a standard-

of-care treatment for patients with relapsed or refractory diffuse large B-cell lymphoma

(DLBCL) and B-cell lineage acute lymphoblastic leukemia (B-ALL). For both entities the

CD19 CAR T-cell product Tisagenlecleucel was approved for demonstrating curative
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potential (1, 2), which was also confirmed in real-world analyses (3).

However, this treatment harbors potentially life-threatening side

effects such as cytokine release syndrome (CRS) and immune

effector cell-associated neurotoxicity syndrome (ICANS), which

require meticulous patient observation and trained medical staff

to provide adequate clinical management (4). The incidence of CRS

after treatment with Tisagenlecleucel has been reported to range

between 57-93% (1, 5, 6), with severe CRS (≥ grade 3) (7) emerging

in about 10-30% of patients (3, 8, 9). ICANS has been described to

occur in about 20-70% of patients treated (10) and severe

neurotoxicity (≥ grade 3) manifested in 10-35% of patients

respectively (3, 11, 12). Although isolated ICANS can occur,

manifestation of severe CRS has been associated with a higher

risk of concomitant neurotoxicity (13). Risk factors for CRS and

ICANS have been described (13–19), but specificity and sensitivity

for these broad predictive markers appear to be low.

To date, cell intrinsic factors determining the outcome and side

effects of CAR T-cell therapy are largely unknown. The CAR T-cell

immune phenotype before and after cell transfer may become a

suitable and readily available biomarker to predict outcome and

toxicity. A recent study described CAR T-cells with higher

expression of co-inhibitory molecules (LAG3 and PD1) as well as

lower expression of the cytotoxicity marker CD107a to be

associated with favorable outcome (19). Common use of methods

such as Time-of-Flight Cytometry or spectral flow cytometry allows

almost unparalleled resolution in terms of cell phenotyping on a

single-cell protein level. Given the vast amount of data obtained by

these methods, an analysis pipeline is needed to decipher it in a

meaningful way.

In this study, we prospectively analyzed the CAR T-cell immune

phenotype kinetics in the context of patients’ clinical course. To this

end, we applied a 31-color spectral flow cytometry approach to

identify differentiation stages and exhaustion status of the CAR T-

cell product itself and longitudinally in patients’ blood samples

during 6 months of follow-up. In addition to a conventional gating

approach, we employed a quantitative unsupervised clustering

analysis. Ultimately, we provide data on the dynamics of

expression of various T-cell markers over time and their

correlations with response to therapy and occurrence of CRS

or ICANS.
2 Materials and methods

2.1 Cohort and study design

Between July 2019 and May 2020 we recruited 16 patients

diagnosed with relapsed/refractory DLBCL or relapsed/refractory

ALL, who received treatment with Tisagenlecleucel in the

Department of Hematology, Hemostasis, Oncology and Stem Cell

Transplantation at Hannover Medical School (Germany). We

obtained written, informed consent from all participants. As

shown in Supplementary Figure S1, we excluded four patients

from the analysis: two patients due to lack of biomaterials, one

patient received a cell product that did not comply with the

manufacturer’s standard regarding minimal cell count and in one
Frontiers in Immunology 02204
case the sample quality of the obtained biomaterial was insufficient

for further analysis. This study was designed in accordance with the

Declaration of Helsinki and approved by the institutional review

board of Hannover Medical School (8610 _BO_K_2019). The study

layout is shown in Supplementary Figure S2.

Tisagenlecleucel was administered in an inpatient setting. The

cell product bag was flushed with NaCl 0.9% to administer as many

CAR T-cells as possible to the patient. Prior to disposal, the cell

product bag was flushed again and left-over cells were used for

analysis in flow cytometry. A standardized follow-up, consisting of

a minimum of 10 days of hospitalization and subsequent scheduled

outpatient appointments, was implemented (Supplementary Figure

S1). Thorough neurological screening was performed by specialists

to monitor occurrence of respective side effects (11). Response to

therapy was determined 30 days as well as 90 days after CAR T-cell

infusion. In most cases, response evaluation was based on PET-CT

scans with response assessment according to Lugano classification

(20). In case of unavailability of PET-CT scan, conventional CT

staging was performed.
2.2 Flow cytometry

Within this study, we obtained whole blood samples from

patients to process into peripheral blood mononuclear cells

(PBMCs) using Ficoll gradient centrifugation as described

elsewhere (21), which were cryopreserved at -80°C. We set up a

custom-built antibody panel to discriminate T-cell subsets and

investigate surface expression of activation and exhaustion

markers (Supplementary Table S1). The range of analyzed cells in

the CAR T-cell gate for the CAR T-cell products was 219-7482 with

the median being at 3793. For the patient’s samples, the range of

analyzed cells in the CAR T-cell gate was 128-11354 with the

median being 968. Samples were stained at room temperature, using

30 monoclonal antibodies and a viability dye, and washed twice. We

used an Aurora spectral flow cytometer (Cytek) equipped with five

lasers (355 nm, 405 nm, 488 nm, 561 nm, 640 nm) to acquire the

primary data. Data analysis was performed using SpectroFlo version

2.2.0 (Cytek) and FCS Express™ 7 (Denovo). Gating of CAR+ cells

is shown in Figure 1B.
2.3 Unsupervised quantitative
cluster analysis

First, conventional 2D gating was performed to remove dead

cells and doublets for data clean-up. Additionally, for patient

samples, non-leukocyte cells (CD45RA-CD45RO-) and monocytes

(CD14+) were also removed prior to data export. We then

proceeded to further investigate the samples using an

unsupervised clustering approach (Figure 1F). Transformation of

data was performed via the Logicle function of the R FlowCore

package (version 2.2.0, Bioconductor) (22). In the next step, the

FlowAI algorithm (version 1.20.1, Bioconductor) was applied for

quality control (23). The FlowSOM algorithm (version 1.22.0,

Bioconductor) was used for clustering the data according to
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1298598
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Odak et al. 10.3389/fimmu.2024.1298598
A

B D

E

F G H

C

FIGURE 1

Analysis of CAR T-cell product. (A) Each patient is represented by one line with color coding response to CAR T-cell therapy (dark green complete
remission, light green partial remission, red relapse, grey no evidence of disease progression, purple progressive disease). A second color-coded line
below the response indicates occurrence of CRS (blue) and ICANS (orange). Sampling is indicated by filled black circles. Follow-up time was 180
days. LFU indicates loss to follow-up. (B) Example for CAR+ T-cell gating (C) Percentages (left) and absolute cell numbers (right) of infused CAR+ T-
cells is shown. Lines represent median. (D) Distribution of CD4+ and CD8+ CAR+ cells in the CAR T-cell product. (E) Distribution of CAR+

subpopulation based on their CCR7 and CD45RA expression pattern. (F) UMAP visualization identifying 15 distinct cell clusters in CAR+ T-cells of the
cell product (n=11). (G) Numbers of injected cells with cluster 14 (left) or cluster 15 (right) phenotype in the CAR T-cell products of patients with or
without ICANS development. (H) Detailed surface marker phenotype of cells within clusters 14 and 15. Red line shows expression of cells of the
indicated cluster only, grey line indicates expression of all cells.
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default settings (24). The number of FlowSOM meta-clusters was

set to 15 for the CAR T-cell products and 20 for analysis of all cells.

Ultimately, the Uniform Manifold Approximation and Projection

(UMAP, Figure 1F) approach served for dimensionality reduction.

Before clustering, expression of all markers was checked manually

for each sample using histogram plots. In case of absence of

expression dynamics (equal in all samples) the respective marker

was excluded from the analysis to avoid technical artefacts. Manual

cluster annotation was set up considering relative expression of

markers among clusters.
2.4 Statistical analysis

We used Prism 7 (GraphPad) for statistical analysis. All data

was tested for normality of distribution and tested with appropriate

test as indicated in the figure legends. For comparison of mean

fluorescence intensity (MFI) values of various activation and

exhaustion molecules expressed on CAR+ T-cells within the cell

product and at early and late time points two way ANOVA with

Tukey’s post hoc test was used.
3 Results

A total of 16 patients were recruited to this prospective

observational study, of whom 12 met the inclusion criteria

(Supplementary Figure S1). Eight of 12 patients had a complete

(CR, N=4) or partial remission (PR, N=4) at three months post CAR

T-cell therapy with a median duration of response of 13.5 months

(range 8-24) (Figure 1A). Three patients did not respond to CAR T-

cell therapy and showed progressive disease (PD, Figure 1A). In the

subset of patients who initially experienced PR, one patient

progressed one month after CAR T-cell infusion and three subjects

showed relapsed disease at three months of follow-up. One patient

died from neutropenic sepsis 23 days post CAR T-cell infusion

without signs of disease progression. Detailed clinical characteristics

are shown in Table 1 and Supplementary Tables S2, S5.

CRS manifested in five out of 12 patients (41.7%), of whom 3

cases were classified as °I and could be managed with supportive care

only (7). One patient developed CRS °IV and later met diagnostic

criteria for secondary hemophagocytic lymphohistiocytosis; he died

from neutropenic sepsis. One patient had CRS °II and concomitant

ICANS °II, which was treated with tocilizumab and dexamethasone.

Another patient suffered from ICANS °II and received

dexamethasone alone (Supplementary Table S4).
3.1 In depth phenotyping of CAR T-cell
products does not reveal differences with
regard to outcome upon conventional
2D analysis

We analyzed the phenotype of the infused CAR T-cell products

(n=11) using conventional 2D gating. In order to assess differences

with regard to outcome after CAR T-cell therapy, we separated the
Frontiers in Immunology 04206
cohort based on response criteria into responders (n=8) and non-

responders (n=3). Moreover, patients with CRS and ICANS were

highlighted throughout the figures when applicable (Figures 1C–E,

2A, B). No differences were detected when comparing the percentage

and absolute counts of CAR T-cells within the CAR T-cell product

for responders versus non-responders (Figure 1C). Notably, the two

patients with ICANS had received the highest absolute count of

CAR+ T-cells within the cohort (Figure 1C, indicated by dual-

coloring). However, we did not observe any differences between the

groups based on the occurrence of CRS (Figure 1C).

Of note, CD4+ CAR+ T-cells made up around 80% of the whole

CAR T-cell product in this cohort. However, we did not detect an

association of CD4/CD8 distribution in respect to treatment success

or side effects (Figure 1D).

Next, we analyzed the CAR T-cells before infusion based on their

CCR7 and CD45RA expression pattern. The combination of CCR7

and CD45RA expression is often used to describe naïve

(CCR7+CD45RA+), effector/memory (CCR7-CD45RA-), TEMRA

(CCR7-CD45RA+) and central memory (CCR7+CD45RA-) T-cells

(25). In our cohort, the great majority of both CD4+ and CD8+ CAR

T-cells expressed CCR7 and/or CD45RA (Figure 1E). CCR7

expression indicates the ability of CAR T-cells to enter the

secondary lymphoid organs. After all, we could not detect a

significant association of the expression of CCR7 and CD45RA

with anti-tumor activity or toxicity (Figure 1E). In conclusion,

conventional 2D analysis of the CAR+ T-cell population of the

CAR T-cell products did not reveal any statistically significant

differences regarding quantity or activation phenotype neither in

responders versus non-responders nor in patients with or without

CRS and/or ICANS.
3.2 Unsupervised cluster analysis identifies
patients developing ICANS

Beyond conventional gating, we performed an unsupervised

cluster analysis (26) of the infused CAR T-cell product (n=11) as

well as across all available samples (n=29). As described in the

Methods section cells were separated into 15 distinct clusters for

the analysis of the infused CAR T-cell products (Figure 1F) and 20

distinct clusters in the case of all samples analysis (Supplementary

Figure S2A). Due to lack of statistical power, we did not focus on

correlations of clinical outcome with cell clusters but used a

descriptive data analysis approach. Interestingly, the two patients

developing ICANS received CAR T-cell products with a higher

amount of cells with cluster 14 and 15 phenotype (Figure 1G). A

closer look into the phenotype of cluster 14 and 15 revealed a shared

similarity in most of the molecules. Yet, cluster 14 was defined by lack

of expression of CCR7, PD1, TIGIT and CTLA4 compared to cluster

15. Both of these cell clusters were made up of CD4+ T-cells, however

cluster 15 also had a higher proportion of CAR+ T-cells compared to

cluster 14 (Figure 1H). In order to evaluate possible interplay of other

cell types with CAR T-cells, we performed an integrated analysis of all

samples from the CAR T-cell products, ETP and LTP (n=29). This

analysis yielded 20 unique clusters (Supplementary Figure S2A).

While we did observe some longitudinal differences, due to our
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TABLE 1 Patients’ characteristics prior to CART therapy.

Previous
SCT

Disease
status prior
to
CART
infusion

Standard
lympho-
depletion
regimen

Bridging
CTx

Bridging
RTx

Days from
apheresis to
CART
infusion

No PD Yes No No 54

Autologous PD Dose red.
(Renal
insufficiency)

No No 62

Autologous PD Yes Yes Yes 196

Autologous PD Yes No Yes 89

No PD Yes Yes Yes 56

Autologous PD Yes No No 38

No PD Dose red.
(Renal
insufficiency)

No No 70

Autologous PD Yes No No 77

No PD Yes No No 35

Allogeneic PD Yes No Yes 115

Autologous PD Yes No Yes 54

No PD Yes No Yes 60

ostic Index; SCT, Stem cell transplantation; CART, Chimeric antigen receptor T-cell; CTx, Chemotherapy; RTx,
licable; PD, Progressive disease; Dose red, Dose reduced.
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ID

Age Sex Disease Molecular
rearrange-
ments

Ann
Arbor
Stage

Elevated
LDH

Extra-
nodal
manifes-
tations

CNS
manifes-
tation

ECOG IPI Previous lines
of antineo-
plastic
therapy

19/
03

60 M tFL – IVAE No Yes No 1 3 3

19/
04

64 M DLBCL BCL2+ IVAEX Yes Yes No 1 4 3

19/
06

31 F DLBCL BCL2+,
BCL6+
C-MYC+

IIAE No Yes No 2 1 2

19/
07

74 F DLBCL – IIIA No No No 1 2 4

19/
08

36 M tFL BCL2+,
C-MYC+

IVBEX Yes Yes No 0 2 3

19/
09

59 F DLBCL BCL2+
BCL6+

IIIBE Yes Yes No 1 2 3

19/
10

65 M tFL BCL2+
BCL6+

IVBE No Yes No 1 3 2

19/
11

66 M DLBCL BCL2+ IVAE No Yes No 1 2 3

19/
12

32 M DLBCL BCL2+
BCL6+
C-MYC+

IIAE No Yes No 1 1 2

20/
01

22 M cALL NA / No / Yes 0 / 8

20/
04

56 F DLBCL BCL2+
BCL6+

IIIAE Yes Yes No 2 1 2

20/
05

75 M DLBCL BCL6+ IVAE Yes Yes No 1 1 4

Pat ID, Patient ID; LDH, Lactate dehydrogenase; CNS, Central nervous system; ECOG, Eastern Cooperative Oncology Group Status; IPI, International Progn
Radiotherapy; tFL, Transformed follicular lymphoma; DLBCL, Diffuse large B-cell lymphoma; cALL, Common acute lymphoblastic leukemia; NA, Not ap
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small sample size, we did not identify any pattern that would separate

responders from non-responders or CRS and/or ICANS patients

(Supplementary Figure S2B). Still, a closer analysis identified

CD4+CAR T and CD8+CAR T-cells predominantly making up

clusters 5 and 12 respectively, but also present in clusters 4, 8, 9

and 11 (Supplementary Figures S3A, B).
3.3 The majority of activation markers on
CAR+ T-cells show stable expression
over time

Subsequently, we focused on the CAR T-cell kinetics within the

patients’ peripheral blood at early time points (ETP, n=9, median 2
Frontiers in Immunology 06208
days, range 2-3 days) and late time points (LTP, n=9, median 105

days, range 48-130 days) post CAR T-cell infusion (Figure 1A;

Supplementary Figure S1A).

As shown in Figure 2A, the percentage of CAR T-cells within

the patients’ blood as well as the absolute count of CAR T-cells

showed a heterogeneous dynamic, with some patients exhibiting a

steep decline, while others had stable or expanding CAR T-cell

populations. Of note, we observed increased frequencies of CAR T-

cells with a CD8+ phenotype in patients with response by day 30

and a paralleled drop in frequencies of CD4+ CAR T-

cells (Figure 2B).

Despite our deep phenotyping, we failed to observe differential

expression of any one activation or checkpoint molecule prior to

infusion that might be associated with development of either
A B

C

FIGURE 2

Stability and long-term phenotype of CAR+ T-cells. (A) Frequencies (left) and numbers (right) of CAR+ T-cells in PBMCs of patients in early (ETP) and
late (LTP) time points post CAR T-cell infusion. (B) Distribution of CD4+ (left) and CD8+ (right) CAR+ cells of all CAR+ cells. (C) Mean fluorescence
intensity (MFI) values of various activation and exhaustion molecules expressed on CAR+ T-cells within the cell product (black) and at early (dark
grey) and late (light grey) time points. Lines represent mean. Statistics was done by two-way paired t test (A, B) or two way ANOVA with Tukey’s post
hoc test (C). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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response to treatment or occurrence of CRS or ICANS. Finally, we

analyzed the expression kinetics of activation markers, such as TIM3,

VISTA, CTLA4, CD95, TIGT, PD1, ICOS, LAG3 and 4-1BB in a

longitudinal time line. CD4+ and CD8+ CAR T-cells exhibited a

similar expression kinetic of the majority of markers related to T cell

exhaustion (Figure 2C). Notably, despite the obvious heterogeneity in

terms of treatment of each patient, we observed a marked decrease of

expression of TIM3, CD95, ICOS and TIGIT (in CD4+ CAR T-cells

only) during the late time points throughout the cohort. Taken

together, the detailed description of expression kinetics sheds light

on the underlying complexity of CAR T-induced immune responses,

including tumor escape mechanisms (27).
4 Discussion

Our approach of in-depth phenotyping of T-cell subsets of the

CAR T-cell product as well as patient samples early and late after

CAR T-cell therapy in a small cohort focused primarily on

identification of differential expression of surface molecules as a

function of outcome and toxicity.

Upon conventional 2D analysis of the CAR+ T-cell population

of the CAR T-cell products we did not observe statistically

significant differences regarding quantity or activation phenotype

associated with response nor toxicity. While a clear causative

relationship between dose of transferred CAR T-cells and

occurrence of CRS or ICANS has not yet been demonstrated,

several groups have identified high numbers of transferred CAR+

T-cells or increased expansion as a risk factor (13, 19, 28, 29). It is

worth noting, that following lentiviral transduction and expansion

protocols used in creation of the cell product, CCR7+CD45RA+

CAR T-cells likely do not have the same functional capacity as

compared to non-genetically modified naïve T-cells (30). In our

cohort, the great majority of both CD4+ and CD8+ CAR T-cells

expressed CCR7, thus likely retaining their ability to enter lymph

nodes which represents an important aspect of their potency to

clear lymphatic tumors (31, 32).

In contrast to the standard 2D gating approach, employing an

unsupervised cluster analysis of the CAR T-cell products we

separated 15 distinct clusters, which were analyzed in a descriptive

manner. Two clusters were associated with ICANS. Both clusters 14

and 15 contained CAR+ T-cells and the overall exhausted-like

phenotype of these two clusters resembled each other. Besides the

amount of CAR+ T-cells, they diverged only in expression of CCR7,

PD1, TIGIT and CTLA4. While the pivotal role of CCR7 has been

described above, both TIGIT and CTLA4 are immune checkpoints

that regulate immune function and have been shown to influence

anti-tumor control (33–35). Cluster 15, which had a higher

proportion of CAR+ T-cells, simultaneously exhibited a higher

expression of TIGIT and CTLA4, implying a more activated state.

Considering that patient ID 19/07 had both CRS and ICANS we

cannot rule out that the underlying CRS might have influenced this

finding. However, upon analysis of all CRS patients we did not

observe a divergent expression profile compared to patients who did

not exhibit CRS.
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We could not identify a distinct CAR T-cell kinetic neither for

response to therapy nor for occurrence of CRS or ICANS. This was

also the case for any activation or checkpoint molecule. These data

point to the existence of multiple pathways or mechanisms involved

in anti-tumor activity as well as CRS or ICANS induction, which

seems reasonable regarding the rather low likelihood of only one

specific marker determining CRS- or ICANS-inducing T-cell

subsets. Interestingly, in contrast to CD8+ CAR T-cells, we

identified an overall decline of CD4+ CAR T-cells over time.

Importantly, a reduced CAR+ T-cell population over time is not

necessarily associated with reduced anti-tumor activity as the CAR+

T-cell kinetic might also reflect homing towards the CD19+ target

cells outside of the circulation. While treatment of high-grade CRS

typically involves steroids, the majority of CRS patients in our

cohort did not require such treatment, suggesting a CRS-treatment

unrelated drop in CAR+ cells.

Expression kinetics of activation markers revealed highest

levels within the CAR T-cell product with a decline over time

for the majority of markers. A recent study identified lower

expression of PD1 and LAG3 as well as higher levels of the

cytotoxicity marker CD107a at peak expansion to be linked with

a favorable outcome (19). Due to our limited cohort size and thus

not sufficient statistical power, we did not aim to identify a distinct

profile associated with response or toxicity. Nevertheless, our

longitudinal comparisons allowed for a detailed mapping of

expression of various checkpoint molecules relevant in

immunotherapy. This could be further enhanced by single cell

RNA sequencing, allowing for an in-depth read-out of the

transcriptional profile, potentially shedding light on underlying

mechanisms of toxicity and efficacy. Therefore, future research

should consider inclusion of such methodology in order to

correlate outcome parameters with transcriptomics.

However, for all analyses individual patient variables also need

to be taken into account, likely influencing outcome as well as

potential risk factors for development of CRS/ICANS, e.g. disease

status prior to CAR T-cell therapy or concurring inflammation.

Considering the restricted statistical power of our small patient

cohort, a multivariable analysis to assess the role of these variables

was not possible. Instead, we described clinical variables in detail for

every patient. Hence, the risk factors can be reviewed in an

individual patient approach (Supplementary Tables S2, S3).

Nevertheless, a larger and more diverse validation cohort is

required, not only to replicate our findings in an independent

patient population, but also to include patients with different

CAR T-cell products in order to provide a more comprehensive

picture with regard to clinical variables influencing outcome and the

development of CRS and ICANS using a multivariable model. Such

a validation approach is the prerequisite to test the suitability of the

identified T-cell phenotypes as a future biomarker. Ultimately,

warranting validation of our results, longitudinal in-depth

phenotyping of T-cell subsets in patients undergoing CAR T-cell

therapy might help identify patients at risk for adverse events as well

as read-out of efficacy of the cell product. Therefore, translation of

our findings into clinical practice might lead to improved outcome

and safety.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1298598
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Odak et al. 10.3389/fimmu.2024.1298598
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving humans were approved by

Ethikkommission Hannover Medical School. The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study. Written informed

consent was obtained from the individual(s) for the publication of

any potentially identifiable images or data included in this article.
Author contributions

IO: Conceptualization, Formal analysis, Methodology,

Visualization, Writing – original draft. LB: Formal analysis,

Methodology, Visualization, Writing – original draft. LR: Formal

analysis, Methodology, Writing – review & editing. RS: Formal

analysis, Methodology, Validation, Writing – review & editing. JS:

Investigation, Writing – review & editing. YX: Writing – review &

editing. NM: Investigation, Writing – review & editing. TS:

Resources, Writing – review & editing. GB: Investigation, Writing

– review & editing. ME: Investigation, Writing – review & editing.

AG: Resources, Writing – review & editing. RF: Resources, Writing

– review & editing. CS-F: Conceptualization, Formal analysis,

Funding acquisition, Investigation, Methodology, Writing –

original draft. CK: Conceptualization, Funding acquisition,

Investigation, Writing – original draft.
Funding

The author(s) declare financial support was received for

the research, authorship, and/or publication of this article.

This research was funded by grants from Deutsche

Forschungsgemeinschaft (SFB900/B8, Project ID 158989968) (CK)

and the German Federal Ministry of Education and Research
Frontiers in Immunology 08210
(01EO1302) (CS-F and CK). LB was supported by the

KlinStrucMed program funded by Else Kröner-Fresenius

foundation. LR was supported by the TITUS clinician scientist

program, which is funded by the Else Kröner-Fresenius foundation.

NM was supported by the PRACTIS clinician scientist program,

which is funded by Deutsche Forschungsgemeinschaft.
Acknowledgments

We thank Melanie Drenker for sample preparation.
Conflict of interest

Author TS reports honoraria for lectures and travel grants from

Alexion, Alnylam Pharmaceuticals, argenx, Bayer Vital, Biogen,

Celgene, Centogene, CSL Behring, Euroimmun, Janssen, Merck

Serono, Novartis, Pfizer, Roche, Sanofi, Siemens, Sobi, Teva,

Viatris; all outside the submitted work.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1298598/

full#supplementary-material
References
1. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al.
Tisagenlecleucel in adult relapsed or refractory diffuse large B-cell lymphoma. N Engl J
Med (2019) 380:45–56. doi: 10.1056/NEJMoa1804980

2. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N
Engl J Med (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

3. Bethge WA, Martus P, Schmitt M, Holtick U, Subklewe M, von Tresckow B, et al.
GLA/DRST real-world outcome analysis of CAR-T cell therapies for large B-cell
lymphoma in Germany. Blood (2022) 140:349–58. doi: 10.1182/blood.2021015209
4. Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, et al.
Chimeric antigen receptor T-cell therapy — assessment and management of toxicities.
Nat Rev Clin Oncol (2018) 15:47–62. doi: 10.1038/nrclinonc.2017.148

5. Schuster SJ, Svoboda J, Chong EA, Nasta SD, Mato AR, Anak Ö, et al. Chimeric
antigen receptor T cells in refractory B-cell lymphomas. N Engl J Med (2017) 377:2545–
54. doi: 10.1056/NEJMoa1708566

6. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma.N Engl
J Med (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1298598/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1298598/full#supplementary-material
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1182/blood.2021015209
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.3389/fimmu.2024.1298598
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Odak et al. 10.3389/fimmu.2024.1298598
7. Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ, Brudno JN, et al.
ASTCT consensus grading for cytokine release syndrome and neurologic toxicity
associated with immune effector cells. Biol Blood Marrow Transplant (2019) 25:625–38.
doi: 10.1016/j.bbmt.2018.12.758

8. Yakoub-Agha I, Chabannon C, Bader P, Basak GW, Bonig H, Ciceri F, et al.
Management of adults and children undergoing chimeric antigen receptor T-cell therapy:
best practice recommendations of the European Society for Blood and Marrow
Transplantation (EBMT) and the Joint Accreditation Committee of ISCT and EBMT
(JACIE). Haematologica (2020) 105:297–316. doi: 10.3324/haematol.2019.229781

9. Pennisi M, Jain T, Santomasso BD, Mead E, Wudhikarn K, Silverberg ML, et al.
Comparing CAR T-cell toxicity grading systems: application of the ASTCT grading
system and implications for management. Blood Adv (2020) 4:676–86. doi: 10.1182/
bloodadvances.2019000952

10. Sterner RC, Sterner RM. Immune effector cell associated neurotoxicity syndrome
in chimeric antigen receptor-T cell therapy. Front Immunol (2022) 13:879608.
doi: 10.3389/fimmu.2022.879608

11. Möhn N, Bonda V, Grote-Levi L, Panagiota V, Fröhlich T, Schultze-Florey C,
et al. Neurological management and work-up of neurotoxicity associated with CAR T
cell therapy. Neurol Res Pract (2022) 4:1. doi: 10.1186/s42466-021-00166-5

12. Penack O, Koenecke C. Complications after CD19+ CAR T-cell therapy. Cancers
(Basel) (2020) 12:3445. doi: 10.3390/cancers12113445

13. Hay KA, Hanafi L-A, Li D, Gust J, Liles WC, Wurfel MM, et al. Kinetics and
biomarkers of severe cytokine release syndrome after CD19 chimeric antigen receptor–
modified T-cell therapy. Blood (2017) 130:2295–306. doi: 10.1182/blood-2017-06-793141

14. Yan Z, Zhang H, Cao J, Zhang C, Liu H, Huang H, et al. Characteristics and risk
factors of cytokine release syndrome in chimeric antigen receptor T cell treatment.
Front Immunol (2021) 12:611366. doi: 10.3389/fimmu.2021.611366

15. Teachey DT, Lacey SF, Shaw PA, Melenhorst JJ, Maude SL, Frey N, et al.
Identification of predictive biomarkers for cytokine release syndrome after chimeric
antigen receptor T-cell therapy for acute lymphoblastic leukemia. Cancer Discovery
(2016) 6:664–79. doi: 10.1158/2159-8290.CD-16-0040

16. Morris EC, Neelapu SS, Giavridis T, Sadelain M. Cytokine release syndrome and
associated neurotoxicity in cancer immunotherapy. Nat Rev Immunol (2022) 22:85–96.
doi: 10.1038/s41577-021-00547-6

17. Butt OH, Zhou AY, Ances BM, DiPersio JF, Ghobadi A. A systematic framework
for predictive biomarkers in immune effector cell-associated neurotoxicity syndrome.
Front Neurol (2023) 14:1110647. doi: 10.3389/fneur.2023.1110647

18. Locke FL, Oluwole OO, Kuruvilla J, Thieblemont C, Morschhauser F, Salles G,
et al. Association of metabolic tumor volume (MTV) and clinical outcomes in second-
line (2L) relapsed/refractory (R/R) large B-cell lymphoma (LBCL) following
axicabtagene ciloleucel (Axi-cel) versus standard-of-care (SOC) therapy in ZUMA-7.
Blood (2022) 140:638–40. doi: 10.1182/blood-2022-158492
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Current advances in experimental
and computational approaches to
enhance CAR T cell
manufacturing protocols and
improve clinical efficacy
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Since the FDA’s approval of chimeric antigen receptor (CAR) T cells in 2017,
significant improvements have been made in the design of chimeric antigen
receptor constructs and in the manufacturing of CAR T cell therapies resulting in
increased in vivo CAR T cell persistence and improved clinical outcome in certain
hematological malignancies. Despite the remarkable clinical response seen in
some patients, challenges remain in achieving durable long-term tumor-free
survival, reducing therapy associated malignancies and toxicities, and expanding
on the types of cancers that can be treated with this therapeutic modality. Careful
analysis of the biological factors demarcating efficacious from suboptimal CAR
T cell responses will be of paramount importance to address these shortcomings.
With the ever-expanding toolbox of experimental approaches, single-cell
technologies, and computational resources, there is renowned interest in
discovering new ways to streamline the development and validation of new
CAR T cell products. Better and more accurate prognostic and predictive models
can be developed to help guide and inform clinical decision making by
incorporating these approaches into translational and clinical workflows. In
this review, we provide a brief overview of recent advancements in CAR T cell
manufacturing and describe the strategies used to selectively expand specific
phenotypic subsets. Additionally, we review experimental approaches to assess
CAR T cell functionality and summarize current in silicomethods which have the
potential to improve CAR T cell manufacturing and predict clinical outcomes.

KEYWORDS

chimeric antigen receptor T cells, CAR T cell, manufacturing, functional assays,
computational modeling

Introduction

Over the last few decades, efforts exploiting the immune system to target and eliminate
malignant cells have grown in popularity and clinical utility. Recently, immunotherapeutic
approaches have focused on redirecting T cells to preferentially target specific antigens
expressed on cancerous cells. One of the most widely adopted approaches consists of using
T cells engineered to express surface-bound synthetic chimeric antigen receptors (CARs).
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Since the first commercial authorization by the United States Food
and Drug Administration (FDA) and European Medicine Agency
(EMA) in 2017 and 2018, respectively, advancements in the genetic
modification of CAR T cells have continued to progress at an
astonishing rate (European Medicines Agency, 2018b; European
Medicines Agency, 2018c; FDA, 2021a; FDA, 2021b). Each new
generation of CAR T cell has focused on incorporating increasingly
sophisticated engineering strategies into the CAR construct with the
hope of driving greater persistence of CAR T cells in patients and
better clinical efficacy. Yet, despite the constant evolution in CAR
T cell design, a sizeable fraction of cancer patients will ultimately
relapse after treatment and succumb to their disease and major
barriers exist before comparable successes will be realized in the
solid tumor setting (Park et al., 2018; Byrne et al., 2019; Locke et al.,
2019; Xu et al., 2019; Melenhorst et al., 2022). As a result, recent
efforts in CAR T manufacturing have focused on addressing
lingering obstacles related to enhancing CAR T cell persistence,
decreasing CAR-mediated toxicity, and maintaining cells in a highly
functional state post-infusion.

While opportunities to continue improving CAR T cell
performance by means of modifying or introducing new domains
to the CAR construct remain, a recent switch in focus towards
revisiting how we manufacture CAR T cells to address ongoing
challenges is beginning to take center stage. Growing efforts aim to
target one or more of the key steps along the CAR T cell
manufacturing continuum (Figure 1) in hopes of generating a
superior product with favorable biological attributes. Fueled by
retrospective studies from the clinical application of CAR T cells,
it is becoming clear that differences in the manufacturing process
can directly impact the composition of the resulting product
including the percent of cells expressing CARs, CD4:CD8 T cell
ratios, and the relative frequency of T cells at specific stages of
differentiation (Zurko et al., 2021). Importantly, the differentiation
status of CAR T cells has been shown to impact post-infusion
expansion and persistence due to inherent biological differences
between the subsets (Wherry et al., 2003; Louis et al., 2011;
Schmueck-Henneresse et al., 2017; Fraietta et al., 2018; Philip
and Schietinger, 2019). Several aspects of the manufacturing
process can be coopted to direct the cellular products toward
optimal composition for improving therapeutic response (Gargett
et al., 2019; Stock et al., 2019). These include methods of introducing
genetic constructs into T lymphocytes, the selection of culture media
additives to support cell growth, the activation and expansion of
CAR T cells (including new activation agents and considering the
duration of expansion), and the selection or depletion of specific
subgroups of cells (Stemberger et al., 2012; Riddell et al., 2014;
Schmueck-Henneresse et al., 2017; Xu et al., 2018; K et al., 2022).
While we acknowledge that the discovery of novel CAR constructs
and antigenic targets play an important role in the continuous
success of this therapy (Holzinger and Abken, 2019), detailed
review of these topics are outside the scope of this review and
have been covered elsewhere (Sadelain et al., 2009; van der Stegen
et al., 2015; Holzinger and Abken, 2019; Abken, 2021). The goal of
this review is to cover specific steps of the CAR T cell manufacturing
process and describe how changes in these steps can help address
some of the ongoing challenges with CAR T cell efficacy.
Furthermore, given that each step is manipulatable, we anticipate
that by altering, optimizing, testing, and modeling these steps using

in vitro assays and computational models, we will glean important
biological insight that will ultimately impact clinical outcome.

To gain insight into how CAR T cells function once administered
to patients with cancer, we must continue to develop better methods
to assess product functionality (cytolytic ability, proliferation capacity,
and cytokine production) and determine whether the phenotypic and
functional trajectories seen in vitro recapitulate what occurs in vivo. By
linking how specific perturbations of cellular activation alter the
phenotypic and functional signatures of CAR T cells, we may
better establish how these correlate with therapeutic efficacy. In
this review, we will overview specific assays that can be used to
measure cytokine secretion and cytotoxicity and how they play a vital
role in determining pre-infusion CAR T cell function (FDA, 2011;
FDA, 2023b). We also introduce how computational methods are
being used as tools to help predict CAR T cell function and clinical
efficacy by incorporating variables such as CAR surface expression,
binding affinity between CAR and antigen, and product
differentiation status. Overall, through identifying the relevant
manufacturing variables and then detailing current experimental
and computational methods that can inform the optimization of
these variables, our aim is to contribute to the discourse on how
to best modulate CAR T cell manufacturing to improve
therapeutic responses.

Manufacturing approaches for
CAR T-cells

The major steps for all current CAR T cell manufacturing
processes include: i) collection of apheresis product, ii) enrichment

FIGURE 1
Overview of steps involved in CAR T cell manufacturing. CAR
T cell manufacturing consists of a series of steps including collection
of apheresis products from patients (source of cells), enrichment and/
or depletion of specific cell types, T cell activation, gene delivery,
CAR T cell expansion, and either cryopreserva-tion prior to infusion or
infusion of fresh product.
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and/or depletion of specific cell types, iii) T cell activation, iv) gene
delivery, v) CAR T cell expansion, vi) CAR T cell formulation and
filing, and vii) either cryopreservation prior to infusion or infusion
of fresh product. Many of the guiding principles for this process
have been shaped by the development of tumor-infiltrating
lymphocytes (TIL) as therapeutic agents, which have historically
implemented a similar isolation, culturing, and expansion strategy
(Rosenberg et al., 1990). As early considerations for infusion
primarily relied on ensuring sufficient numbers of CAR-
expressing cells were obtained for infusion, the duration and
formulations used during the manufacturing process often
varied and resulted in inconsistent clinical responses across
clinical trials (Wang and Rivière, 2016; Gajra et al., 2022).
Given the lack of activation and expansion of first-generation
CAR T cells, initial emphasis was placed on developing newer
generations of constructs that would circumvent these

shortcomings (Boyiadzis et al., 2018; Guedan et al., 2018;
Sermer and Brentjens, 2019). While second and third
generation CAR constructs have displayed increased cell
expansion (Li et al., 2017; Weinkove et al., 2019), the clinical
results have varied greatly between design iterations. Recent
studies point to the variegated cellular differentiation status
amongst products leading to heterogenous responses between
individuals; however, more universal is the data supporting less
differentiated cells having increased function and persistence
(Fraietta et al., 2018; Hoffmann et al., 2018). As a result,
optimizing the manufacturing process in CAR T cell product
generation is now a significant goal for translational researchers
and clinicians alike and product manufacturing has been identified
as a key factor that drives functional differences between infused
products (Gargett et al., 2019; Stock et al., 2019; Tyagarajan
et al., 2020).

FIGURE 2
Overview of computer simulations of CAR T cell therapy. Computational models of the major components of the molecular interaction network (A)
and population cellular states and environment (B) can be created to simulate and predict therapy temporal dynamics (C).
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Media composition

The composition of the culturing media plays a critical role in
determining the differentiation and functional status of transduced
cells during the activation and expansion steps of CAR T cell
manufacturing. Recent findings have emphasized the utility of
selecting culture conditions that minimize the length of
manufacturing and at the same time yield high absolute numbers
of functionally relevant subpopulations responsible for mediating
tumor control (Ghassemi et al., 2018; Ghassemi et al., 2022).
Specifically, previous analyses looking at the composition of
infused cells have determined that cells expressing surface
proteins such as CD27+, CCR7+, and CD45RA + are less
differentiated and belong to subgroups of T cells, such as central
memory (TCM) and naive (TN) subsets, with greater proliferative
capacity and persistent antitumor function (Gattinoni et al., 2012;
Busch et al., 2016; Stock et al., 2019).

Recent comparative studies using commercially available T cell
growth media formulations, such as RPMI-1640, Optimizer™,
X-VIVO 15™, and TexMACS™, have examined how the choice
of base media can influence the expansion of CAR T cells. The
findings suggest that media selection should be based on which T cell
subsets are desired at the end of manufacturing as different media
lead to varied phenotypes and functions of the T cells (Sato et al.,
2009; Lu et al., 2016). In addition to choosing an appropriate base
medium, media additives can also alter the end product. Specific
sources of serum significantly impact the potency and proliferation
of CAR T cells (Gardner et al., 2017; Fraietta et al., 2018; Ghassemi
et al., 2020), and consideration of xeno- and serum-free media can
lead to increased viability and reduced T cell exhaustion
(Sanyanusin et al., 2023; Sartorius, 2023). Addition of specific
supportive cytokines during cell activation and expansion can
also drastically alter the relative frequency of T cells across the
spectrum of differentiation states (Gargett and Brown, 2015; Gong
et al., 2019; Zhang X. et al., 2022). While many commercial products
rely on interleukin (IL)-2 as the sole supportive growth factor,
emerging studies have highlighted the benefits of replacing IL-2
with IL-7 and IL-15 and have shown that the later cytokines result in
a final cell product with a less differentiated phenotype and
enhanced therapeutic potential (Cieri et al., 2013; Alizadeh et al.,
2019; Zhou et al., 2019; Battram et al., 2021; Kim et al., 2022).

To reduce the frequency of terminally differentiated cells, others
have sought to inhibit specific metabolic processes via the alteration
of cell signaling processes (Zheng et al., 2018; Li W. et al., 2023). The
addition of Protein kinase B (AKT) inhibitors during the
manufacturing of CD19-specific CAR T cells has been shown to
increase antitumor function by blocking phosphatidylinositol 3-
kinase (PI3K) signaling while maintaining mitogen-activated
protein kinase (MAPK) signaling, leading to accumulation of
TCM associated transcription factors such as FOXO1 (Klebanoff
et al., 2017; Urak et al., 2017; Coleman et al., 2021; Delpoux et al.,
2021). Another strategy for improving the quantity and quality of
memory T cells is to target the mammalian target of rapamycin
(mTOR) and IL-2 receptor signaling pathways. Previous studies
have shown that introduction of rapamycin during manufacturing
of T cell products can enhance T cell functionality, increase T cell
viability and resistance to apoptosis, and alter the metabolic state of
activated T cells by partially inhibiting mTOR (Araki et al., 2010;

Schmueck et al., 2012; Alizadeh et al., 2019; Amini et al., 2019).
Taking a different approach, the addition of Wnt/β-catenin
signaling pathway modulators has been shown to impede the
transition of naïve to effector T cell subsets, which may provide
additional avenues to increase the frequency of less differentiated
and highly functional CAR T cell products (Gattinoni et al., 2009;
Muralidharan et al., 2011; Kondo et al., 2018). Overall, these studies
highlight the importance of carefully considering and optimizing the
composition of culturing media to expand functionally potent
CAR T cells.

Isolation and depletion of select subsets

The isolation and/or depletion of select subsets play an
important role in the manufacturing process of CAR T cells,
particularly when the goal is to increase the representation of a
predefined cell population within the final product. Enrichment of
specific CD8+ and CD4+ subsets has been explored as a strategy to
enhance the desired characteristics of CAR T cells (Fraietta et al.,
2018; Lee et al., 2018; Shah et al., 2020a; Kim-Hoehamer et al., 2023).
As each cellular subset within the CD8/CD4 lineage present unique
functional characteristics, the identification of populations
responsible for improved responses has been pursued as a
mechanism of therapeutic improvement. For example, removal of
CD4+ T cells with enhanced regulatory capabilities, such as
regulatory T cells (Treg), results in increased overall antitumor
activity (Onda et al., 2019). By incorporating these isolation and
depletion techniques into the manufacturing process, researchers
aim to optimize the composition and functionality of CAR T cells.
An approach that has been shown to dictate efficacy of CAR T cells is
the infusion of products with pre-defined ratios of select T cells.
Specifically, less differentiated subsets (TN and TCM) of CD4

+ and
CD8+ CAR T cells were more effective in target eradication than
those from effector memory (TEM) subpopulations, contributing to
the correlation between antitumor activity and peak proliferation of
CD4+ and CD8+ CAR T cells (Sommermeyer et al., 2016). As each
transduced T cell subset offers unique and sometimes synergistic
antitumor functions, the administration of CAR T cell products that
consider the proportion of each subset display greater antitumor
activity and improved progression-free survival (Turtle et al., 2016;
Gardner et al., 2017).

Prior to enrichment of specific CD8+ and CD4+ T cell subsets, an
initial characterization of these cells in the aphaeresis product is
important to determine whether enrichment would have any added
benefit. If the pre-manufactured product contains high frequencies
of terminally exhausted T cells, other approaches, such as allogeneic
PBMCs from a healthy donor (Graham et al., 2018; Young et al.,
2022), may need to be considered. If an allogenic approach is
necessary, additional considerations must be taken to minimize
the adverse effects of highly reactive CAR T cells and potential
allogenic responses. One approach that has shown promise in these
scenarios is the depletion of CD45RA-expressing naïve-like cells
from donor PBMCs. This depletion strategy removes T cells
possessing a broader T cell receptor (TCR) repertoire that can
cross-react with antigens expressed by the recipient (Bleakley
et al., 2015), but it also preserves the long-lived functional
capabilities of differentiated memory-like T cells that have more
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restricted TCR repertoires that minimize allogeneic responses
(Wherry et al., 2003; Klebanoff et al., 2005). Recent
advancements in developing good manufacturing practices
(GMP) for CD45RA + cell depletion have been described,
facilitating its potential application in CAR T cell manufacturing
(Zheng et al., 2018). This has been further tested in the treatment of
subjects with lymphocytic leukemia, where the graft-versus-
leukemia (GVL) effect is optimized while reducing the risk of
graft-versus-host disease (GVHD) (Dutt et al., 2007; Biernacki
et al., 2020; Kim-Hoehamer et al., 2023; Naik and Triplett, 2023).

CAR T cell in-vitro activation

Effective expansion of T cells requires adequate, sustained, and
sequential activation signals through a series of surface receptors.
The primary signal for T cell activation results from the engagement
of the TCR with its ligand (signal 1) and the magnitude of T cell
activation and effector function is primarily driven by engagement
of costimulatory receptors (signal 2), such as CD28, 4-1BB, ICOS
(Bretscher, 1999; Chen and Flies, 2013). This activation triggers the
internal proliferative program of T cells, leading to their clonal
expansion (Noak et al., 2021).

As specific doses of CAR-expressing T cells within the
manufactured product have been shown to have greater clinical
efficacy, this activation step can help achieve sufficient numbers of
CAR T cells. Various methods of expansion including the use of cell-,
antibody-, bead-, and polymer-based activation have been tested
with differing levels of success (Gee, 2018; Abou-el-Enein et al.,
2021). Activation strategies using cell-based approaches tend to
mirror normal immune synapse interactions and drive efficient
expansion, but this approach requires greater technical skill, is very
laborious, and can be problematic due to having to source sufficient
numbers of cells (Sasawatari et al., 2006; Schmidts et al., 2020). An
alternative strategy, and one of the most common in current clinical
manufacturing workflows, involves the use of super-paramagnetic
anti-CD3/CD28 antibody-coated beads, such as Dynabeads™, which
provide a reproducible source of T cell activation (Barrett et al., 2014;
Gargett and Brown, 2015; Vormittag et al., 2018). One drawback of
using Dynabeads™ for activation is the need to remove the beads once
sufficient numbers of CAR T cells are obtained, which extends the
vein-to-vein infusion time. Newer alternatives, such as a polymeric
bio-degradable nanomatrix impregnated with anti-CD3/
CD28 monoclonal antibodies, eliminate the added step of bead
removal, expediting the manufacturing process of CAR T cells and
resulting in a less differentiated composition of cells (Gargett et al.,
2019). It should be noted that the use of such nanomatrices do
however increase the overall cost of manufacturing (Gee, 2018).While
T cell activation is often a necessary step for introducing constructs
using retroviruses, newer protocols aim to eliminate cell activation
altogether to reduce the manufacturing time and generate cells with
less exhausted phenotypes (Yang et al., 2020; Ghassemi et al., 2022). A
recentmanufacturing protocol that performs same day T cell isolation
using CD3/CD28 beads and next-day lentiviral transductions aims to
reduce vein-to-vein time and address the ex-vivo culturing time
required during CAR-T manufacturing. A benefit of this protocol
is that it leads to greater T cell stemness in the CAR T cell product,
which increases cellular persistence following infusion (Ghassemi

et al., 2018). Clinically, CAR-T cells manufactured using the next-
day manufacturing process displayed superior expansion and a
greater proportion of patients achieved favorable responses
compared to conventional CAR T cell manufacturing (Jiang et al.,
2020; Zhang C. et al., 2022; Yang et al., 2022).

CAR construct selection considerations

Development of constructs with unique target specificities and
distinct intracellular signaling domains also impacts the extent of
T cell activation, expansion, and differentiation (Ghorashian et al.,
2019; Mezősi-Csaplár et al., 2023). While first-generation CAR
T cells consisted of an extracellular binding domain,
transmembrane, and intracellular signaling domain, the lack of
expansion in these early CAR T cells has lead researchers to
invest significant effort towards incorporating and modifying
specific domains in newer iterations with the hope of driving
greater expansion and function (Sadelain et al., 2009). Second
and third generation CARs incorporate either single or dual
costimulatory signaling domains respectively and intend to
recapitulate native co-stimulation in T cells, which leads to
enhanced intracellular signaling and greater T cell expansion and
potency (van der Stegen et al., 2015; Feins et al., 2019; Subklewe et al.,
2019; Shah et al., 2020b). The latest (fourth) generation of CARs
constructs takes the previous principles of having co-stimulatory
domains and incorporates further genetic modifications such as
additional co-stimulatory ligands or transgenes for cytokine
secretion (Subklewe et al., 2019; Abken, 2021). These latest
generation of CAR T cells seek to expand the utility of CARs
beyond just target antigen recognition and provide additional
avenues to engineer CAR T cells with additional capacities, such
as altering the local tumor microenvironment. Clinically, each new
iteration of CAR construct is met with challenges, with earlier
generations presenting with increased relapsed rates and later
generations resulting in greater toxicities (Park et al., 2016;
Cappell and Kochenderfer, 2023).

Methods for introducing CAR constructs
to T cells

Traditionally, viral-based techniques have been used for CAR
T cell production, which involves delivering CAR genes into T cells
using retroviral or lentiviral vectors (Rosenberg et al., 1990; Scholler
et al., 2012; Gardner et al., 2017; Marcucci et al., 2018). These viruses
randomly integrate their genetic material into the host cell genome,
enabling long-term expression of the CAR. This approach has
demonstrated remarkable success in generating CAR T cells with
potent antitumor activity and has led to significant advancements in
clinical settings. However, viral-based methods come with challenges.
Safety concerns arise due to the potential for viral integration causing
insertional mutagenesis or activating oncogenes (Scholler et al., 2012;
Cavazza et al., 2013). Manufacturing viral vectors is complex,
time-consuming, and expensive, hindering scalability and clinical
accessibility. Moreover, regulatory requirements associated with
viral vectors add further obstacles to the development and
commercialization of CAR T cell therapies.
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To address these limitations, non-viral synthetic biology
methods have emerged as alternative approaches for CAR T cell
production. RNA-based delivery systems have gained attention for
achieving transient CAR expression without genomic integration
(Rabinovich et al., 2009; Zhao et al., 2010; Soundara Rajan et al.,
2020). Messenger RNA (mRNA) encoding the CAR construct is
introduced into T cells, leading to efficient CAR expression. This
method allows for fine-tuned control of CAR expression levels by
adjusting RNA dosage and duration of expression, thereby reducing
off-target effects. Unlike DNA integration, RNA offers reversible
and transient control over gene expression, enabling CAR
expression to subside over time and without constitutive
expression in progeny cells after CAR T cell expansion. This
adaptability may facilitate adjustments of CAR expression in
response to patient conditions, optimizing therapy efficacy and
minimizing risks for more tailored outcomes. Furthermore, it is
important to highlight the potential impact of the controlled
expression on mitigating cytokine release syndrome (CRS),
immune effector cell-associated neurotoxicity syndrome (ICANS)
(Gauthier and Turtle, 2018; Siegler and Kenderian, 2020), and tonic
signaling leading to the exhaustion of T cells (Lamarche et al.,
2023)–all of these detrimental effects have been associated with CAR
overexpression resulting from viral-based technologies. This
reduction in potential adverse effects could contribute
significantly to the safety and efficacy of CAR T cell therapies.
However, repeated dosing is necessary for sustained CAR
expression, posing challenges for large-scale manufacturing and
clinical implementation (Moretti et al., 2022).

DNA transposon systems offer a non-viral method for stable
CAR integration into the T cell genome. DNA transposons are DNA
segments flanked by inverted repeats that can “jump" into the host
genome with the assistance of a transposase enzyme. Incorporating
the CAR gene within a transposon allows for its stable integration,
providing long-term CAR expression without relying on viral
vectors. The transposon, containing the CAR gene, is flanked by
inverted terminal repeats (ITRs) and delivered as a (nano-) plasmid
or minicircle DNA. The transposase enzyme assists in integrating
the transposon into the acceptor DNA at specific target sites, such as
-TA- (Sleeping Beauty) (Ivics et al., 1997) or -TTAA- (PiggyBac)
(Gogol-Döring et al., 2016) sequences. While the integration may
not be precisely targeted, it can occur in preferred insertion sites
known as “safe harbors" (Querques et al., 2019) and offers long-term
CAR expression. Researchers are actively exploring different
transposon systems such as the Sleeping Beauty and piggyBac
systems (Kebriaei et al., 2016; Magn et al., 2020; Zhang X. et al.,
2022) to enhance their performance and suitability for clinical
applications. Although DNA transposon systems offer improved
safety, optimizing their efficiency and minimizing off-target effects
are ongoing challenges. The CARTELL trial, which employed
PiggyBac technology for the treatment of relapsed/refractory
B cell malignancies, encountered a concerning outcome as two
out of ten patients developed lymphoma (Micklethwaite et al.,
2021). This outcome has raised safety concerns surrounding the
use of PiggyBac and transposon/transposase-based cell therapies for
the treatment of B cell malignancies. The development of lymphoma
may be related to the manufacturing process or an increase in global
copy number changes observed in the products. In response to these
safety concerns, there is a recognized need for the development of

enhanced preclinical genotoxicity models and optimization
strategies. Transcription activator-like effector nucleases (TALEN)
and CRISPR/Cas9-mediated genome engineering provide avenues
for site specific modification in T cells. TALENs, composed of hybrid
molecules merging DNA recognition proteins (transcription
factors) with an endonuclease, utilize TAL units of 33–35 amino
acids to recognize a single base pair on genomic DNA. Linking
several TALs with an endonuclease creates a site-specific TALEN, a
crucial tool for precision engineering in the development of CAR-T
cells (Jo et al., 2022). CRISPR/Cas9-mediated genome engineering,
on the other hand, uses the CRISPR/Cas9 (Jinek et al., 2012) system
to introduce precise modifications in the T cell genome (Dimitri
et al., 2022). By designing a guide RNA (gRNA) specific to the target
site, the Cas9 enzyme can cleave the DNA, triggering DNA repair
mechanisms and allowing for gene modifications such as CAR
integration or endogenous gene knockouts (Eyquem et al., 2017;
Roth et al., 2018; Kamali et al., 2021; Shy et al., 2021). This method
offers versatility and precision in modifying the T cell genome,
enabling customized CAR designs and improved therapeutic
efficacy. Nevertheless, the application of CRISPR technology is
not without risks, and ongoing research is dedicated to
addressing concerns such as reducing off-target effects, managing
mosaicism, addressing potential chromosome translocations, and
refining DNA repair processes. Current research efforts are focused
on enhancing efficiency, mitigating risks, and ensuring the safety of
CRISPR-edited cells, with the goal of providing effective gene
engineering strategies to alter the T cell’s genome for
therapeutic purposes.

Recently, an RNA-guided endonuclease, Fanzor (Fz) (Saito et al.,
2023) protein, has been identified from the eukaryotic system and
can be used for genome editing. Although this newly identified
protein has not yet been used for the generation of CAR T cells, its
eukaryotic origin and relatively small size compared to Cas9/
12 make it an attractive starting point for further development
and use for cellular engineering. Engineering strategies such as
systematic mutagenesis and guide RNA engineering combined
with in-depth screening of more Fanzors could further improve
their genome editing performance, highlighting the potential of Fzs
for cellular engineering.

The traditional viral-based methods, while successful, face
challenges related to safety, scalability, and manufacturing
complexity. Non-viral methods like RNA-based delivery systems
and DNA transposon systems offer advantages in terms of
controlled expression and stable integration, respectively.
TALENs and CRISPR/Cas9 provide greater precision in genome
editing, but CRISPR/Cas9 can also present specific risks such as
chromosomal translocations. Fanzor protein, although promising,
requires further development as this is a relatively new cell
engineering strategy.

Experimental approaches to test
functionality for potency testing

As CAR T cell therapy manufacturing generates final products
consisting of heterogeneous phenotypes, implementing
standardized potency testing, and establishing thorough release
criteria before infusion are imperative to ensure safety, efficacy,
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and consistency of care. Historically, quality control testing has
primarily focused on the absence of contaminants like mycoplasma
and endotoxins (Gee, 2018). However, the evolving field of biologics
manufacturing has prompted the FDA and EMA to recognize the
need for updated criteria encompassing assays that evaluate whether
CAR T cells can mediate antitumor functions through cytotoxic- or
cytokine-based mechanisms (Food and Drug Administration, 2019;
European Medicines Agency, 2022; European Medicines Agency,
2018b; Gee, 2015; Si et al., 2022). By adopting standardized assays,
the safety and efficacy of CAR T therapies can improve, ensuring
administration of only high-quality products to patients
(Aleksandrova et al., 2019; Roddie et al., 2019). Lastly, the
emergence of new technologies enables more efficient pre-
infusion testing, facilitating the evaluation of the therapeutic
potential of CAR T cells before infusion.

Secretory profiling

Proteomic characterization of secreted analytes has become a
necessary criteria prior to infusion due to the potential risks
following CAR T cell infusion is developing CRS and
neurotoxicity (Maude et al., 2014; Brudno and Kochenderfer,
2016; Gardner et al., 2019; Hopfinger et al., 2019; Sterner and
Sterner, 2021). To mitigate this risk, current release criteria rely
on using multi-analyte profiling (xMAP™) which are bulk assays
that measure soluble factors from cell cultures through the use of
labeled microspheres that capture multiple analytes at a time
(Maude et al., 2014; Graham et al., 2019; Melenhorst et al.,
2022). Unfortunately, by characterizing cytokine secretion in
bulk, these assays provide a global view of CAR T functionality
and may not accurately depict the heterogeneous nature of the CAR
T cell products and can pose challenges when trying to predict
clinical outcome. Newer technologies incorporating single-cell
approaches can capture the heterogenous nature of CAR T cells
and provide a more granular view of how each cell behaves rather
than taking an average measure across all cells. The development of
instruments such as Bruker Cellular Analysis’ IsoSpark allows
interrogation of the secretory profile of CAR T cells at single cell
resolution and has provided useful correlations to be made between
the product’s secretome and clinical response (Lu et al., 2013;
Mackay et al., 2017; Rossi et al., 2018; Xu et al., 2020; Zurko
et al., 2022). Using the Polyfunctional Strength Index (PSI) score,
which describes the percentage of polyfunctional single cells in a
sample secreting two or more analytes (IsoPlexis, 2023),
standardized metrics could be incorporated as part of the release
criteria for CAR T cells and may ultimately provide a better measure
of clinical response and help minimize the toxicities observed in
many patients.

Cytotoxic profiling

One of the most relevant functions that must be evaluated in the
final product is the cells’ ability to have sufficient cytotoxicity against
antigen-expressing target cells. By using instruments that measure
changes in target cell density with either electrical impedance or
image-based approaches, one can evaluate the cytotoxic potential in

bulk co-culture studies. Impedance-based assays are real-time cell
analysis systems that monitor interactions without requiring labels
or invasive techniques (Logun et al., 2023). Systems such as Agilent’s
xCelligence™ and Axion’s Maestro ™ can indirectly measure
processes such as proliferation and cytotoxicity by using
specialized microplates with integrated electrodes and measuring
electrical impedance (Kiesgen et al., 2021; Lamarche, 2021; Axion
Biosystems, 2024). Image-based approaches measure cytotoxicity in
real-time, using automated high-resolution imaging and
fluorescence analysis (Strietz and Chen, 2022). This technology
implemented in instruments such as Sartorius’ Incucyte™, Enrich
Biosystem’s Trovo™, and Nanolive’s 3D Cell Explorer™ can track
and analyze additional cellular processes over time, including
proliferation, cytokine secretion, and cytotoxicity (Zah et al.,
2020; Nanolive, 2023; Sartorious, 2019). Both detection
approaches provide useful readouts for functional testing and
may provide clinically relevant data that could also be
incorporated as part of the CAR T cell release criteria prior to
infusion. The real-time monitoring capabilities and analytical power
of these instruments highlight their value in understanding the
dynamic cellular processes occurring between effector and target
cells and can help generate data that more accurately reflects how
CAR T cells behave in vivo.

Polyfunctional characterization

Most commercially available CAR T cell products implement a
one-size-fits-all manufacturing process and often ignore inter-
patient differences that may dictate treatment outcome. By
incorporating single-cell functional assays using technology
capable of measuring multiple functional characteristics in
parallel, researchers can comprehensively assess how the isolation
and expansion of specific CAR T cell subsets will drive clinical
efficacy (Mocciaro et al., 2018; Bronevetsky, 2020; Le et al., 2020;
Romain et al., 2022). The recent explosion of various single cell
platforms has revolutionized the field of functional biology and has
allowed researchers to not only interrogate how cells function over
time using single cells or groups of cells, but has also allowed for the
isolation of specific subpopulations of cells with unique functional
characteristics from a patient’s blood or tissue on a per-patient basis
(Bandey et al., 2021; Miwa et al., 2022; Urbani et al., 2022).
Commercial technologies that have implemented this type of
multiparameter testing, such as CellChorus’ TIMING™ and
Celldom’s® CloneXplorer™ platforms, have utilized well-based
technology to seed effector and target cells and record effector
function using brightfield and fluorescent imaging (Liadi et al.,
2015; Celldom, 2022). Other platforms such as Bruker Cellular
Analysis’ Beacon™ and Lightning™ systems utilize non-
destructive light to sort cells into NanoPen® chambers distributed
on OptoSelect™ Chips and have the capability of longitudinally
performing both cytokine secretion and cytotoxic assays at the single
cell level allowing researchers to identify cells that display the best
response to cancer (Bronevetsky, 2020; Berkeley Lights, 2024a).
Functional cells of interest can then be isolated for additional
expansion or to perform downstream assays, such as
transcriptional profiling to identify immune signatures depicting
unique functional states (Liadi et al., 2015; Berkeley Lights, 2024b).
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One drawback is that due to the temporal nature of these assays, the
current implementation of these characterizations as release criteria
would lengthen the manufacturing time and delay infusion.

Challenges and next steps

Current advancements in technology and the implementation
of in-depth characterization are opening avenues for improving
the quality of infused CAR T cell products. The emergence of
single-cell functional experiments provide a valuable opportunity
to investigate and quantify phenotypic, functional, and
transcriptional profiles of single cells. The knowledge gained
will result in improved product design and manufacturing
processes. Nevertheless, to fully unlock the potential of adoptive
immunotherapies in treating refractory diseases, more robust and
in-depth cellular characterizations uploaded to public databases
will accelerate the improvement of future therapies. Despite the
technological advances that help link functional variables and
therapeutic efficacy, gaps remain in understanding the impact
of previous treatment modalities on CAR T cell efficacy and
how other factors, such as the temporal evolution in the tumor
cells’ ability to evade T-cell-mediated killing, result in suboptimal
responses. To gain insight into these limitations, temporal
transcriptional profiling of patient samples at single-cell
resolution and longitudinal characterization of CAR T cells pre-
and post-infusion has helped validate unique gene-expression
profiles that gave rise to highly functional post infusion
phenotypes (Wilson et al., 2022). Despite increased efforts to
characterize and validate CAR T cell products, there are
inherent risks that come with any cell-based engineering
strategy. Recently, the FDA has begun evaluating whether
greater regulatory action is needed for CAR T cell therapies as
potential risks of developing T cell malignancies and secondary
hematological cancers have been reported in patients that have
received this line of therapy. While the current consensus appears
to be that the benefits of CAR T cell therapy outweigh the potential
risks for patients with cancer, these recent cases highlight the need
for improved strategies aimed at preventing random integration of
CAR constructs. More stringent characterization of CAR T cell
products may also help identify cases where CAR-associated
malignancies arise (FDA, 2023a; Harrison et al., 2023;
Mullard, 2023).

By optimizing specific steps in the manufacturing of CAR T cells
and incorporating some of the potency assays highlighted in this
review, patients will begin receiving a more robust product with a
greater proportion of cytotoxic CAR T cells that have longer
persistence. The next steps would be to consider whether
combination therapies using other therapeutic modalities or
helping to overcome an immunosuppressive tumor
microenvironment would increase success rates (Huang et al.,
2022). An added benefit in building more comprehensive
multimodal datasets is that this information can also help inform
whether specific manufacturing steps should be altered and what the
likely clinical outcomes would be. Finally, these data could also allow
for a greater ability to identify individuals likely to respond to CAR
T cell therapy using specific biomarkers or help physicians decide
whether a different course of treatment is warranted.

In silico approaches to investigate CAR
T-cell function and predict
therapeutic responses

As outlined in previous sections, there are several possible
variables introduced during CAR T cell manufacturing which will
influence the CAR T cell product. It can be extremely difficult to
interrogate how these decisions ultimately impact product
functionality and patient responses using currently available
experimental techniques alone. Recently, there has been an
explosion of computational models aiming to tease apart
relationships between the CAR T cell product manufacturing
process, product functionality, and the resulting therapy
responses to predict how manufacturing variables should be
modulated to improve overall clinical response. We direct the
reader to substantial prior works for more in-depth reviews on
computational models and modeling methods in CAR T cell therapy
(Nukala et al., 2021; Qi et al., 2022). In this section, we will review
notable approaches and discuss their potential to inform CAR T cell
manufacturing and improve the clinical efficacy of the therapy.

Computational models for characterizing
CAR T cell function

Changes in CAR insertion methods can modulate CAR surface
expression and avidity toward target antigens leading to changes in
CAR T cell functionality. Mechanistic models based on kinetic-
proofreading concepts have been developed to investigate intricate
relationships between antigen densities, CAR surface expression and
ligand-receptor binding rates. These models demonstrate that it is
possible to control CAR T cell product functionality through tuning
CAR receptor expression and antigen binding rates in relation to
tumor cell antigen densities (Ha et al., 2018). Additionally, these
models hypothesize that it may be possible to restrict CAR T cell
activity toward tumor cells and mitigate off-target effects (cytolysis
of healthy cells) by tuning avidities (Ha et al., 2018; Rajakaruna et al.,
2023). These models offer an intriguing design tool for optimizing
the performance of CAR T cell products in specific tumors, and
potentially in specific patients, as a function of tumor
antigen densities.

Additionally, as each domain in the CAR construct can be
switched and modified (Mazinani and Rahbarizadeh, 2022),
exactly how these changes modulate intracellular signaling and
product functionality are important to consider. A mechanism-
based (mechanistic) ordinary differential equation (ODE)model has
been developed to study the intricate kinetics of CAR receptor and
intracellular extracellular signal-regulated kinase (ERK) activation
in the presence and absence of CD28 co-stimulation supported by
protein phosphorylation kinetics derived using phosphoproteomics
(Rohrs et al., 2018; Rohrs et al., 2020). Insights from the model can
be used to understand themechanisms of CAR signal propagation in
CAR T cells and help develop hypotheses for optimizing CAR
designs to improve product functionality through modulating the
CD3ζ and CD28 signaling domains. It is important to note, however,
that models such as these are difficult to develop and are limited to
study specific construct designs and signaling contexts which
ultimately limit their utility. As the field is quickly advancing
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toward widely variable CAR constructs (Mazinani and
Rahbarizadeh, 2022), more robust computational methods need
to be developed to enable optimization techniques.

Computational models for CAR T cell
therapeutic responses

Frequently described as a “living drug,” therapy dynamics for
CAR T products are exceptionally challenging to model using
established pharmacokinetic (PK) and pharmacodynamic (PD)
approaches used for small molecule drugs. One key complication
is that CAR T cells continue to differentiate during manufacturing
and after infusion leading to variable kinetics of cytotoxicity and
proliferation. Further complicating model development are the
inter-product and inter-patient variabilities in CAR design,
differences in manufacturing conditions and patient-specific
baseline T cell phenotype and function following pretreatment,
tumor burden and antigen expression, and tumor
microenvironments, which collectively impact therapeutic
response. Nonetheless, considerable efforts have been directed at
developing computational models for therapy response. Several
proposed models use ODE-based approaches with simple
predator-prey (Lotka-Volterra) mechanisms for modeling
dynamics between CAR T cells and tumor cells (Hardiansyah
and Ng, 2019; Sahoo et al., 2020). Additionally, mathematical
relationships derived from enzyme kinetics and empirical
relationships have also been used to describe these interactions
(Stein et al., 2019; Singh et al., 2020; Liu et al., 2021). Once
formulated, therapy response models can be used to explore how
various facets of the therapy ultimately influence response.
Additional variables such as a patient’s age, disease burden, type
and duration of bridging therapy, lymphodepletion regimen, and
whether prior lines of therapy have been administered can be
incorporated into these models. Additionally, models can give
insight into the impact of dosing and lymphodepletion regimens
on resulting therapy kinetics (Hardiansyah and Ng, 2019; Stein et al.,
2019; Kimmel et al., 2021; Owens and Bozic, 2021). Parameters
derived from these models can help elucidate kinetic rate constants
for target cytolysis and CAR T cell proliferation (Kimmel et al., 2020;
Liu et al., 2021; Amini et al., 2022; Lickefett et al., 2023). These
parameters can potentially be used in conjunction with functional
assays and other variables to help evaluate future products.

Importantly, models have also begun to describe how different
phenotypic and functional states of the CAR T cell product can
shape in vivo expansion and tumor clearance (Stein et al., 2019;
Mueller-Schoell et al., 2021; Paixão et al., 2022; Kirouac et al., 2023).
With further validation against clinical and experimental datasets,
these models have the potential to be used to define additional
biomarkers for predicting the survival of patients receiving CAR
T cell therapy based on assessing product composition pre-infusion
and tracking changes in CAR T cell compositions post-infusion
(Mueller-Schoell et al., 2021; Paixão et al., 2022). It may also be
possible to use this information to develop optimal CAR T cell
product compositions to improve clinical outcome which can then
be used to further optimize variables at different steps of
manufacturing. Additional applications for therapy response
models are to predict the occurrence of serious side-effects

associated with therapy administration such as CRS and
neurotoxicity. Physiologically based PK and PD (PBPK/PD)
models are especially useful in understanding the possible CAR
T cell distribution after they are infused into the body and help
develop exposure-response relationships for neurotoxicity
potentially by proxy of CAR T trafficking into non-tumor
compartments (Singh et al., 2020). This information may provide
additional insight into which subsets of CAR T cells to deplete to
prevent most of the cells trafficking to non-tumor compartments.
CRS can also be examined through determining the rate of
production of key cytokines post therapy administration (either
by CAR T cells or other sources in the body). Models can help
predict the dynamics of cytokine release to direct timing of
intervention measures and offer methods to demonstrate the
interaction between prophylactic drugs and CAR T cells
(Hardiansyah and Ng, 2019; Stein et al., 2019; Zhang Z. et al.,
2022). These models in conjunction with secretory profiling
methods discussed in previous sections may provide additional
depletion strategies to avoid CRS.

One major limitation of the ODE-based models for CAR T cell
therapy overviewed thus far is that they require preexisting knowledge
of physiological mechanism and robust datasets to estimate parameters
which inherently limits the number of variables the models can
include. To sidestep some of these obstacles, alternative approaches
utilizing logic-based and agent-based techniques are also being
explored. These models are able to capture more of the
complexities observed in CAR T cell therapy such as relationships
between key cytokines, CAR T cell subsets (CD4, CD8), intracellular
signaling, and environmental factors to develop more comprehensive
models (Selvaggio et al., 2022; Prybutok et al., 2022; Shah et al., 2023).
These approaches are attractive for exploratory studies for CAR T cell
therapy to help quickly interrogate the influence of multiple variables
and drive hypotheses for fine tuning manufacturing conditions. It
remains to be seen whether these models can be validated and/or
provide utility beyond ideation.

It should be noted that therapy response models developed
to-date and reviewed here either aim to study the system on a
theoretical level or are otherwise descriptive of specific patient or
patient-cohort therapy responses considered for developing the
model. Given the wide range of factors during CAR T cell
manufacturing that control possible therapy responses, models
currently offer limited predictive and prognostic value for future
products and patients as critical parameters used for the models
cannot be derived prior to therapy administration and will generally
differ on a product and patient basis. Using in vitro assays to drive
modeling can offer a potential avenue to both validate physiological
mechanisms used in models and to derive parameters necessary for
model simulations ahead of therapy administration (Sahoo et al.,
2020; Kirouac et al., 2023; Li et al., 2023b). Experimental techniques
reviewed in previous sections may offer modelers additional
methods with which to support model development and help
enable clinical applications for these models.

Challenges and next steps

One of the major challenges in developing clinically relevant
computational models for CAR T cell therapy is the availability of
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well characterized and robust datasets that can be used to formulate
these models. Current experimental and clinical datasets fall short in
routinely and comprehensively characterizing CAR T cell products,
subset compositions, cytolysis and proliferation rates,
biodistribution, and receptor expression. There are similar
limitations for tumor cells due to the lack of data on
proliferation rates and antigen expression. This poses challenges
when trying to develop models to determine how key manufacturing
variables will influence response. With larger and better curated
datasets, the methods used to develop the models reviewed here for
describing CAR T cell product functionality and therapy response
have the potential to inform new manufacturing protocols and
enable predictive and precision medicine in CAR T cell therapy.
There is opportunity to utilize these preliminary works to provide
rationale for the collection of appropriate datasets, especially where
the impact on clinical outcome is not immediately clear. The goal is
to advance and begin implementing computational techniques that
may offer avenues to ultimately improve therapeutic effectiveness in
the long-term. An overview of how computational models can be
used to simulate CAR T cell therapy response and temporal
dynamics is depicted in Figure 2. With the recent expansion and
incorporation of artificial intelligence (AI) in systems biology and
medicine, there is growing interest in determining how to best apply
AI to improve cell-based manufacturing. Development of
automated AI-driven CAR T cell manufacturing processes have
been proposed and aim to decrease the cost, reduce the amount of
manual labor, and improve the efficacy of CAR T cell products (Hort
et al., 2022). These computational approaches provide additional
opportunities to rapidly advance the next line of CAR
T cell products.
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Cancer immunotherapies using chimeric antigen receptor (CAR) T cells have

tremendous potential and proven clinical efficacy against a number of

malignancies. Research and development are emerging to deepen the

knowledge of CAR T cell efficacy and extend the therapeutic potential of this

novel therapy. To this end, functional characterization of CAR T cells plays a

central role in consecutive phases across fundamental research and therapeutic

development, with increasing needs for standardization. The functional

characterization of CAR T cells is typically achieved by assessing critical

effector functions, following co-culture with cell lines expressing the target

antigen. However, the use of target cell lines poses several limitations,

including alterations in cell fitness, metabolic state or genetic drift due to

handling and culturing of the cells, which would increase variabilities and could

lead to inconsistent results. Moreover, the use of target cell lines can be work and

time intensive, and introduce significant background due to the allogenic

responses of T cells. To overcome these limitations, we developed a synthetic

bead-based platform (“Artificial Targets”) to characterize CAR T cell function in

vitro. These synthetic microparticles could specifically induce CAR T cell

activation, as measured by CD69 and CD137 (4-1BB) upregulation. In addition,

engagement with Artificial Targets resulted in induction of multiple effector

functions of CAR T cells mimicking the response triggered by target cell lines

including cytotoxic activity, as assessed by exposure of CD107a (LAMP-1),

expression and secretion of cytokines, as well as cell proliferation. Importantly,

in contrast to target cells, stimulation with Artificial Targets showed limited

unspecific CAR T cell proliferation. Finally, Artificial Targets demonstrated

flexibility to engage multiple costimulatory molecules that can synergistically

enhance the CAR T cell function and represented a powerful tool for modulating
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CAR T cell responses. Collectively, our results show that Artificial Targets can

specifically activate CAR T cells for essential effector functions that could

significantly advance standardization of functional assessment of CAR T cells,

from early development to clinical applications.
KEYWORDS

CAR T cells, standardization, activation, functional assays, cell-free target, immunotherapy
1 Introduction

Chimeric antigen receptor (CAR) T cell immunotherapy

involves infusion of genetically engineered T cells expressing

CARs targeting specific disease-associated antigens (1). So far,

CAR T cell therapy has demonstrated remarkable efficacy in the

treatment of various hematological cancers (2–7) and represents a

rapidly evolving field for treating other cancer types (8) as well as

non-oncologic diseases (9, 10).

Eradication of cancer cells is associated with essential effector

functions exerted by CAR T cells upon activation. These include T

cell proliferation and expansion (11), cytotoxicity through

degranulation of lytic granules or upregulation of ligands for death

receptors to induce apoptosis of cancer cells (12), along with secretion

of pro-inflammatory cytokines to recruit other immune cells and

inhibit cancer cell growth (13, 14). Thus, functional characterization

of CAR T cells is critical across all stages of cell therapy development.

Cell lines expressing the target antigen for CARs are

conventionally used to activate and assess the functional capacities

of CAR T cells in vitro. Yet, the handling and culturing of target cell

lines might cause variations in metabolic cell states and expression of

both target antigen and co-stimulatory ligands (CD80, CD86, 4-1BBL

etc.) (15, 16) or inhibitory molecules (PD-L1, PD-L2, IDO etc.) (17–

19). Together, these alterations could lead to different activation

profiles of CAR T cells and create hurdles in comparing independent

experiments. In addition, the mismatched expression of major

histocompatibility complex (MHC) or human leukocyte antigens

(HLAs) proteins between target cells and heterogenous CAR T cells

may induce an allogenic response by the endogenous TCR, resulting

in non-CAR-mediated T cell activation (20). To overcome these

limitations and accommodate the needs for standardized in vitro

functional assays, a synthetic system able to specifically activate CAR

T cells via the CARmolecule and trigger important effector functions

is desired. Such a synthetic system could provide numerous benefits

including: increasing experimental control and reproducibility,

reducing complexity in regard to handling of target cells, and

preventing alloreactivity or limiting background signaling.

Thus far, limited cell-free platforms have been developed to

specifically activate CAR T cells. The common point for the

successful use of cell-free platforms in biological applications is the

specificity of the platform in targeting the correct receptor(s) (21).
02227
A micropatterned antigen presenting surface with anti-idiotype

antibodies and recombinant proteins of adhesion molecules has

been reported to induce early activation signals and immunological

synapse formation of CAR T cells (22). In addition, recombinant

target proteins immobilized on surface plates (23) or on magnetic

beads (24) could trigger antigen-dependent CAR T cell degranulation

and cytokine secretion. These findings provided insights on the

design of acellular target for CAR T cells. However, information

about the response magnitude as compared to cellular stimulation

remains to be elucidated. The signaling domain of a conventional

second-generation CAR consists of a CD3 subunit and a

costimulatory domain. Based on the CAR design, we hypothesized

that crosslinking of CARs and thereby inducing CD3 and

costimulatory signals could lead to sufficient CAR T cell response.

Yet the prototype of Artificial Targets engaging only CAR molecules

resulted in suboptimal CAR T cell activation that was lower than

stimulation with target cell lines. Accumulating knowledge about

CAR signaling (25–27) and emerging evidence suggest the

requirement of endogenous costimulation for optimal CAR T cell

activation (28, 29). Here, we developed Artificial Targets as a cell-free

platform that mimicked target cell lines and activated CAR T cells in

an antigen-dependent manner. This is achieved by simultaneously

engaging CARs (via idiotype antibodies) and a costimulatory

receptor, such as CD28, through the antibodies loaded on Artificial

Targets. In addition, this platform is flexible as it allows changes of

the target specificity and density by loading of different types and

amounts of antibodies, which enables fine-tuning of CAR T cell

responses in a standardized and controlled way. We demonstrate that

Artificial Targets represent an effective platform for functional

characterization of CAR T cells including phenotypic changes,

degranulation, cytokine secretion and proliferation.
2 Materials and methods

2.1 Cell lines

JeKo-1 cell line was purchased from ATCC and transduced with

lentiviral vector encoding firefly luciferase and eGFP under mouse

phosphoglycerate kinase 1 promoter (PGK promoter), referring to

the JeKo-1 WT cells used in this study. JeKo-1 CD19KO cell line
frontiersin.org
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was generated from the JeKo-1 WT cells with CRISPR Cas9

technology (specific guide: CCCCCCATGGAAGTCAGGCCCG)

followed by single cell cloning with limiting dilution. JeKo-1 cell

lines were cultured in RPMI 1640 medium supplemented with 10%

FBS (EXIMUS) and 2 mM L-Glutamine (Gibco, Thermo Fisher).
2.2 Construction of CARs

Lentiviral CD19 CAR constructs (Supplementary Figure 1A)

were synthesized under a human EF1-a promoter based on

previously described design (30). CARs consist of a scFv derived

frommurine anti-CD19 antibody (clone: FMC63), a hinge region of

CD8a, a transmembrane domain of TNFRSF19, an intracellular

domain of either human CD28 or human 4-1BB, followed by the

intracellular domain of CD3z.
2.3 Generation of CAR T cells

Anonymous human healthy donor buffy coats were purchased

from Blutspendezentrale Dortmund or DRK Hagen. PBMCs were

isolated using density gradient centrifugation with Pancoll human

(PAN Biotech). T cells were then isolated using the Pan T Cell

Isolation Kit (Miltenyi Biotec). To generate CAR T cells, bulk

human T cells were activated on day 0 using T cell TransAct,

human (Miltenyi Biotec) with 1:100 dilution in TexMACS medium

(Miltenyi Biotec) supplemented with 10 ng/ml IL-7 and IL-15

(Miltenyi Biotec) (TexMACS complete medium). Cells were

transduced with CAR lentivirus on day 1 at a multiplicity of

infection (MOI) of 5. Meanwhile, untransduced (UTD) cells were

cultured and expanded in the same way. On day 3, cells were

washed with fresh TexMACS complete medium and resuspended in

double volume of TexMACS complete medium for expansion. On

day 6, samples were taken to assess transduction efficiency of CARs

and the cell count, and fresh TexMACS complete medium was

added. On day 10-12, CAR T cell isolation was performed with

MACS isolation, for which 1 x 107 cells were stained with 2 µl of

anti-FMC63-PE antibody (Miltenyi Biotec, clone: REA1298) in

CliniMACS PBS/EDTA Buffer (Miltenyi Biotec) with 0.5% BSA

(Miltenyi Biotec) (PEB) buffer. Cells were washed 2x with PEB

buffer and subsequently anti-PE MicroBeads UltraPure were added

(Miltenyi Biotec) and applied onto MACS LS column for magnetic

selection. The positive fraction containing CAR+ cells (enriched

CAR T cells) were eluted in PEB buffer. The purity of isolated cells

was examined by flow cytometry afterwards, and cells were

centrifuged and cultured in TexMACS complete medium for at

least 3 days prior to functional assays.
2.4 Generation and loading of
Artificial Targets

Artificial Targets were generated by coupling of anti-Biotin

antibody (Miltenyi Biotec, clone: REA746) to silica particles

(Microparticles, 3.02 µm, SiO2-NH2-AR360) via Michael addition,
Frontiers in Immunology 03228
as previously described (31–33). In short, antibodies were reduced

using tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma-

Aldrich) for one hour prior to the addition to SMCC activated

beads. Conjugation was stopped after 2 h by addition of a 50 mM

solution of b-mercaptoethanol (Calbiochem) followed by a 40 mM

solution of N-ethylmaleimide (NEM, Sigma-Aldrich). Then

antibody modified particles were collected via centrifugation

(3000 x g, 5 min), washed with PBS/Pluronic (0.03%) and

resuspended. Count of Artificial Targets was determined by

MACSQuant Analyzer 10 (Miltenyi Biotec) and Artificial Targets

were diluted to a concentration of 1.75 x 108/ml with PBS. Loading

of Artificial Targets was performed using a 1:1.2 ratio of anti-

FMC63-Biotin (Miltenyi Biotec, clone: REA1297) antibody, and

anti-CD28 Biotin (Miltenyi Biotec, clone: 15E8, functional grade)

antibody, and/or anti-CD2 Biotin (Miltenyi Biotec, clone: LT2,

functional grade) antibody in TexMACS GMP Medium (Miltenyi

Biotec). Alternatively, biotinylated recombinat CD19-IgG1 was

loaded on Artificial Targets (Miltenyi Biotec) together with anti-

CD28 and anti-CD2.
2.5 Flow cytometry

Generally, flow cytometric acquisition for phenotypic

characterization as well as flow-based functionality assays were

performed on MACSQuant Analyzer 10. For determination of

viable cell count, cells were stained with 1 mg/ml propidium

iodide (PI) solution (Miltenyi Biotec) in culture medium prior to

measurement. To assess the expression of activation markers, cells

were incubated for 10 min at RT in the dark with antibodies diluted

in PEB buffer and then washed twice with PEB buffer before

measurement. For the staining of CD69 and CD137, 7-AAD

staining solution was used together with the indicated antibody

clones and fluorochromes (all from Miltenyi Biotec) as following:

anti-CD3 VioBlue (clone: REA613), anti-CD69 PE (clone:

REA824), anti-CD137 APC (clone: REA765), anti-CD8 VioGreen

(clone: REA734), anti-CD4 APC-Vio770 (clone: REA623). In

addition, fluorescence minus one (FMO) controls were included

for analysis. All flow cytometry data were analyzed using

FlowJo Software.
2.6 Degranulation assay

In each sample, 5 x 104 effector cells (UTD or enriched CAR T

cells) in 50 µl TexMACS GMPMedium were seeded onto a Falcon 96-

well U-bottom plate. 25 µl CD107a staining mixture was added,

consisting of 2 µl anti-CD107a APC (Miltenyi Biotec, clone: H4A3)

and 200 nM Bafilomycin A1 (MedChemExpress) in TexMACS GMP

Medium. Subsequently, 5 x 104 Target cells or 1 x 106 loaded Artificial

Targets in 25 µl TexMACS GMP Medium were added to the effector

cells. After a brief centrifugation at 80 x g for 1 min, the plate was

incubated for 3 h in an incubator at 37°C with 5% CO2. The plate was

centrifuged at 300 x g for 5 min and the culture supernatant was

removed before 50 µl of the surface marker staining mixture (all from

Miltenyi Biotec) was added, which contained anti-CD3 VioBlue (clone:
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REA613), anti-CD4 PE-Vio770 (clone: REA623), anti-CD8 APC-

Vio770 (clone: REA734), 7-AAD staining solution, diluted in PEB

buffer according to manufacturer’s instruction. The plate was briefly

mixed and incubated in the dark for 10 min. Subsequently, 150 µl of

PEB buffer was added for washing, the plate was centrifuged at 300 x g

for 5 min and the supernatant was removed. The cell pellet was

resuspended in 150 µl PEB buffer for acquisition on the MACSQuant

Analyzer 10.
2.7 Confocal microscopy

A 96-well imaging plate (Miltenyi Biotec) was pre-coated with

100 µl of 100 µg/ml poly-D-lysine (Gibco, Thermo Fisher) for each

well and incubated overnight at 37°C with 5% CO2. The plate was

washed twice with 100 µl PBS (Gibco, Thermo Fisher) before

adding the cells. CAR T cells were stained with CellTrace CFSE

(Thermo Fisher) according to the manufacturer’s instructions. The

stained CAR T cells were then mixed with UTD T cells from the

same donor at a 1:1 ratio. Next, 1 x 106 of the cell mixture was

stained with 25 µl CD107a staining mixture described above (see

“degranulation assay”). After 3 h of incubation, 50 µl surface marker

staining mixture consisting of 1 µl anti-CD45 PE (Miltenyi Biotec,

clone: REA747) in TexMACS GMP Medium was added to each

sample. Cells were mixed and incubated at RT in the dark for

10 min. 150 µl of PEB buffer was added for washing (centrifugation

at 300 x g for 5 min). After removing the supernatant, cells were

resuspended in 100 µl TexMACS GMP Medium and transferred to

poly-D-lysine coated imaging plate. The imaging plate was briefly

centrifuged at 300 x g for 1 min prior to confocal microscopy on

Zeiss LSM 710. Analysis was performed with ImageJ/Fiji.
2.8 MACSPlex for cytokine analysis

Cell-free supernatants from co-cultures of 2.5 x104 effector cells

with 1 x 104 Target cells or 1.5 x 105 loaded Artificial Targets were

collected after 18 h (if not otherwise specified) of incubation and

analyzed with the MACSPlex Cytotoxic T/NK Cell Kit, human

(Miltenyi Biotec) or MACSPlex IFN-g Reagents Kit, human

(Miltenyi Biotec) according to the manufacturer’s instructions.

Levels of selected cytokines are shown. Automated analysis was

performed with Express Modes on MACSQuantify Software.
2.9 Proliferation assay

Enriched CAR T or UTD T cells were labeled with 5 µM

CellTrace Violet (Thermo Fisher) on day 0 following

manufacturer’s instruction. 1 x 104 stained cells were seeded as

one sample on a 96-well U-bottom plate. T cells were cultured in

different conditions: unstimulated, 1:500 diluted TransAct, 1 x 105

Artificial Targets with different loadings, or with 1 x 104 target cells.

Triplicates of each sample and three identical plates were prepared,

which were measured on day 5. Auto-labeling of PI was enabled for

the acquisition on MACSQuant Analyzer 10.
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2.10 Intracellular cytokine staining

In each sample, 5 x 104 effector cells (UTD or enriched CAR T

cells) in 100 µl TexMACS GMP Medium was firstly added onto a 96-

well U-bottom plate. 5 x 104 target cells or 1 x 106 loaded Artificial

Targets were resuspended in 100 µl TexMACS GMP Medium with 2

µg/ml Brefeldin-A (Sigma Aldrich) and subsequently added to the

effector cells. After brief centrifugation at 80 x g for 1 min, the plate was

incubated for 3 h in incubator at 37°C with 5% CO2. Viobility 488/520

Fixable Dye (Miltenyi Biotec) was prepared according to

manufacturer’s instructions and diluted with PBS at 1:50. 50 µl of

diluted Viobility Dye was added to all samples. After mixing, the plate

was incubated at RT in the dark for 10min. 50 µl of Inside Fix from the

Inside Stain Kit (Miltenyi Biotec) was then added to all samples. The

plate was incubated at RT in the dark for 10 min. 100 µl PEB buffer was

added for washing (centrifugation at 300 x g for 5min). After removing

the supernatant, 200 µl Inside Perm from the Inside Stain Kit (Miltenyi

Biotec) was added to wash the cells. Meanwhile, a staining mixture (all

from Miltenyi Biotec) was prepared according to the manufacturer’s

instructions, with 50 µl for one sample consisting of Inside Perm, anti-

CD3 VioBlue (clone: REA613), anti-IFN-g APC-Vio770 (clone: 45-15),

anti-TNF-a PE (clone: REA656), anti-IL-2 APC (clone: REA689), anti-

CD4 PE-Vio770 (clone: REA623) and anti-CD8 PE-Vio615 (clone:

REA734). The staining mixture was added to all samples and the plate

was incubated in the dark at RT for 10 min. Cells were then washed by

adding 150 µl Inside Perm (centrifugation at 300 x g for 5 min) and

resuspended in 150 µl PEB buffer for measurement on MACSQuant

Analyzer 10.
2.11 Whole transcriptome sequencing
and analysis

1.5 x 106 CAR T cells were cultured with either 1.5 x 106 JeKo-1

WT cells or 7.5 x 105 Artificial Targets loaded with anti-FMC63 and

anti-CD28 antibodies for 2 h to avoid induction of secondary

signaling pathways. Target cell depletion was performed with

CD20 Microbeads, human (Miltenyi Biotec), and magnetically

isolated sequentially with two LS columns (Miltenyi Biotec)

according to manufacturer’s instruction. Cell count and purity

were assessed by flow cytometry with MACSQuant Analyzer 10

(91-99.5% CD3+ GFP-). RNA was subsequently isolated from 1 x

106 cells. RNA was extracted using RNeasy Mini Kit (QIAGEN).

RNA yield was quantified using Qubit RNA HS Assay kit (Thermo

Fischer Scientific) and quality was assessed with RNA 6000 Nano

Chip (Agilent). Whole transcriptome libraries were generated using

QIAseq Stranded mRNA kit (QIAGEN). The final libraries were

quantified by Qubit dsDNA HS Assay kit (Thermo Fischer

Scientific), Bioanalyzer High sensitivity DNA Assay (Agilent) and

quantitative PCR with the NEB Next Library Quant Kit for Illumina

(New England Biolabs). Sequencing was performed on Illumina

MiSeq as QC run, and finally on Illumina NextSeq 550.

Preprocessing of the data was conducted on CLC Genomics

Workbench 23.0.2 (QIAGEN). RStudio was used for downstream

analysis of the count matrix. The data was filtered for genes related

to mitochondria or ribosome as well as genes with less than 50
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1254162
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1254162
counts across samples. Principal component analysis was

performed on the 500 most variable genes. DESeq2 (34) (v.1.38.2)

was used for differential gene expression analysis using the type of

stimulation as model. Genes with FDR<0.01 and |Log2FC|>1 were

considered differentially expressed. Gene set enrichment analysis

was performed with ReactomePA using Log2FC for ranking

(35) (v1.38.0).
2.12 Statistical methods

Data were analyzed with JMP 15 (SAS) and GraphPad Prism

9.1.2. The statistical tests used to calculate the P values are described

in the respective figure legends. Unless otherwise stated, data were

presented as mean ± SEM (Standard Error of the Mean).

Significance was considered for P < 0.05 as the following:

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. For

experiments with multiple groups, multiple comparisons

corrections were used as indicated in the figure captions.
3 Results

3.1 Artificial Target as a cell-free platform
specifically activated CAR T cells in vitro

In vitro functional characterization is critical for development of

CAR T cells, which is typically achieved by co-culturing CAR T cells

with target cell lines expressing the target antigen. However, variations
Frontiers in Immunology 05230
in metabolic cell states and expression of both target antigen and co-

stimulatory/inhibitory molecules might occur during handling and

culturing of target cell lines. In addition, allogenic T cell response could

also be triggered through the interaction between TCR and unmatched

peptide-MHCs (Figure 1). In contrast to target cell lines, Artificial

Target as a cell-free platform was designed to stimulate essential CAR

signaling and activate CAR T cells specifically by defined antibody

loading (Figure 1). In this study, Artificial Targets were prepared by

covalently binding anti-biotin antibody to the surface of silica

microparticles, and subsequent loading with biotinylated antibodies

targeting CARs and costimulatory receptors. Engagement of CARs and

costimulations induces CAR T cell activation, which can be assessed by

different functional characterization.

To determine whether Artificial Targets can specifically activate

CAR T cells, we first examined the expression of activation markers

CD137 and CD69 of untransduced (UTD) T cells and T cells

engineered with two second-generation CARs, namely CD19 BBz

CAR and CD19 28z CAR T cells (Supplementary Figure 1A), upon

stimulation with Artificial Targets loaded with anti-FMC63 and anti-

CD28 antibodies. As shown in Figures 2A, B, both CAR T cells showed

significant upregulation of CD137 and CD69 in CD8 T cells when

stimulated with Artificial Targets. In contrast, UTD cells demonstrated

low expression of activation markers and the expression level remained

comparable in unstimulated and stimulated conditions (Figure 2B),

suggesting the benefit of Artificial Targets in preventing background

signaling. Similar trends of CD137 and CD69 upregulation were

observed in CD4 T cells (Supplementary Figures 1B, C). Our results

show that Artificial Targets activated CAR T cells in vitro and induced

CAR-specific upregulation of activation markers.
FIGURE 1

Artificial Targets as a cell-free alternative to activate CAR T cells in vitro. Schematic illustration of using target cell lines and Artificial Target for
functional characterization of CAR T cells in vitro, and the principle of Artificial Targets. The illustration was created with BioRender.com.
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3.2 Artificial Targets induced
CAR-specific degranulation

Several effector functions have been postulated to contribute to the

effectiveness of CAR T cell in immunotherapy, such as cytotoxicity and

production of cytokines. Amajor mechanism driving cytotoxicity relies

on degranulation of pre-formed cytotoxic granules, containing the

pore-forming protein perforin and serine proteases (granzymes), which

are associated with lysosomal-associated membrane protein-1 (LAMP-

1 or CD107) (36). Upon degranulation, perforin and granzymes are

delivered to the target cell at the synapse region, and CD107a is

exposed at the membrane of the effector cell (37). Hence, CD107a is

associated with T cell-mediated cytotoxicity and represents a marker
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for degranulation (38). We have compared the CD107a expression

upon cellular stimulation by CD19 expressing JeKo-1 mantle cell

lymphoma cell line (JeKo-1 WT) with Artificial Targets loaded with

anti-FMC63 and anti-CD28 antibodies. We observed a significant

increase of CD107a expression in a CAR-dependent manner when

stimulated with JeKo-1 WT and Artificial Targets within T cells

(Figure 2C), as well as within the CD4 and CD8 T cell subsets

(Supplementary Figures 2A, B, respectively). To note, the expression

level of CD107a was comparable between cellular and artificial

stimulation, and no significant difference was detected between the

two different CAR constructs. CAR-specific degranulation was further

confirmed by confocal microscopy to visualize the interaction between

T cells and Artificial Targets, where CD107a expression was
A

B D

C

FIGURE 2

Expression of activation and degranulation markers upon stimulation. (A) Representative flow cytometric plots for CD137 and CD69 expression of
CD8 T cells upon stimulation with Artificial Targets loaded with anti-FMC63 and anti-CD28 antibodies after 18 h incubation. (B) Summarized data of
two donors for CD137 and CD69 expression. Data shown are two donors and their mean value. (C) CD107a expression of UTD (n=4), CD19 BBz CAR
T cells (n=2) and CD19 28z CAR T cells (n=4) stimulated with JeKo-1 WT or Artificial Targets loaded with anti-FMC63 and anti-CD28 antibodies. Bars
shown are mean ± SEM. (D) Representative images of confocal microscopy with 40x magnification. CAR+ T cells were stained with CellTrace CFSE
and mixed with unstained UTD cells in a 1:1 ratio, and subsequently stained for CD45 after CD107a according to degranulation assay. Arrows pointed
at CAR+ CD107a+ T cells. (B, C) Data were analyzed with two-way ANOVA and subsequently corrected by Tukey’s multiple comparisons test. ***P
<0.001, ****P<0.0001; ns, not significant.
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predominantly restricted to CAR+ T cells (pre-stained with CellTrace

CFSE), as indicated by the arrows (Figure 2D). Together, these results

demonstrate that Artificial Targets induce degranulation of CAR

T cells.
3.3 Artificial Targets triggered cytokine
expression by CAR T cells

We next assessed the potential of Artificial Targets to activate

cytokine production. CD19 BBz CAR T cells were stimulated with

Artificial Targets loaded respectively with anti-FMC63 and anti-CD28,

only anti-FMC63 or only anti-CD28 antibodies. In addition, JeKo-1

WT cells and antigen-deficient JeKo-1 CD19KO cells were included as

controls for cellular stimulations. While stimulation with JeKo-1

CD19KO and Artificial Targets loaded with anti-CD28 antibody

resulted in limited CAR T cell response, CAR T cells treated with

antigen-expressing JeKo-1WT cells, Artificial Targets loaded with anti-

FMC63 and anti-CD28 demonstrated CAR-specific secretion of IFN-g,
Frontiers in Immunology 07232
IL-2, TNF-a and GM-CSF (Figure 3). Moreover, Artificial Targets

loaded with only anti-FMC63 antibodies triggered reduced CAR T cell

response compared to JeKo-1 WT and Artificial Targets loaded with

anti-FMC63 and anti-CD28. This is in line with the notion that

endogenous costimulatory receptors along with CARs play an

important role in CAR T cell activation (28, 29). To note, Artificial

Targets loaded with anti-FMC63 and anti-CD28 antibodies were

sufficient to trigger comparable IL-2 production as JeKo-1 WT cells

and slightly lower level of IFN-g, TNF-a and GM-CSF. Similar

cytokine expression patterns were observed with intracellular

cytokine staining (Supplementary Figure 3). Our data shows that

Artificial Targets loaded with antibodies targeting CARs and

costimulatory receptors can stimulate pro-inflammatory cytokine

production of CAR T cells.

Next, we investigated whether Artificial Targets could fine-tune the

CAR T cell response by adjusting the costimulations. CD2 as one

costimulatory receptor binding to CD58 has been reported to positively

modulate CAR T cell function in vitro and in vivo (28, 29). Therefore,

we hypothesized that engaging CD2 could provide alternative or
FIGURE 3

Artificial Targets triggered pro-inflammatory cytokine secretion of CAR T cells. Proinflammatory cytokine secretion (IFN-g, IL-2, TNF-a, GM-CSF) of
CD19 BBz CAR T cells (n=4) stimulated with JeKo-1 CD19KO, JeKo-1 WT or Artificial Targets with indicated loadings, respectively. Dashed lines
indicate the detection limits of corresponding cytokines. Bars shown are mean ± SEM. Statistical analysis was performed by mixed-effects model
with the Geisser-Greenhouse correction followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001;
ns, not significant. Different colors/symbols indicate different donors.
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additional costimulation to CAR T cells. To test the hypothesis,

Artificial Targets were differentially loaded by combining anti-

FMC63, anti-CD28 and anti-CD2 antibodies, and the effect on pro-

inflammatory cytokine secretion was evaluated (Supplementary

Figures 4A–D). Overall, the cytokine secretion upon Artificial

Targets loaded with only the costimulatory-element-targeting (CD2,

CD28 or CD2 and CD28) antibodies resembled that of JeKo-1

CD19KO cells, showing low CAR T cell responses, whereas JeKo-1

WT and Artificial Targets loaded with anti-FMC63 together with one

or two antibodies targeting costimulatory elements induced

significantly higher secretion of IFN-g, IL-2, TNF-a and GM-CSF.

Significant increase of cytokine secretion was observed upon

stimulation with Artificial Targets loaded with anti-FMC63 and anti-

CD2 as opposed to Artificial Targets with only anti-FMC63 antibody.

Notably, as compared to when only one costimulatory element (CD28

or CD2) was engaged together with CARs, CAR T cell responses were

remarkably enhanced when Artificial Targets were simultaneously

loaded with anti-FMC63, anti-CD28 and anti-CD2 antibodies, which

resembles the stimulation of JeKo-1 WT cells. Moreover, we have

employed recombinant fusion protein of human CD19 extracellular

domain and a specifically mutated human IgG1 Fc region and observed

comparable IFN-g secretion as by using anti-idiotype FMC63

antibodies (Supplementary Figure 2C). Given the delayed expression

of cytotoxic effector molecules (39), secretion of Granzyme B and

Perforin upon stimulation with Artificial Targets could be assessed by

prolonged incubation of 40 h (Supplementary Figures 4E, F).

Concentrations of IL-6, IL-10 and MCP-1 were too low for reliable

quantification. These data demonstrate the flexibility of this platform in

activating and modulating CAR T cell response, and we could confirm

the costimulatory role of CD2 in enhancing CAR T cell response.
3.4 Artificial Targets induced CAR T cell
proliferation in an antigen-specific manner

It has been shown that the proliferation and survival of CAR T cells

strongly correlate with their antitumor efficacy in vivo (40). And we
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investigated whether Artificial Targets could be used to assess

proliferative capacities of CAR T cells in vitro. To this end, CAR T

cells were labeled with CellTrace dye and cell proliferation was

monitored upon stimulation with JeKo-1 WT or JeKo-1 CD19KO

cells, Artificial Targets with different loading or TransAct (polymeric

nanomatrix conjugated to recombinant humanized CD3 and CD28

agonists that activate T cells). Furthermore, UTD cells were treated in

the same way and served as a control. As shown in Figure 4A, divided

cells could be clearly discriminated on day 5 based on the lower

fluorescence intensity of CellTrace dye compared to unstimulated cells.

Overall, we observed proliferation of CD19 BBz CAR T cells when

stimulated with TransAct, JeKo-1 WT and Artificial Targets loaded

with anti-FMC63 and anti-CD28 antibodies (Figures 4A, B).

Interestingly, a sub-population of UTD cells proliferated when

treated with both JeKo-1 WT and JeKo-1 CD19KO cells. In

addition, a great proportion of CD19 BBz CAR T cells proliferated

when treated with JeKo-1 CD19KO cells for 5 days, suggesting an

antigen-independent response by alloreactive T cells that have been

further enriched during the long-term culturing. In contrast, no

remarkable proliferation of UTD cells was observed upon

stimulation with Artificial Target regardless of the antibody loading.

Together, these results show that Artificial Targets induce CAR T cell

proliferation in an antigen-specific manner, and underscore the benefit

of using Artificial Targets for functional characterization of CAR T cells

due to the limited background activation.
3.5 Artificial Targets can simplify and
reduce bias of transcriptomic analysis

Finally, we performed whole transcriptome sequencing to

compare the early transcriptomic signatures of CAR T cells

between cellular and Artificial Target stimulations. To this end,

unstimulated CAR T cells as well as CAR T cells stimulated with

either Artificial Targets coated with anti-FMC63 and anti-CD28

antibodies or with JeKo-1 WT cells were cultivated for 2 h prior to

RNA isolation. This early time point was selected to minimize noise
A B

FIGURE 4

Artificial Targets induced CAR T cell proliferation in an antigen-specific manner. (A) Representative histogram overlays of CellTrace Violet labeled
UTD and CD19 BBz CAR T cells after 5-day cultivation. (B) Representative frequencies of proliferated cells (indicated as CellTrace low fraction) of
UTD and CD19 BBz cells in different conditions. Data shown are mean ± SD and analyzed with two-way ANOVA corrected by Dunnett’s multiple
comparisons test. ****P < 0.0001; AT, Artificial Target; ns, not significant.
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resulting from secondary signaling events triggered by putative

response of target cells to primary effector functions. Of note,

significant loss of cell number was observed when performing

target cell depletion in samples with JeKo-1 WT cells, resulting in

limited samples for sequencing. In contrast, no additional

purification steps are needed for samples stimulated with

Artificial Targets. As expected, the principal component analysis

(PCA) reveals similar expression between JeKo-1 and Artificial

Targets stimulated cells compared to unstimulated samples

(Figure 5A). The differential expression analysis confirmed that

the differentially expressed genes (DEGs) upon Artificial Target

stimulation were shared with JeKo-1 stimulation (Figure 5B)

including upregulation of cytokines, such as IL-10, IL-31, IL-24,

IL-3, IL-4, IL-2 and IL-13 (Supplementary Figures 5A–C). Despite

the similarities, however, cells with cellular stimulation

demonstrated unique transcriptomic signatures (Figure 5B,

Supplementary Figure 5A). In addition, Gene set enrichment

analysis (GSEA) revealed that “Interleukin-2 family signaling”

and “TNFs bind their physiological receptors” were significantly

enriched upon stimulation with Artificial Targets and JeKo-1 WT

cells (Figure 5C). Notably, genes associated with “Signaling by the B

Cell Receptor (BCR)” and “Antigen activates B Cell Receptor (BCR)

leading to second messenger” were highly enriched in cells with

JeKo-1 WT cells (Figures 5C, D). Moreover, a set of B cell specific

genes, such as CD24, PAX5, MS4A1, was highly upregulated

in samples stimulated with target cells, indicating the existence

of B cells and creating difficulties in interpreting the data

(Supplementary Figure 5A). Together, our data indicates that the

early transcription profile induced by Artificial Targets is largely

similar to that induced by cellular targets, and supports the use of

Artificial Targets in RNA sequencing for simplified data

preparation and clean readout.
4 Discussion and conclusion

The use of target cell lines in CAR T cell functional

characterization presents several challenges in the development of

robust and standardized assays. Target cell lines are subject to

genetic drift during handling and passaging, leading to potential

differences in results and creating hurdles in comparing

experiments performed in multiple locations. As mitigation,

large-scale cell banks can be generated, cryopreserved and

maintained, e.g. in liquid nitrogen storage units. In addition,

freezing, thawing and culture conditions may introduce variations

in cell fitness and expression of key molecules that affect CAR T cell

activities. A cell-free CAR T cell-activating platform has, thus,

several advantages in reducing complexity and increasing

reproducibility for functional characterization of CAR T cells.

Acellular systems have been previously developed and proven

useful to trigger antigen-specific degranulation and cytokine

secretion as a measure for CAR T cell activation. Systems based

on planar substrates, e.g., protein-functionalized 96-well plates or

micropatterned surfaces, or using mobile bead-based platforms that

resemble more closely cells have not yet explored the influence of

costimulatory factors during CAR T cell activation (21–23). Other
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systems even tried to mimic the fluidity of cell membranes by

covering a glass surface with a lipid bilayer (41) However, none of

these platforms have demonstrated whether the induced CAR T cell

activities were comparable to biologically relevant responses

directed to B cell malignancies. While it is possible that a higher

fluidity on acellular surface may facilitate interactions with cells,

e.g., accessibility of specific surface proteins, it remains unclear

whether this produces an effect, or whether a putative effect could be

attributed to the fluidity or the overall difference in size,

composition, and morphology of the employed systems. Our data

showed that Artificial Targets demonstrate the capability to induce

CAR T cell activation at a comparable level to the activation

induced by target cells. We characterized this activation using

multiple, orthogonal effector functions, including cytokine

expression and secretion, degranulation and proliferation.

Discrete transcriptional differences were identified in CAR T cells

activated with Artificial Targets as compared to cellular targets. In

addition to the possible contamination with small numbers of target

cells, these differences could be attributed to the complex and highly

variable molecular interactions with tumor cells. Individual patient

tumor cells are phenotypically diverse, and may have different

antigen and immunomodulatory molecule expression levels.

Assessment of CAR T cell functionality can, thus, become highly

dependent on the target cell line selected for analysis. Due to the

acellular nature of Artificial Targets, CAR T cell activation can be

reduced to the essential necessary molecular interactions,

facilitating assay standardization.

As further development of CAR T cell therapy progresses, novel

targets and CAR designs for treating different diseases emerge

rapidly. Although we have focused on CD19 CARs in this work,

Artificial Targets could be generated to activate different CARs with

specific CAR-targeting molecules. For instance, natural ligands

(CD19-Ig, recombinant fusion protein of CD19 and human IgG1

Fc domain) can be loaded on Artificial Targets and trigger

equivalent CAR T cell activation (Supplementary Figure 2C), as

well as anti-idiotype antibodies specific for other scFv of CARs (data

not shown). In addition, Artificial Targets could be used for

screening or measuring the role of the described endogenous

costimulatory receptors, such as CD2 and CD28, or additional

putative modulators, e.g. LFA-1, CD27 and 4-1BB (28, 29) in CAR

T cell activities. Furthermore, the utilization of Artificial Targets

represents a viable approach for studying the impact of inhibitory

molecules on CAR T cells. Investigating not only the functional

aspects but also the dysregulation of CAR T cells is a focal point of

research in this field. For instance, these Artificial Targets could be

loaded with purified proteins such as PD-L1 and Galectin-9 to

respectively engage with PD-1 and TIM-3 receptors. Alternatively,

they could be loaded with agonistic antibodies designed to target

checkpoint receptors, like PD-1 (42). Additionally, antagonistic

antibodies may also be employed to investigate the loss-of-

function effects of particular molecules, such as the antagonistic

antibody targeting CD28 known as lulizumab pegol (43). Moreover,

Artificial Targets might provide standardized and controlled

stimulus to other cell types developed for immune cell therapies,

that include CAR natural killer (NK) cells (44), invariant NKT cells

(45), or CAR gd T cells (46).
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So far, CAR T cell therapies have demonstrated unprecedented

success in treating blood cancers. Yet, the translation of this novel

approach to other types of disease remains challenging (47). It is

believed that advanced knowledge in critical mechanisms regulating

CAR T cell metabolic fitness, functionality and persistence would

guide the widespread application of this novel therapy. CAR-

mediated signaling and activation represents a subject of intense
Frontiers in Immunology 10235
investigation in the field. Despite the similar effector functions

shared between CAR T and TCR T cells, it has been shown that a

CAR differs from a TCR in several ways across different stages of

signaling transduction (26, 27), still with many open questions to be

addressed. For instance, the signaling pathway involved in CAR T

cell activation and the role of endogenous co-stimulation/-

inhibition remain not fully understood. With the flexibility of
A

B

D

C

FIGURE 5

Using Artificial Targets for whole transcriptome sequencing. (A) Principal component analysis (PCA) plot of 500 most variable genes across samples.
(B) Volcano plots of differentially expressed genes (DEGs) when comparing (upper) Artificial Targets vs. JeKo-1 WT stimulation, (middle) unstimulated
vs. Artificial Targets, and (lower) unstimulated vs. JeKo-1 WT stimulation. The cutoffs of DEGs were set for |Log2FC|>1 and -Log10(FDR)>2. FDR,
statistical approach used to adjust p-values for multiple testing; Log2FC, Log2 fold change. Numbers in brackets indicate the number of DEGs.
(C) Gene Set Enrichment Analysis (GSEA) of DEGs of Artificial Targets (upper) and JeKo-1 WT (lower) stimulations for indicated pathways. NES,
normalized enrichment score; NOM p-val, nominal p-value; p.adjust, adjusted (Benjamini-Hochberg) p-value. (D) Top 10 enriched pathways in the
DEGs between JeKo-1 WT and Artificial Targets stimulations. Pathways enriched specifically for the stimulation were highlighted in red bars.
(C, D) Gene set enrichment analysis was conducted with ReactomePA.
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Artificial Targets in engaging different or multiple molecules via

targeted loading of respective agonistic or antagonistic entities, the

use of Artificial Targets could help in dissecting the signaling

pathways of defined molecular interactions without interference

of unconcerned molecules.

Furthermore, CAR T cells treated with Artificial Targets instead

of cellular targets provide the advantage of pure CAR T cell

populations for subsequent downstream analysis and thereby

increase the data quality. For example, when using target cells to

assess the metabolic activities of CAR T cells upon activation, it’s

challenging to interpret the metabolic profiles due to the active

metabolism of target cells. In addition, Artificial Targets could

facilitate the sample preparation for molecular analysis, such as

RNA sequencing and western blot, as there is no need for removal

of contaminating target cells.

In conclusion, Artificial Targets, as a cell-free platform, represents

a powerful tool to characterize essential CAR T cell functionality.

Thanks to the simple preparation procedure and flexibility in

engaging defined molecules, we can envision a wide application of

Artificial Targets in different research fields, from fundamental

research to clinical development, with standardized readout.
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A quality-by-design approach to
improve process understanding
and optimise the production and
quality of CAR-T cells in
automated stirred-
tank bioreactors
Tiffany Hood1, Fern Slingsby2, Viktor Sandner3, Winfried Geis4,
Timo Schmidberger4, Nicola Bevan5, Quentin Vicard6,
Julia Hengst7, Pierre Springuel1, Noushin Dianat6

and Qasim A. Rafiq1*

1Department of Biochemical Engineering, University College London, London, United Kingdom,
2Product Excellence Bioreactor Technology, Sartorius Stedim UK Limited, Epsom, United Kingdom,
3Digital Solutions, Sartorius Stedim Austria GmbH, Vienna, Austria, 4Digital Solutions, Sartorius Stedim
Biotech GmbH, Goettingen, Germany, 5BioAnalytics Application Development, Essen BioScience Ltd.
(Part of the Sartorius Group), Royston, United Kingdom, 6Cell Culture Technology Marketing, Sartorius
Stedim France S.A.S., Aubagne, France, 7Cell Culture Technology Marketing, Sartorius Stedim Biotech
GmbH, Goettingen, Germany
Ex vivo genetically-modified cellular immunotherapies, such as chimeric antigen

receptor T cell (CAR-T) therapies, have generated significant clinical and

commercial outcomes due to their unparalleled response rates against

relapsed and refractory blood cancers. However, the development and

scalable manufacture of these novel therapies remains challenging and further

process understanding and optimisation is required to improve product quality

and yield. In this study, we employ a quality-by-design (QbD) approach to

systematically investigate the impact of critical process parameters (CPPs)

during the expansion step on the critical quality attributes (CQAs) of CAR-T

cells. Utilising the design of experiments (DOE)methodology, we investigated the

impact of multiple CPPs, such as number of activations, culture seeding density,

seed train time, and IL-2 concentration, on CAR-T CQAs including, cell yield,

viability, metabolism, immunophenotype, T cell differentiation, exhaustion and

CAR expression. Initial studies undertaken in G-Rex® 24 multi-well plates

demonstrated that the combination of a single activation step and a shorter, 3-

day, seed train resulted in significant CAR-T yield and quality improvements,

specifically a 3-fold increase in cell yield, a 30% reduction in exhaustion marker

expression and more efficient metabolism when compared to a process

involving 2 activation steps and a 7-day seed train. Similar findings were

observed when the CPPs identified in the G-Rex® multi-well plates studies

were translated to a larger-scale automated, controlled stirred-tank bioreactor

(Ambr® 250 High Throughput) process. The single activation step and reduced

seed train time resulted in a similar, significant improvement in CAR-T CQAs

including cell yield, quality and metabolism in the Ambr® 250 High Throughput

bioreactor, thereby validating the findings of the small-scale studies and resulting
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in significant process understanding and improvements. This study provides a

methodology for the systematic investigation of CAR-T CPPs and the findings

demonstrate the scope and impact of enhanced process understanding for

improved CAR-T production.
KEYWORDS

immunotherapy, CAR-T, process understanding, quality-by-design, T cells, process
optimisation, stirred-tank bioreactor
1 Introduction

The emergence of chimeric antigen receptor T cell therapies

(CAR-T) have revolutionised the treatment for haematological

malignancies. Despite their clinical success however, cost-effective,

reproducible and robust manufacture of such therapies remains a

significant translational and commercial bottleneck, and there is a

need to address significant process variability (1a). With the price of

commercially-available CAR-T therapies usually costing in excess

of $300,000 per dose, it is critical that the underlying manufacturing

and process issues associated with personalized therapies are

addressed. This requires a deeper understanding of the impact of

critical process parameter (CPPs) on the critical quality attributes

(CQAs) of CAR-T cell therapies.

Significant differences in overall cell yield are often reported

within the field and can be dependent upon the process conditions

applied. For example, a study by 2 compared the effect of different

medium formulations on overall T cell expansion, with expansion

outcomes ranging from a 5- to 25-fold increase. Interestingly, some

of the medium formulations demonstrated a wider range of fold

expansion across donors while other medium formulations had

more consistent expansion (2). Conversely, a study completed by 3

showed more consistent fold expansion when comparing different

medium formulations but was able to achieve a much higher overall

cell fold increase, >50, across all medium formulations (3). These

studies illustrate the need to optimise the expansion protocol to

understand what CPPs cause this wide range of expansion

outcomes. This will ensure the process is less susceptible to

changes in the variable starting material. Additionally, it is useful

to understand what conditions improve overall robustness.

Addressing both yield and robustness would help improve the

manufacturing challenges of CAR-T cell therapies.

In addition to the variability associated with the incoming

patient material, variability is also introduced by using

uncontrolled, highly manual processes. For this reason, there has

been a focus from regulatory agencies, such as the US Food and

Drug Administration (FDA) and the Center for Biologics

Evaluation and Research (CBER), on guidance emphasising the

use of well-controlled manufacturing processes for the production

of cell and gene therapy products to ensure consistent product

quality and efficacy (4).
02239
Implementing greater levels of automation and process control

would address some of these challenges (5, 6). Many clinical trials

have started trying to address this need for automation by utilising

systems such as the CliniMACS Prodigy (6). The Prodigy system

automates individual process steps which helps decrease the

number of manual and open steps. However, significant product

variability is still observed when using this system. 7 produced

anywhere from about 1x109 to 5 x109 total cells after 9 days of

culture in the Prodigy system (7). While the Prodigy automates

process steps, there is still minimal sensor and process parameter

control capabilities. Implementing more control into the process

would likely improve overall process efficiency (8).

Stirred-tank bioreactors (STRs) are one type of expansion

technology that could implement more control into the expansion

process because process parameters such as pH, dissolved oxygen

(DO), and agitation can be monitored and controlled. Additionally,

STRs are well characterised and well understood manufacturing

platforms as they are commonly used in the pharmaceutical

industry (9). This allows for a faster transition into the platform.

The Ambr® 250 High Throughput stirred-tank bioreactor

platform is a high throughput, automated, multi-vessel 250mL

system and has proven highly successful for process development

for biopharmaceutical production (10–12), with a similar legacy for

vaccine development (13), and more recently, cell and gene therapy

applications (14–16). The Ambr® 250 High Throughput presents a

particularly attractive platform for CAR-T process development

given its high throughput capability and scalability to GMP

bioreactor platforms. Moreover, its automated liquid handling

would be advantageous for the processing of multiple vessels

simultaneously. We have previously investigated the use of the

Ambr® 250 High Throughput for suspension T cell and CAR-T

production (15, 17) and have demonstrated its effectiveness and

significant potential as a process development platform for CAR-T

production in STRs. However, in these investigations, whilst they

demonstrated proof-of-concept and the potential of using STRs for

production, we noted the (15) scope for additional process

understanding and optimisation to improve overall process

efficiency.

In this present study, we focus on enhancing process

understanding and optimisation to improve CAR-T cell yield and

quality. Initial investigations used a design of experiments (DOE)
frontiersin.org
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approach to study a range of process parameters (Table 1) in a

small-scale G-Rex® multi-well plate format to understand their

impact on CAR-T cell expansion and function, with a view to

optimising the process. The DOE methodology provides a

systematic approach to study the impact of each growth

parameter and its concomitant effect on the other investigated

parameters, thereby enabling a larger design testing space to be

investigated so a more representative optimum can be identified

when compared with 1-factor at a time studies. The second phase of

the study focused on investigating the optimised and pre-optimised

conditions on three additional healthy donors to determine whether

the results obtained from the first phase of the DOE translated

across donors. The final phase sought to validate these optimised

conditions identified by the small-scale studies and apply this to a

larger-scale STR bioprocess using the Ambr® 250 High

Throughput bioreactor.
2 Materials and methods

2.1 CAR lentivirus

The CAR lentivirus was produced as previously described (17).

After the lentivirus was produced, the functional titre was assessed

using an infectivity assay (18).
2.2 Human primary T cells

Primary T cells used in these studies were isolated from healthy,

human donors from whole blood (Cambridge Bioscience, UK) or

leukopak (BioIVT, West Sussex, UK) samples. The cells were

delivered the same day as the collection and processed

immediately upon delivery to isolate the CD3+ T cells.

For cells isolated from whole blood, the peripheral blood

mononuclear cells (PBMCs) were isolated as described previously

(15). For cells isolated from leukopaks (BioIVT, West Sussex, UK),

the cells were washed 1:1 in MACS® wash buffer (Miltenyi Biotec,

Surrey, UK) prepared according to the manufacturer ’s

specifications. CD3+ T cells were isolated using the human Pan T

isolation kit (Miltenyi Biotec Ltd., UK) according to the

manufacturer protocol. After processing, the cells were

immediately cryopreserved at 50e6 cells/mL in CryoStor®

(STEMCELL Technologies UK Ltd, UK).
Frontiers in Immunology 03240
2.3 Primary T cell culture

The primary cell culture medium used in all experiments

consisted of Roswell Park Memorial Institute (RPMI) 1640

(Gibco™, Thermo Fisher Scientific, UK), 10% fetal bovine serum

(FBS, Gibco™, Thermo Fisher Scientific, UK), 2mM L-glutamine

(Gibco™, Thermo Fisher Scientific, UK), and 1% Antibiotic-

Antimycotic (100X, Gibco™, Thermo Fisher Scientific, UK).

Primary T cell medium was also supplemented with Interleukin-2

(IL-2, research grade, Miltenyi Biotec, Surrey, UK) as specified.

Cells were thawed at 2x106 cells/mL in T cell complete medium

in suspension cell culture flasks (Sarstedt AG & Co. KG, Germany).

One day after thaw, the T cells were activated at 1:1 ratio of cells to

Magnetic Dynabeads® (Thermo Fisher Scientific Inc., Waltham,

MA, USA) according to the manufacturer protocol with a final cell

density of 1x106 cells/mL. Research-grade IL-2 (Miltenyi Biotec

Ltd., UK) was added to the flasks at the desired experimental

concentration of 30, 65 or 100 IU/mL at the time of activation.

One day after activation, the T cells were transduced with the

CAR lentivirus using a multiplicity of infection (MOI) of 3 in 6-well

suspension cell culture plates (Sarstedt AG & Co. KG, Germany)

coated with RetroNectin® Recombinant Human Fibronectin

Fragment (Takara Bio Inc. , France). The plates were

spinnoculated by centrifugation at 1,000g for 40 minutes. One

day after transduction, cells were washed and plated at 0.5x106

cells/mL for the seed train cell expansion lasting 3, 5 or 7 days.
2.4 Cell expansion

After cell activation, transduction, and the seed train cell

expansion, experiments were initiated and referred to as day 0 of

the expansion phase. At the start of the expansion phase, cells were

plated in fresh medium and IL-2 at the experimental concentration,

and for conditions requiring a second activation, Dynabeads® were

added at a 1:1 cell to bead ratio. Unless otherwise stated, daily 1mL

samples were taken for cell counts and metabolite analysis. After 7

days of expansion samples were analysed by flow cytometry.

For expansion in G-Rex® 24 well plates (Wilson Wolf

Manufacturing, New Brighton, MN) cells were seeded at the

experimental seeding density of 0.25, 0.5 or 0.75 x106 cells/mL.

On days 3 and 5 of expansion, fresh IL-2 was added at the desired

experimental concentration based on the volume of each well. Cells

were counted on days 0 and 7 of the expansion.
TABLE 1 Factors and levels investigated in a small-scale DOE in G-Rex® with CAR-T cells.

Factors Levels Factor Rationale

Number of Activations 1 2 Maintaining growth versus over-activation

Seed Train Time (days) 3 5 7 Initial growth lag versus primary cell exponential growth limits

Seeding Density (cells/cm2) 0.25x106 0.5x106 0.75x106 Positive cell signalling from cells being too sparse vs negative cell signalling from cells being too dense

IL-2 (IU/mL) 30 65 100 Activation versus potential over activation
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For flask expansion, cells were seeded at 0.5x106 cells/mL and

fed every other day by diluting the culture down to 0.5x106 cells/mL

with T cell growth medium. Fresh IL-2 was added based of the cell

culture volume post feed.

Stirred tank bioreactor expansion processes were completed

using a two-bioreactor Ambr® 250 High Throughput system

(Sartorius, UK) and unbaffled, single-impeller Ambr® 250 vessels

(16). The bioreactor process was based on that described by 17. The

bioreactor parameters were controlled at 37°C, 200rpm, 7.15 pH,

and 50% dissolved oxygen (DO).
2.5 T Cell analytics

2.5.1 Cell counting and viability
Cell density and viability were measured using the

NucleoCounter® NC-3000™ (ChemoMetec A/S©, Denmark) with

Via-1-Cassettes™ (ChemoMetec A/S©, Denmark) according to the

manufacturer’s protocol.
2.5.2 Metabolite analysis
Medium samples were analysed using the CuBiAn HT270

bioanalyzer (Optocell GmbH & Co, KG, Germany) to determine

levels of glucose, glutamine, ammonia, and lactate concentrations.

Prior to measurement, the samples were centrifuged at 350g for 5

minutes and the supernatant was frozen at -80°C.

2.5.3 Flow cytometry
Phenotypic cell characteristics were analysed via flow cytometry

on fresh cell samples on the day of sampling using the BD

LSRFortessa X-20 flow cytometer (BD Biosciences, UK). Cells

were stained for CD3-BUV395, CD4-BUV805, CD8- APC-Cy7,

CCR7-BV421, CD45RO-PE-Cy7, CD56-BV605, CD34(CAR)-

AlexaFluor647, CD69-FITC, PD-1-PE, LAG-3- BV711, and Live/

Dead-UV511. A minimum of 50,000 events were recorded for all

conditions. Gates were confirmed based on FMO (fluorescence

minus one) controls for CCR7, CD45RO, CD56, CD69, PD-1, and

LAG-3.

2.5.4 In vitro killing assay
The in vitro killing assay was evaluated using the Incucyte® S3

live-cell analysis platform (Sartorius, UK) according to the

manufacturer protocol. A 1:1 target to effector ratio co-culture

was used with GFP-positive, CD19-positive NALM6 target cells.

One day after the experimental effector cells were thawed, the CAR

positive T cells were isolated using a human CD34 MicroBead

isolation kit (Miltenyi Biotec Ltd., UK). During the co-culture, the

target cell count was normalized to initial cell plating via the

Incucyte® analysis software.

Cytokine analysis for tumour necrosis factor-alpha (TNF-a)
and interferon-gamma (IFN-g) was completed on the spent

medium from the final timepoint of the killing assay using the

iQue® Qbeads from the iQue®T cell Activation Cell and Cytokine

Profiling Kit (Sartorius, UK). The samples were analysed using the

iQue® Advanced flow cytometer (Sartorius, UK).
Frontiers in Immunology 04241
2.6 Equations

2.6.1 Cell growth calculations
The population doublings of cells were calculated based on the

equation used by 19 (19).

PDn =
1
ln 2 *

  ln
Cx,  n

Cx,  n−1

Equation 0.1 Population doublings were calculated where PDn

was population doublings between time tn and tn-1, and Cx, n and Cx,

n-1 were the cell number at times tn and tn-1, respectively.

cPDn = PDn−1 + PDn

Equation 0.2 Cumulative population doublings was calculated

where cPDn was cumulative population doublings at time tn, and

PDn-1 and PDn were the population doublings at times tn and tn-

1, respectively.

The cell fold increase during the expansion phase was calculated

based on the population doublings achieved.

Cell   Fold   Increase = 2cPDn

Equation 0.3 Cell fold was calculation where cPDn was the

cumulative population doublings at time tn.

The specific growth was calculated as previously described (15).

2.6.2 Metabolite calculations
Average metabolite concentrations were calculated over the

exponential phase of the expansion phase from days 2-7 (15).

Glucose and glutamine specific consumption

The specific glucose and glutamine consumption rates were

calculated based on equations used by 20 and 15 (20).

qmet,n =
mn

Cx,  n−1

� �
*

(cmet,  n−1*   (1 − Dn) + (mx*Dn)) − cmet,  n

em(tn−tn−1) − 1

� �

Equation 0.4 Metabolite specific consumption was calculated

where met was the metabolite, glucose or glutamine of interest, qmet,

n was the specific consumption rate, m is the specific growth rate

(day-1) between time tn (day) and tn-1 (day), Cx, n-1 was the cell

number at time tn, cmet, n and cmet, n-1 are the concentration of the

metabolite of interest at time tn and tn-1, respectively, mx was the

concentration of the metabolite in fresh feed medium, and Dn is the

daily perfusion rate if perfusion is active.

The specific lactate production and ammonia production were

calculated based on equations used by 20 and 15.

pmet,n =
m

Cx,  n−1

� �
*

cmet,  n − (cmet,  n−1*   (1 − Dn))

em(tn−tn−1) − 1

� �

Equation 0.5 Metabolite specific production was calculated

where ‘met’ was the metabolite, lactate or ammonia, of interest,

pmet,n was the specific production rate, m was the specific growth

rate (day-1) between time tn (day) and tn-1 (day), Cx, n-1 was the cell

number at time tn, cmet, n and cmet, n-1 were the concentration of the

metabolite of interest at time tn and tn-1, respectively, mx was the

concentration of the metabolite in fresh feed medium, and Dn was

the daily perfusion rate if perfusion was active.
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The yield of lactate from glucose was calculated to determine

the ratio of lactate molecules produced to glucose molecules

consumed.

dLac
dGluc

=  
plac,  n − plac,  n−1
qgluc,  n − qgluc,  n−1

Equation 0.6 dLac/dGluc was calculated where dLac
dGluc was the

yield of lactate from glucose, Plac, n and Plac, n-1 was the specific

lactate production rate at times tn, which represents the final

timepoint (day) and tn-1 which represents the initial timepoint

(day), respectively.
2.7 Design of experiments
regression modelling

The statistical models for the experimental responses were

analysed using MODDE® v13 (Sartorius, Göttingen, Germany).

The model analysis included an analysis of the importance of model

coefficients. All coefficients included within the models had a p-

value<0.05 (unless they were included to hierarchy for interaction

terms), indicating their inclusion in the model was significant. The

overall model accuracy and fit for purpose was assessed by looking

at the descriptive power (indicated by a high R²) and the predictive

power (indicated by a high Q²). In addition, the difference between

the two should not be greater than 0.2 which would indicate a too

optimistic model.
2.8 Statistical analysis

Statistical analysis was completed using Jmp® software (SAS

Institute Inc., NC, USA). Statistical tests were based on criteria of

statistical methods outlined by Shingala et al., 2015 (21). Prior to

any statistical comparisons the distribution of the data was analysed

for normality and the variance of the data was compared. The

variance of the means was determined using the appropriate

statistical method of Brown-Forsythe, Levene, or Bartlett. A

comparison of the means was completed by an ANOVA or

Welch’s ANOVA and, if applicable, a post-hoc pairwise

comparison using Tuckey-Kramer, Steel Dwass, or Dunn

pairwise, was then completed. Values for these tests were

considered statistically significant when the p-values were less

than 0.05 (*), 0.01 (**), 0.001 (***), or 0.0001 (****).
2.9 Figures and graphics

Summary diagrams in this report were created with

BioRender.com (BioRender, Toronto, Ontario). Line charts and

bar graphs were completed using GraphPad Prism (GraphPad, La

Jolla, USA). For the DOE design generation and analysis d MODDE

13.0.2. (Sartorius, Göttingen, Germany) was used.
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3 Results

3.1 Design of experiments study to
investigate impact of process parameters
on CAR-T cell yield, quality
and metabolism

To determine the effect and interactions of potential critical process

parameters on final CAR-T cell yield and quality, a DOE study was

performed investigating the following process parameters: (1) number

of activations, (2) culture seeding density, (3) seed train time and (4)

interleukin-2 (IL-2) concentration. A summary of these process

parameters, including the range of levels for each factor and the

rationale for selection is summarised in Table 1. Most processes

currently activate the cells at the start of culture to initiate T cell

growth (3, 22). However, some protocols re-activate the cells during

culture to maintain growth (15, 23). By activating the cells a second

time, this could enable the cells to continue growing longer (15).

However, chronic activation has also been shown to cause T cells to

become exhausted (24). Therefore, the balance between these aspects

should be understood so this experiment tested the effect of one

activation versus the inclusion of a second activation.

Current clinical protocols have a broad range of expansion

times, sometimes even going beyond 30 days (1b;25). Seed train

lengths of 3, 5, and 7 days were selected to understand the impact of

expanding cells longer. Growing the cells longer could enable a

higher yield, however T cells are primary cells and therefore are

limited in growth so the impact of these aspects must be

understood (1b;25).

Seeding densities above and below the manufacturer

recommended 0.5x106 cells/cm2 were chosen for testing (G-Rex®

Instructions for Use). A higher seeding density could enable higher

yield at the end of culture. A lower seeding density, on the other

hand, could enable faster growth as there would be more available

nutrients and potentially fewer secreted cell signal from

neighbouring cells that could inhibit cell growth (26).

Interleukin 2 (IL-2) is a growth factor that is supplemented into

T cell cultures to activate T cells and encourage growth (27).

However, chronic stimulation of growth of T cells can cause T

cells to become exhausted and dysfunctional (24). Therefore, a

range of IL-2 concentrations were selected with a particular focus

on concentrations between 30 IU/mL and 100 IU/mL. Most T cell

growth protocols utilising IL-2 seem to fall in this range (22, 28–30).

The DOE design for this optimisation experiment ensured the

test conditions selected had good coverage within the DOE factor

design space (Supplementary Figure 1).

The responses measured as part of the DOE included a range of

CAR-T cell growth and quality attributes that are summarised in

Table 2. In order to analyse these characteristics, statistical models

describing the effect of the process parameters on each response were

created. One donor (HD1) was used to test all conditions in G-Rex®

24-well well plates to understand the effects of just the experimental

factors. An overview of the experimental design is presented in Figure 1.
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3.1.1 Impact of process parameters on CAR-T
cell yield

The impact of process parameters on cumulative population

doublings (cPD) were modelled using the DOE design and the

resulting model (p<0.001, R2 = 0.966, Q2 = 0.868). The number of

activations, seed train time, seeding density and IL-2 concentration

were all found to significantly impact cPD (Supplementary

Figure 2). Plotting the effects of each model co-efficient revealed

that the number of activations resulted in the largest, adverse

impact on cell yield (Figure 2A). An interaction effect between

the number of activations and seeding density was also found to

significantly contribute towards final cPD. Specifically, higher seed

train times led to decreased cPD, most particularly for conditions
Frontiers in Immunology 06243
that were activated twice (Figure 2B). The possibility of identifying

such interactions between process parameters represents one of the

key advantages of using a DOE approach.

When looking further into the factors that impacted cPD when

the cells were only activated once, both a higher seed train time and

higher culture seeding density had a detrimental effect on cell yield

resulting in decreased growth (Figure 2C). On average, conditions

that were activated once achieved a cell fold of 28.7 ± 10 whereas

conditions that were activated twice resulted in a cell fold of 8.6 ± 7.4

after 7 days of culture in the G-Rex® plate (p=0.0008) (Figure 2D).

This trend was also observed for cPD with conditions activated once

reaching 4.8 ± 0.4 cPD versus 2.4 ± 1.6 cPD for conditions that were

activated twice (p=0.0008) (Figure 2E).
3.1.2 Impact of process parameters on CAR-T
cell quality

Quality attributes associated with cell function, such as cell

activation, exhaustion, and differentiation, must also be considered

at the end of CAR-T cell expansion. Although the factors

investigated in this DOE were not found to impact cell

differentiation, significant models could be generated for cell

activation (p<0.0001, R2 = 0.984, Q2 = 0.749) and exhaustion

responses (p<0.0001, R2 = 0.933, Q2 = 0.317) (Supplementary

Figure 3, 4). All investigated process parameters were included in

each model, and the number of activations was again found to have

the greatest effect, on both activation and exhaustion responses

(Figure 3A, E). Significant interaction effects between seed train

time and the number of activations were again found in both

modelled responses.

A second activation step resulted in a drastically higher

percentage of CD69+ cells after longer seed train times, but not

following shorted seed train times (Figure 3B). In conditions with a

single activation step, longer seed train time and higher cell

densities were both associated with a higher percentage of CD69+

cells (Figure 3C). On average, conditions with a single activation
FIGURE 1

Experimental CAR-T expansion G-Rex® DOE overview. Cells thawed from one donor were activated a day later using Dynabeads® and the
experimental IL-2 concentration (30, 65 or 100 IU/mL). The following day, all conditions were transduced with anti-CD19 CAR lentivirus and pre-
expanded for the experimental seed train lengths (3, 5 or 7 days). Pre-expanded cells were then seeded into G-Rex® 24-well plates at varied seeding
densities (0.25, 0.5 or 0.75 x 106 cells/mL) and expanded for 7 days with monitored cell growth and quality. For conditions with a second activation
step, Dynabeads® were added before G-Rex® seeding.
TABLE 2 Responses measured in a small-scale DOE in G-Rex® with
CAR-T.

Response Measurement Response Rationale

Cell Growth Cells/mL • Represents cell yield-essential to
achieve CAR-T dose

Viability Percentage
viable cells

• Cell yield often based on viable cells
• Minimum viability often CAR-T
product release criteria

Metabolites Glucose, lactate,
glutamine,
ammonia

• Shows nutrient availability in
medium
• Consumption and production
indicative of cell state and metabolism

Phenotype CD3, CD4, CD8 • Cell type

Memory
Differentiation

CCR7, CD45RO • Less differentiated cells associated
with CAR-T clinical efficacy

Activation CD69 • Indicative of cell state

Exhaustion LAG3, PD1 • Less exhausted cells associated with
CAR-T clinical efficacy

CAR
Expression

CAR marker • CAR-T dosage often based on CAR
+ cells
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yielded significantly less CD69+ cells (30.84 ± 3.8%) than those with

a double activation (59.36 ± 23.8%) (p<0.01) (Figure 3D).

Similarly, expression of both exhaustion markers was also found

to significantly increase after longer seed train times. This effect was
Frontiers in Immunology 07244
further pronounced when the cells were activated twice (Figure 3F).

In conditions with a single activation step, longer seed train times

alongside lower seeding densities were associated with higher

expression of exhaustion markers (Figure 3G). Overall, conditions
A B D

E F G H

C

FIGURE 3

Cell quality characteristics impacted by repeated activation and longer seed train time. The effects of the experimental factors on CD3+CD69+ and
CD3+PD1+LAG3+ expression on day 7 of G-Rex® culture were modelled: significant regression coefficients plot (A, E), factor-factor interaction plot
(B, F), and contour plot of modelled response (C, G). The effect of number of activations on mean CD3+CD69+ and CD3+PD1+LAG3+ expression
(D, H). Statistical pooled t-test analyses completed where ** is p<0.01, *** is p<0.001.
A B

D E

C

FIGURE 2

Repeated activation, higher seeding density, and longer seed train time negatively impact CAR-T cell yield. Regression coefficients included in the
modelled response for population doublings (PD) on day 7 of G-Rex culture (A). Modelled factor-interaction between seed-train time and number of
activations (B). Modelled effects of seeding density and seed-train time on PD, assuming 1 activation and 30 IU/mL of IL2 (C). Effect of number of
activations on cell fold (D), and PD (E). Error bars represent standard deviation. Statistical pooled t-test analyses completed where ** is p<0.01, ***
is p<0.001.
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only activated once had lower dual expression of exhaustion makers

PD-1 and LAG3 at the end of culture with 48.5 ± 9.5% of cells

expressing PD1 and LAG3, compared to 77.5 ± 9.5% PD1+LAG3+

expression for conditions activated twice (p=0.0006) (Figure 3H).

3.1.3 Impact of process parameters on CAR-T
cell metabolism

The glucose consumption and lactate production of the cells

were most affected by the two activations condition. Conditions that

were activated twice and grew less (Figure 2B) had significantly

higher glucose consumption (p=0.0004) and lactate production

(p=0.0004) compared to cells that were only activated once

(Figure 4A, B). Analysing the amount of lactate produced from

glucose can be indicative of the metabolic processes the cells are

utilising. Cells activated twice produced 1.89 ± 0.09 lactate

molecules for every glucose molecule consumed. This was

significantly higher (p=0.0004) than the 1.61 ± 0.06 lactate

molecules produced per glucose molecule by cells that were only

activated once (Figure 4C).

If cells are utilising glycolysis, 2mol ATP and 2mol of lactate will

be produced per 1mol glucose. Whereas, oxidative phosphorylation

will completely break down glucose into CO2 and produce 36mol

ATP per mol of glucose (31, 32). Therefore, it is likely the

conditions only activated once had increased levels of the more

energy efficient oxidative phosphorylation pathway since the

amount of lactate produced was below the theoretical level of 2

for pure glycolysis.

3.1.4 Optimised CAR-T cell process parameters
After analysing the individual responses measured in the DOE, it

is important to look at the effects of the parameters more holistically

(Table 3). With an optimised end product defined to be one that

exhibits high cell yield with low CD3+PD1+LAG3+ exhaustion

marker expression, it was found that a process which is comprised

of a single activation step and a 3-day seed train was the optimal levels

from the process parameters investigated, based on the DOE models

for each experimental response. The concentration of IL-2 was not

shown to have a significant impact on the optimum. As the IL-2
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concentration did not appear to have any significant impact, it was

decided to use a lower concentration of IL-2 with a view to

minimising culture costs should the process be performed at a

larger scale (Table 3). In summary, the optimised process that was

validated for subsequent studies was comprised of a single activation

step, 3-dayseed train and supplementation of 30IU/mL IL-2.
3.2 Assessment of optimised process on
CAR-T yield and quality with
multiple donors

The previous study was conducted with a single healthy donor.

However, a significant challenge for CAR-T production is the

innate donor-to-donor variability. To therefore understand the

robustness of the identified process effects, the optimised

conditions established from the previous study were tested on

three different healthy donors (HD 1-3) in flask cultures. The

optimised and pre-optimised process were set using parameter

settings identified in the previous G-Rex® DOE that correlated

with the highest and lowest cell yield and quality, respectively

(Table 3). As the findings from the previous study demonstrated

that the number of activations and seed train time had the greatest

impact on cell yield, quality and metabolism, the IL-2 concentration

and the seeding density were held constant at 30IU/mL and 0.5cells/

mL, respectively for both the optimised and pre-optimised process.

In the flask cultures, the optimised process with a 3-day seed

train and single activation step achieved significantly higher

(p=0.026) cell fold at the end of culture, in alignment with the

previous DOE findings (Figure 5B). This increased cell growth was

observed as early as day 2 after the flasks were seeded (Figure 5A).

By the end of the culture, the pre-optimised process with a 7-day

seed train and two activations achieved a cell fold of 16.9 ± 10.9

while the optimised process achieved a much higher cell fold of 93.8

± 36.9 (Figure 5B).

No significant difference (p>0.05) in the memory differentiation

populations was observed between the optimised and pre-optimised

processes. The majority of cells were in a less differentiated central
A B C

FIGURE 4

Effect of activations on the average glucose consumption (A), lactate production (B), and dlac/dgluc (C). Error bars represent standard deviation.
Statistical pooled t-test analyses completed where *** is p<0.001. Dashed lines represent the confidence interval of the model. All model graphs
shown represent the model when IL-2 = 30 IU/mL and seeding density = 2.5x106 cells/cm2.
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memory state at the end of culture, which is associated with

improve CAR-T clinical efficacy (Figure 5C) (33).

In this study, the pre-optimised process resulted in 66.8 ± 7.6%

of T cells expressing both PD1 and LAG3, while the optimised

process had significantly less expression (p=0.0007), with only 15.1

± 5.5% of T cells expressing these two exhaustion markers

(Figure 5D). The pre-optimised condition in this experiment

showed 50.3 ± 16.1% CD3+CD69+ expression, while the

optimised condition had lower (p=0.048) CD3+CD69+

expression, 20.1 ± 9.2% (Figure 5E). The simultaneous higher

expression of PD1, LAG3, and CD69 in the pre-optimised

condition aligned with the findings of the previous DOE.

Moreover, the pre-optimised condition also consumed significantly

higher (p=0.0016) amounts of glucose per cell, nearly double, and

produced more (p=0.016) lactate per cell compared to the more

optimised condition (Figure 5F, G). However, there was no

significant difference in the ratio of lactate molecules produced per

glucose molecule consumed between the two conditions. The pre-

optimised condition had a ratio of 2.0 ± 0.2 and the optimised condition

had a ratio of 1.8 ± 0.1 (Figure 5H). Therefore, both conditions are likely

primarily using glycolysis for the breakdown of glucose.
3.3 Assessment of optimised process on in
vitro CAR-T cytotoxicity with
multiple donors

Having demonstrated the robustness of the findings across

multiple healthy donors, the impact of the optimised process on

the CAR-T cell in vitro cytotoxic capability was investigated. An in

vitro killing assay was performed using the CAR-T cells generated

using the optimised process in culture with the target NALM6 cells.

The number of NALM6 target cells were tracked over time and

normalized to the initial seeding density, where anything above the

normalized value of 1 indicated growth of the target cells.

In the experimental conditions with CAR+ cells, the normalized

target NALM6 cell count decreased below 1 over time, indicating

the target cells were being killed. Whereas, the killing assay controls

without effector cells (NALM6 target cells only) or with effector cells
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that were not transduced with the CAR had normalized target cell

counts that increased well above 1, indicating continued growth of

the target NALM6 cells (Figure 6A, B). This suggests the CAR+ cells

from both the pre-optimised and optimised conditions are

preventing growth of the target cells and effectively killing them,

with improved cytotoxic capacity demonstrated in the cells

generated using the optimised process. The killing of the green,

GFP-positive, target cells can be observed in representative images

for each condition type after 2 days of co-culture. Images of the

transduced conditions show very few target cells remaining.

Additionally, the unlabelled CAR+ cells have expanded and

elongated which indicates the T cells are activated and in a killing

state (Figure 6C). The results from the cytotoxicity assay suggests

CAR-T cells generated using the optimised process retain the

functional capacity to kill target cells in vitro.

Functional T cells produce cytokines, such as IFN-g and TNF-a,
to initiate and amplify the overall immune response to a target cell

(34). Both of the CAR+ conditions produced significantly more

(p>0.05) IFN-g and TNF-a compared to the non-transduced

controls at the end of the 2-day co-culture (Figure 6D, E).

Interestingly, the pre-optimised process condition produced

similar levels of IFN-g (p>0.05) but significantly less TNF-a
(p=0.04) compared to the more optimised condition (Figure 6D,

E). While this is not a large difference, the general trend is notable.
3.4 Validating the optimised conditions for
scalable CAR-T cell expansion in
automated stirred-tank bioreactors

The final phase of work aimed to compare the optimised and pre-

optimised processes by investigating the impact of the upstream

expansion process parameters when translated into the Ambr® 250

High Throughput stirred tank bioreactor (STR) process. To support a

more consistent STR culture environment, pH and DO were

successfully controlled within the desired setpoint ranges (Figure 7A, B).

In alignment with the results from the previous DOE and small-

scale studies, the optimised upstream process significantly increased

cell fold in the bioreactor (p=0.017) (Figure 7C, D). This resulted in
TABLE 3 Summary of the effects of the experimental factors on key responses.

Response Desired
Effect

↓
Activations

↓ Seed
Train (days)

↓ Seeding Density
(cells/cm2)

↓ IL-2
(IU/mL)

Growth maximize +++ + +

Exhaustion
marker expression

minimize +++ +

Glucose consumption
per cell

minimize +++ +

Lactate production
per cell

minimize +++ +

Optimised Parameters 1 3 0.25 30-100

Sub-optimised Parameters 2 7 0.75 30-100
+++ represents a strong effect, +represents a moderate effect, blank represents no effect. A desirable outcome was classified as maximising cell fold and minimising CD3+PD1+LAG3+ exhaustion
marker expression to determine the optimised and sub-optimised process parameter levels.
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a significant increase in the final cell density at the end of the

bioreactor culture using the optimised process in comparison to the

pre-optimised process, with 4.6e6 ± 1.3x106 cells/mL and 7.1e6 ±

0.4x106 cells/mL generated in the pre-optimised and optimised

process conditions respectively (Figure 7E).

Similar to the previous DOE and small-scale studies, there was

no significant difference (p>0.05) in differentiation between the pre-

optimised and optimised process in the STR. Moreover, as observed

with the previous studies, there was a lower expression of

exhaustion markers observed in the STR after the optimised
Frontiers in Immunology 10247
upstream process, with only 8 ± 3% of cells being CD3+PD1

+LAG3+. The percentage of CD3+PD1+LAG3+ cells in the

bioreactor culture that used the pre-optimised upstream process

was more variable compared to the optimised process (p=0.03) with

standard deviations of 29.6% and 0.7%, respectively. For each

individual donor, the optimised upstream process resulted in a

lower percentage of CD3+PD1+LAG3+ cells compared to the pre-

optimised upstream process in the STR. This trend aligns with the

previous results (Figure 7F), with a similar trend being observed

with the expression of CD69 at the end of culture (Figure 7G).
A B
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FIGURE 5

Effects of process parameters translated to flasks and multiple donors. Cell fold in flask culture by day (A), and on day 7 (B). T-cell differentiation (C),
exhaustion (D), and activation (E) on day 7 of flask culture. Average glucose consumption (F), lactate production (G), and change in lactate divided by
change in glucose (dLac/dGluc) (H). Day 0 represents the day flasks were seeded post seed train (ST). Points represent each donor (square = HD1,
triangle = HD2, circle = HD3). Error bars represent standard deviation. Statistical pooled t-test analyses completed where * is p<0.05, ** is p<0.01,
*** is p<0.001.
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Furthermore, the STR cultures with the pre-optimised upstream

process consumed nearly double (p=0.01) the amount of glucose per cell

compared to cultures with the optimised upstream process (Figure 7H).

The optimised upstream process also produced nearly half the amount

of lactate per cell compared to the pre-optimised cultures (p=0.015)
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(Figure 7I). Both STR cultures had a similar (p>0.05) ratio of glucose

consumed to lactate produced with about 2 molecules of lactate being

produced for every glucose molecule consumed (Figure 7J). This is

indicative of the majority of the cells using aerobic glycolysis for energy

production, in alignment with the results observed in flasks.
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FIGURE 6

CAR-T cells effectively kill target cells and secrete cytokines post-expansion. Following expansion in flasks, cells were co-cultured with target GFP-
positive NALM6 cells. Relative number of NALM6 cells during the 2-day co-culture (A). Final relative number of NALM6 cells (B) and representative
images of each culture type (20X magnification) (C) at the end of the 2-day co-culture. Cytokine levels in the medium for IFN-g (D) and TNF-a (E) at
the end of the 2-day killing assay co-culture. Each condition completed in quadruplicate (n=4). Points represent each donor (square = HD1, triangle
= HD2, circle = HD3). Error bars represent standard deviation. One-way ANOVA and Dunn’s test completed where * is p<0.05, ** is p<0.01, ***
is p<0.001.
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4 Discussion

4.1 Cell yield is impacted by critical
process parameters

This study highlights the impact of critical process parameters

on CAR-T cell yield and critical quality attributes. Cell yield is an

important response to monitor as it is essential to maximise the

number of CAR-T cells produced. In the context of an autologous

CAR-T therapy, a higher cell yield allows the manufacturing time to
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be decreased. For an allogeneic CAR-T therapy, a higher cell yield

increases the number of doses produced per batch which can help

decrease manufacturing costs. The results of this work

demonstrated that repeated activations, a longer seed train, and a

higher seeding cell density can all negatively impact cell yield.

The process involving two activation steps was shown to have the

largest detrimental impact on CAR-T growth and CQAs compared to

the other experimental factors tested. In a study completed by 23, the

negative effect on growth after re-activation in combination with a long

culture prior to re-activation was also shown. However, the effect of
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FIGURE 7

Optimised process increased cell expansion in the stirred-tank bioreactor (STR). pH (A) and dissolved oxygen (DO) (B) over time in the STR cultures.
Dashed lines represent HD1, dotted lines represent HD2, and solid lines represent HD3. Horizontal black dashed lines represent the parameter
setpoints. Cell fold by day in the STR (C). Cell fold (D), cell density (E), T-cell exhaustion (F) and activation (G) on day 7 of STR culture. Average
glucose consumption (H), lactate production (I), and change in lactate divided by change in glucose (dLac/dGluc) (J). Day 0 represents the day STRs
were seeded post seed train (ST). Points represent each donor (square = HD1, triangle = HD2, circle = HD3). Error bars represent standard deviation.
Statistical pooled t-test analyses completed where * is p<0.05, *** is p<0.001.
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each individual factor was unclear in this study (23). This DOE study

was able to show the negative effect of repeated activations on growth is

stronger than longer culture time. Whilst it is unlikely that repeated

activations will be required for autologous CAR-T production, the

extended culture time to generate higher cell yields in the context of

allogeneic CAR-T manufacture may result in companies adopting a

strategy of activating more than once. However, our findings clearly

demonstrate the detrimental impact that arises from multiple

activations and fundamentally undermines the intended goal of

generating higher cell yields. Therefore, for allogeneic applications,

attempts to increase cell yield should focus on other process

improvements instead.

Our findings also demonstrated that a longer seed train time

and higher seeding density also negatively impact cell growth but to

a lesser extent than repeated activations. The impact of a longer seed

train was greater than the seeding density, particularly when the

cells were activated twice. Conversely, 25 reported better cell yield

with a longer culture time that was greater than 3 weeks compared

to a shorter culture time, however, the growth rates over time were

not directly compared, only the final cell yield (25). If the cells are

starting to slow in terms of their growth rate, this would be sub-

optimal for in vivo administration with evidence to suggest that this

would lead to lower engraftment and CAR-T cell persistence (35).
4.2 Cell exhaustion impacted by critical
process parameters

Exhausted cells will exhibit decreased growth and function (36).

This is likely why exhausted cells have been associated with

decreased clinical efficacy for CAR-T cell therapies (33). A T cell

is usually classified as exhausted when there is sustained expression

of multiple inhibitory markers, such as PD1 and LAG3 (37). A T cell

is considered late stage exhausted when additional markers, such as

CD69 which is normally an activation marker, start to also become

constitutively expressed (36). Therefore, it is essential to prevent

this truly exhausted state during CAR-T manufacturing. The DOE

conditions that were repeatedly activated and had a long seed train

showed high expression of PD1, LAG3, and CD69 (Figure 3).

Therefore, these T cell populations were likely exhausted.

The lower secretion of TNF-a in the in vitro killing assay by the

pre-optimised process that had the longer, 7-day seed train and was

activated twice also indicates the cells were likely more exhaustion

compared with the optimised process. Exhausted T cells will

typically start to produce less cytokines. The cells will first exhibit

decreased production of TNF-a. As the cells become more

dysfunctional, they will start to produce less IFN-g and will

ultimately show lower clinical efficacy (36, 38).

The observed differences in metabolic kinetics in this work are

likely connected to the functional state of the cells. Typically, higher

glucose consumption is associated with increased cell growth (15). This

is because T cell activation as well as exposure to IL-2 will push the cells

towards effector functions. The activated cells will then utilise glycolysis

and other downstreammetabolic pathways to support cell proliferation

(39, 40). However, even though the conditions which included two

activations had a higher glucose consumption rate, they did not have a
Frontiers in Immunology 13250
higher growth rate. The conditions did produce close to the theoretical

2 mol lactate per 1 mol of glucose that is associated with glycolysis (31,

32). This indicates the activated cells are actively using glycolysis.

However, there are likely inefficiencies in the downstream pathways,

such as for nucleotide production, that are essential for the proliferation

of cells. Metabolic inefficiencies like these are associated with exhausted

T cells (34, 38). The conditions that were activated twice had high

exhaustion marker expression (Figure 3), therefore these observed

metabolic inefficiencies are likely associated with the cells

being exhausted.
4.3 Critical process parameter robustness
to donor and expansion platform

The comparisons of the optimised and pre-optimised processes

with multiple donors and in the stirred tank bioreactor highlight that

the impact of these process parameters on cell yield are independent of

donor and expansion platform. It is also important to note that even

though the optimised conditions achieved higher cell densities, the cells

remainedminimally differentiated. This indicates the potentially higher

levels of cell signalling in the medium due to denser cells did not push

the cells to differentiate. Cells in the naïve and central memory

differentiation states have been associated with greater clinical

efficacy for CAR-T cell therapies (33, 41). The high percentage of

less differentiated central memory populations in these experiments is

therefore desirable.

Low exhaustion marker expression with the optimised process

with a shorter seed train and only one activation was also shown to

be independent of donor and expansion platform. This is

particularly notable since the bioreactor culture concomitantly

achieves higher cell densities. Exhaustion marker expression in

normal circumstances serves as a negative feedback loop for cell

growth to prevent over activation and growth (36, 42). Therefore, it

would be expected that the higher cell densities in the bioreactor

would increase the expression of these exhaustion markers. This

lower exhaustion marker expression in the bioreactor could be due

to the agitated culture, which would maintain the effective cell

density lower compared to the flask culture. This suspension could,

therefore, be diluting the cell signalling that could push the cells

towards an exhausted state.

These results also highlight how the impact of donor variation

can be dependent on process parameters and expansion platform.

Donor variation is known to be a significant challenge for CAR-T

cell therapies (29, 43). However, these findings show that despite the

inherent donor variability that will be experienced, in particular for

autologous production, process optimisation can still be achieved

with the findings translating across multiple donors.
5 Conclusions

This study demonstrates a systematic approach and methodology

using DOE for CAR-T cell culture CPP optimisation. It is critical to

optimise and understand the impacts of each CPP as these can

significantly alter CAR-T cell product CQAs. The initial DOE
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experiment highlighted process parameters can have combined effects

on cell characteristics. Shorter seed train times and a single resulted in

improved growth, viability, exhaustion marker expression and

metabolism. It was notable that repeated activations dominated the

effect on cell responses. Conditions identified in the DOE that resulted

in the highest cell yield and quality versus the lowest cell yield and

quality were subsequently investigated withmultiple donors in different

expansion platforms. The optimised range of CPPs improved cell

growth and exhaustion marker expression whilst maintaining killing

function in all donors tested, and when scaled-up to the stirred tank

bioreactor expansion system.

Overall, this study showed it is critical to understand the

manufacturing design space and select a robust process for the

production of CAR-T cell therapies. These results indicate

understanding and controlling more of the process can improve

CQAs that are linked to clinical efficacy. This work also showed the

feasibility of initially optimising upstream process parameters at

small scale to reduce costs prior to scaling up into stirred-tank

bioreactors. Implementing more control into the manufacturing

process could, therefore, help improve the reproducibility of

these products.
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SUPPLEMENTARY FIGURE 2

Model for population doublings (PD) on day 7 of G-Rex® culture. Overview of
model terms and p-values (a). Observed vs predicted values for PD on day 7 in

the G-Rex® (b).
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SUPPLEMENTARY FIGURE 3

Model for CD3+PD1+LAG3+ exhaustion marker expression of T-cells on day
7 of G-Rex® culture. Overview of model terms and p-values (a). Observed vs

predicted values for exhaustion marker expression on day 7 in the G-Rex®.
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SUPPLEMENTARY FIGURE 4

Model for CD3+CD69+ activationmarker expression of T-cells on day 7 of G-
Rex® culture. Overview of model terms and p-values (a). Observed vs

predicted values for act marker expression on day 7 in the G-Rex®.
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characterization of clinical grade
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the treatment of patients with
stage III/IV melanoma
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Immunology (IZI), Leipzig, Germany, 9Institute of Clinical Immunology, University of Leipzig,
Leipzig, Germany
Introduction: Point-of-care (POC) manufacturing of chimeric antigen receptor

(CAR) modified T cell has expanded rapidly over the last decade. In addition to the

use of CD19 CAR T cells for hematological diseases, there is a growing interest in

targeting a variety of tumor-associated epitopes.

Methods:Here, we report the manufacturing and characterization of autologous

anti-CD20 CAR T cells from melanoma patients within phase I clinical trial

(NCT03893019). Using a second-generation lentiviral vector for the production

of the CD20 CAR T cells on the CliniMACS Prodigy
®
.

Results: We demonstrated consistency in cell composition and functionality of

the products manufactured at two different production sites. The T cell purity

was >98.5%, a CD4/CD8 ratio between 2.5 and 5.5 and transduction rate

between 34% and 61% on day 12 (harvest). Median expansion rate was 53-fold

(range, 42–65-fold) with 1.7-3.8×109 CAR T cells at harvest, a sufficient number

for the planned dose escalation steps (1×105/kg, 1×106/kg, 1×107/kg BW).

Complementary research of some of the products pointed out that the CAR+

cells expressed mainly central memory T-cell phenotype. All tested CAR T cell

products were capable to translate into T cell activation upon engagement of

CAR target cells, indicated by the increase in pro-inflammatory cytokine release

and by the increase in CAR T cell amplification. Notably, there were some

interindividual, cell-intrinsic differences at the level of cytokine release and
frontiersin.org01253
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amplification. CAR-mediated T cell activation depended on the level of CAR

cognate antigen.

Discussion: In conclusion, the CliniMACS Prodigy
®
platform is well suited for

decentralized POC manufacturing of anti-CD20 CAR T cells and may be likewise

applicable for the rapid and automated manufacturing of CAR T cells directed

against other targets.

Clinical trial registration: https://clinicaltrials.gov/study/NCT03893019?cond=

Melanoma&term=NCT03893019&rank=1, identifier NCT03893019.
KEYWORDS

clinical CD20 CAR T cell trial, automated manufacturing of engineered T cell products,
ex vivo expansion, cell composition of CAR T cell products, CD20 CAR investigational
medicinal product
Introduction

The incidence of melanoma is increasing worldwide, and despite

early detection and intervention, the number of patients dying from

metastatic disease continues to rise. However, during the last decade,

the use of immune checkpoint blocking antibodies and targeted drugs

like BRAF inhibitors in patients with stage III/IV melanoma

improved progression-free survival and overall survival compared

to previous chemotherapy (1–8). In addition, there is a rationale for

targeting CD20, as melanoma lesions harbor CD20+ melanoma cells

with stem-like properties. Schlaak et al. demonstrated that lesional

injections of anti-CD20 monoclonal antibody Rituximab induced

metastatic melanoma regression in a patient (9). To achieve a long-

term effect, chimeric antigen receptor (CAR) T cells redirected

against CD20 may be a good option to obtain long-term cancer

control like targeting CD19 in hematological diseases (10–15).

Previously, it was demonstrated (16) in a transplant mouse

model that selective elimination of melanoma cell population by

CAR T cells is particularly effective in eradicating established

melanoma lesions irrespective of the tumor size. CAR T cells

engineered to recognize HMW-MAA (MCSP), which is broadly

expressed by the majority of cancer cells in melanoma, reduced

tumors in xenograft models. Of note, T cells engineered with a

CD20-specific CAR likewise eradicated melanoma, although <2% of

melanoma cells expressed CD20, along with HMW-MAA. Since

targeting of any random 10% tumor cell subset was not effective,

there is a strong rationale that maintenance and/or progression of

melanoma depends on the minor CD20+ subset of melanoma cells.

The concept is in line with the identification of CD20+ melanoma

stem cells (17) and the “stem cell paradigm” for tumor progression

(18–20). On that basis, a phase I clinical trial was designed to

evaluate the efficacy of anti-CD20 CAR T cells in the treatment of

metastatic melanoma (NCT03893019).
02254
The canonical CAR currently used in clinical applications is a

“second generation” CAR composed of an extracellular binding

domain for cognate antigen, mostly a single chain fragment of

variable region (scFv) antibody, followed by a spacer domain,

frequently derived from the IgG1 constant domain, and the

transmembrane and intracellular costimulatory domain linked to

the intracellular CD3z signaling moiety. The costimulatory domain

is derived from CD28 or 4-1BB, both required to enhance and

prolong CD3z mediated T-cell activation, however, displaying

different activation properties (21). CD28 costimulatory CARs

provide rapid T-cell activation with accelerated entry into a

dysfunctional state (“exhaustion”), while 4-1BB co-stimulation

triggers a moderate but protracted T-cell activation.

Second-generation CAR directed against CD20 with 4-1BB

costimulatory domain was chosen as investigational medicinal

product (IMP) for the clinical trial. The previously reported

protocols for establishing and validation of the manufacturing

using healthy donor apheresis as a starting material (22, 23) have

been applied for the clinical-scale automated production of the

IMP. Here, we report the results of the manufacturing and

characterization of the autologous anti-CD20 CAR T cells and

demonstrate consistency in composition and functionality of the

products manufactured at two different manufacturing sites.
Materials and methods

Patients and manufacturing sites

A total of 15 female and male patients over 18 years with

unresectable stage III or IV melanoma and progressive disease were

to be enrolled in a phase I multi-centric, single-arm, prospective,

open, dose-escalation trial (NCT03893019) for the treatment with
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the IMP “MB-CART20.1”, i.e., anti-CD20 CAR T-cell product.

Finally, nine patients (seven male and two female) were assigned to

two different dosage levels of the IMP. The current diagnosis at

screening of all patients was AJCC V8 disease stage IV. All patients

had received a previous immunotherapy, two patients had a

previous chemotherapy, four patients had received targeted

therapy drugs, and four patients had a previous radiation therapy.

All patients had findings in medical history, the most frequently

reported diseases were endocrine and gastrointestinal disorders.

Blood samples for routine laboratory parameters and for persistence

and cytokine analysis were collected regularly during the course of

the trial.

Patients were pre-treated with 60 mg/kg body weight

cyclophosphamide (day −7 and day −6) and 25 mg/m2 body

surface area fludarabine (day −5 to day −1) before intravenous

infusion of MB-CART20.1 on day 0, which corresponds day 13 of

the manufacturing of the IMP.

The IMPs were produced at two manufacturing sites. Five of the

nine products were manufactured at the Institute of Cellular

Therapeutics (ICT, department Cellular Therapy Centre),

Hannover Medical School, Hanover, Germany and the other four

at Miltenyi Biotec (MB), Bergisch-Gladbach, Germany.
CAR construct

The lentiviral expression cassettes encoding for the CD20-specific

CAR used in this study were obtained by engineering the Leu16 scFv

(24) with specificity to CD20 onto a prototype second-generation

CAR backbone scFv-CD8a-4-1BB-CD3z previously described by

Lock et al. (25). The construct design was based on a retroviral

anti-CD20 CAR vector originally described by Schmidt et al. (16).

The transducing vector encoding the anti-CD20 CAR was engineered

and produced by Lentigen Technology, Inc. (Gaithersburg, MD,

USA) and provided by Miltenyi Biotec under the product name

“Lentiviral Vector (anti-) CD20 CAR 10 mL per bag”.
Selection, stimulation, transduction, and
expansion via CliniMACS Prodigy®

CliniMACS Prodigy® (Miltenyi Biotec) was selected for the

production of anti-CAR-T cells as a scalable, robust platform

designed to enable automated and decentralized manufacturing of

various cell types in a closed system (26, 27).

The manufacturing followed the validated manufacturing

protocol previously reported by (23). One deviation was that the

starting materials, i.e., peripheral blood cells, were collected by

leukapheresis from study patients instead of healthy donors on day

−1 of the production process. All further steps of the manufacturing

were carried out using the automated CliniMACS Prodigy®
platform and tubing set 520 (both Miltenyi Biotec) under GMP

conditions in a class A/B clean room at ICT and class C clean room

at MB, respectively. CD4+ and CD8+ T cells were magnetically

enriched from the leukapheresis using the GMP-grade

CliniMACS® CD4+ and CD8+ Microbeads (Miltenyi Biotec).
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Enriched T cells (1×108) were activated and expanded by

incubation with stimulating CD3/CD28 antibodies (“MACS®

GMP T cell TransAct”, Miltenyi Biotec) in TexMACS™ GMP

Medium supplemented with MACS® GMP Recombinant Human

IL-7 and MACS® GMP Recombinant Human IL-15 (all Miltenyi

Biotec). The transducing lentiviral vector encoding the anti-CD20

CAR was added to the cell culture within 16–24 h after T-cell

activation. The culture medium was supplemented with 3% (v/v)

AB serum [“Pool-Humanserum/AB PHS/Tu”, Centre for Clinical

Transfusion Medicine Tubingen (ZKT Tübingen gGmbH),

Tubingen, Germany] for the first 5 days; the cells were further

incubated in serum-free medium for the remaining 7 days. The IMP

was formulated accordingly to the respective dosage in electrolyte

storage solution [“Composol® PS”, Fresenius Kabi Deutschland

GmbH, Bad Homburg, Germany supplemented with 2.5% (w/v)

Human Albumin (w/v), Octapharma GmbH, Springe, Germany or

“CliniMACS® Formulation Solution”, Miltenyi Biotec].
In-process and Quality control

The in-process controls (IPCs) at day 0 (start of manufacturing

process) provided the basis for the manufacturing settings. The next

IPC on day 5 served as status check of production success

immediately before the patient’s lymphodepletion at day 6 (which

corresponds day −7 before intravenous infusion of the IMP).

Samples for microbiological control (mycoplasmas, bacteria, and

fungi) were drawn on day 10 to be able to obtain preliminary results

at the time of the IMP release on day 12. The final QC was

performed on the harvested product on day 12 followed by

dosage confirmation after the final formulation of the IMP. The

IPC/QC test points, methods, and acceptance criteria are listed in

Table 1. All applied methods were validated matrix specifically in

accordance with the relevant Ph. Eur. general methods of analysis

or/and under consideration of the scientific guideline ICH Q2(R2)

Validation of analytical procedures.

Flow cytometric analyses
Flow cytometric analyses of the cell composition, identity,

purity, and transduction frequency and dosage determination

were performed as previously described in detail (23) on day 0,

day 5, and on harvest at day 12 using the flow cytometer

MACSQuant Analyzer 10 (Milteny Biotec). Briefly, absolute cell

counts were determined volumetrically, calculated automatically,

and read out as counts/mL. Viability of the cells was determined by

use of 7-amino actinomycin D (7-AAD) to stain non-viable cells.

Lyse/no-wash method was applied for the cell staining with

monoclonal antibodies against CD3, CD4, CD8, CD14, CD16,

CD20, CD45, and CD56, and with the specific CD20-CAR

detection reagent, all provided by Miltenyi Biotec. Leukocytes

were defined as CD45+ cells. All other leukocytes subpopulations

were defined among the viable CD45+ cells (CD45+ / 7−AAD−) as

follows: CD3+ cells (CD45+ / 7−AAD− / CD3+), NKT (CD45+ / 7

−AAD− / CD3+ / CD16+ or CD56+), CD4+ cells (CD45+ / 7−AAD

− / CD3+ / CD4+), CD8+ cells (CD45+ / 7−AAD− / CD3+ / CD8

+), monocytes (CD45+ / 7−AAD− / CD14+), B cells (CD45+ / 7
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−AAD− / CD20+), and NK cells (CD45+ / 7−AAD− / CD16+ or

CD56+). The identity of the CD20 CAR transduced cells was

confirmed by the binding to the CD20 CAR-specific detection

reagent, and the transduction frequency was measured as

percentage of the CD20 CAR+ cell among CD3+ cells (CD45+ /

7−AAD− / CD3+ / CAR+). The proportion of CAR+ / CD4+ cells

and CAR+ / CD8+ cells and the CAR+ / CD4+ / CD8+ (double

positive) and the CAR+ / CD4− / CD8− (double negative) cells was

additionally reported for information only.

Anti-CD62L and anti-CD45RO antibodies (Miltenyi Biotec) were

used in a lyse/wash staining protocol for extended phenotyping analysis

(complementary research). In addition to the described back-bone

gating strategy for the determination of CD8+ and CD4+ cells further,

T-cell populations were defined as follows: naive (N) T cells defined as

CD62L+ / CD45RO−, central memory (CM) T cells defined as

CD62L+ / CD45RO+, effector (E) T cells defined as CD62L− /

CD45RO−, and effector memory (EM) defined as CD62L− /

CD45RO+. These analyses were performed as complementary

research only where the patient’s consent for this purpose was given.

Isolation of genomic DNA and determination of
the vector copy numbers by qPCR

Genomic DNA was isolated from 1×106 CD3+ cells using the

DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany). Reagents

and materials were used as specified in the Qiagen RNeasy Blood &
Frontiers in Immunology 04256
Tissue Kit manual. All DNA isolation steps were performed in a

GMP-compliant environment. The isolated DNA was stored at

−80°C (if necessary transported on dry ice) until further processing

at Miltenyi Biotec. Determination of vector copy numbers (VCN) in

CD20 CAR-transduced T cells was based on a duplex qPCR

established at Miltenyi Biotec that quantified an integrated viral

vector sequence fragment (gag) and normalized by the

quantification of the cellular reference and single-copy gene PTBP2.

Microbiology
Microbiological examination according to chapter 2.6.27 of the

European Pharmacopoeia (Ph. Eur. 2.6.27) was performed using the

BD BACTEC blood culture system. For this purpose, 1% (v/v) of the

IMP (but not <1 mL) was inoculated in BD BACTEC aerobic and

anaerobic culture media (BD BACTEC™ Plus Aerobic/F- and BD

BACTEC™ Plus Anaerobic/F- Medium, Becton, Dickinson and

Company, Franklin Lakes, NJ, USA) and incubated automatically

for 14 days.

Endotoxin
The presence of bacterial endotoxin was tested by a

chromogenic kinetic method (Method D Ph. Eur. 2.6.14) using

the Endosafe® nexgen-PTS™ device and FDA-licensed Endosafe®
LAL cartridges (Charles River Laboratories International, Inc.,

Wilmington, MA, USA).
TABLE 1 Time points and specifications for decisive in-process controls (IPC) and quality controls (QC).

Parameter
IPC Time Point

Acceptance Criteria
QC Time Point

Acceptance Criteria
Method

CD3+ cell viability
Day 5

determined/declared
Day 12 (at harvest)

≥80% viable cells among CD45+CD3+ cells
Flow cytometry
Ph. Eur. 2.7.24

CD3+ cell percentage
Day 5

determined/declared
Day 12 (at harvest)

≥80% CD3+ cells among viable CD45+ cells
Flow cytometry
Ph. Eur. 2.7.24

Transduction Frequency
Day 5

≥5% CAR+ cells
among viable CD3+ cells

Day 12 (at harvest)
≥10% CAR+ cells among viable CD3+ cells

Flow cytometry
Ph. Eur. 2.7.24

Identity CD3+CAR+ cells/
Potency

Day 5
CD20 CAR Detection Reagent bound to

viable CD3+ cells

Day 12 (at harvest)
CD20 CAR Detection Reagent bound to

viable CD3+ cells

Flow cytometry
Ph. Eur. 2.7.24

Dose (CD3+CAR+ cells/mL)
Day 5

determined/declared

Day 12 IMP
according to cohort dosage

deviation of 20% is acceptable

Flow cytometry
Ph. Eur. 2.7.24

Appearance /
Day 12 IMP

slightly turbid infusion dispersion, primary
package integrity

Visual inspection

Endotoxin
Day 5

determined/declared
Day 12 IMP
<5 EU/mL

LAL Method D
Ph. Eur. 2.6.14

Microbiological Examination
Day 10

negative-to-date

day 12 IMP
negative

(result obtained post-release)
Ph. Eur. 2.6.27

Mycoplasma
Day 10

negative-to-date

Day 12 IMP
negative

(result obtained post-release)
Ph. Eur. 2.6.7

Vector Copy Number /
Day 12 (at harvest)

<5 copies per transduced cell
(result obtained post-release)

Real-time qPCR
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Mycoplasma
Nucleic acid amplification technique (NAT) was used as rapid

test for mycoplasmas according to Ph. Eur. 2.6.7. Samples were

drawn from the cell suspension, diluted to the maximal valid cell

concentration, and sent on dry ice to the test laboratory (Minerva

Analytix GmbH, Rangsdorf, Germany). The tests were completed

within 24 h after sampling.
In vitro functional testing

Cells and reagents for functional testing
Aliquots of IMP were cryopreserved with 10% dimethylsulfoxid

and used later for extended characterization and functional testing,

where patient’s consent for complementary research was given.

Peripheral blood mononuclear cells (PBMCs) were purified from

blood from healthy donors upon informed consent and approval

by the institutional review board (21-2224-101 Regensburg) using

density centrifugation on Pancoll human (PAN-Biotech,

Aidenbach, Germany). JeKo-1 cells were purchased from ATCC

(Manassas, VA, USA). Nalm6-GFP/Luc cells were obtained from T.

Fry (National Cancer Institute, Bethesda, MD, USA). All cells were

cultured in RPMI 1640 medium supplemented with GlutaMAX™

(Gibco/ThermoFisher, Waltham, MA, USA), 100 U/mL penicillin,

0.1 mg/mL streptomycin (PAN-Biotech), 0.01 M HEPES (Sigma-

Aldrich, St. Louis, MO, USA), and 10% (v/v) FBS Good (PAN-

Biotech), referred to as T-cell medium.

Activation of CAR T cells
CAR T cells (3×104 T cells/well) were incubated in 96-well

microwell plates coated with the agonistic anti-CD3 mAb OKT3

(1 mg/mL, BioLegend, San Diego, CA, USA) and anti-CD28 mAb

CD28.2 (5 mg/mL, BioLegend) or PBS for control. After 48 h,

supernatants were tested for IFN-g by ELISA using solid phase

bound anti-IFN-g capture and biotinylated anti-IFN-g detection

antibody (BD Bioscience, Franklin Lakes, NJ, USA). The reaction

product was visualized with a peroxidase–streptavidin conjugate

(1:10,000) and ABTS (Roche Diagnostics, Mannheim, Germany).

Alternatively, CAR T cells (1×105 total T cells/well) were co-

cultivated for 72 h in 96-well microwell plates with tumor cells

(1×105 cells/well), with the agonistic anti-CD3 mAb OKT3 (1 mg/
mL, BioLegend) and anti-CD28 mAb CD28.2 (5 mg/mL,

BioLegend) or PBS for control. After 72 h, supernatants were

harvested and stored at −20°C. After thawing, supernatants were

diluted 1:2 with Calibrator Diluent RD6-52, and a 11-plex human

Th1/Th2 cytokine panel was used for determination of

granulocyte-macrophage colony-stimulating factor (GM-CSF),

interleukin (IL)-1 b/IL-1F2, IL-4, IL-6, IL-13, TNF-a, IFN-g, IL-
2, IL-5, IL-12 p70, and IL-18/IL-1F4 on the Luminex® platform.

The Luminex® Discovery Assay (R&D Systems, Minneapolis,

MN, USA) was performed according to the manufacturer’s

manual utilizing the Bio-Plex MAGPIX Multiplex Reader and

the software xPONENT for MAGPIX 4.2 (Luminex Corporation,

Austin, TX, USA).
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Degranulation assay
GFP-labeled Nalm6 and JeKo-1 cells were seeded in 12-well

plates at 1×105 cells per well, and 1×105 CAR T cells were added per

well (see round 1, “stress test”). CAR T cells were stained for

CD107a expression after round 1 of antigen stimulation. For flow

analysis, a respective gate was set, and the mean fluorescence (MFI)

of CD107a staining after co-incubation with Nalm6 was compared

to the MFI of CD107a expression after co-incubation with JeKo-

1 cells.

Repetitive stimulation assay (“stress test”)
GFP-labeled Nalm6 and JeKo-1 cells were seeded in 12-well

plates at 1×105 cells per well, and 1×105 CAR T cells were added per

well. After 3 days (round 1, R1), all cells were harvested and

resuspended in 1 mL T-cell medium. Finally, 0.1 mL was used for

cell counting (live GFP+ cancer cells and live CD3+/CAR+ CAR T

cells) by flow cytometry using “AccuCheck Counting Beads”

(Thermo Fisher Scientific, Waltham, MA, USA), and the

remaining 0.9 mL was added to a new 12-well plate with fresh

1×105 CD20low Nalm6 and CD20high JeKo-1 cells for 4 days (round

2, R2). The procedure was re-iterated for round 3 (R3) and round

4 (R4).

Flow cytometry
The viability dye “eFluor 780” (Thermo Fisher Scientific) was

used to exclude dead cells from analysis. CARs were detected using

the PE-labeled “CD20 detection reagent” (Miltenyi Biotec). The

following antibodies were purchased from BioLegend: BV421-

labeled anti-CD3 antibody to identify T cells, PE-labeled CD20

antibody, PE-labeled mouse IgG2b, Igk isotype control antibody,

and APC-labeled CD107a antibody. Flow cytometry was performed

using a FACSLyric™ flow cytometer equipped with FACSuite™

v1.5 software or a FACSymphony™ flow cytometer equipped with

FACSDiva™ v9.0 software (BD Bioscience).
Statistical analyses

Descriptive statistics and statistical significance (by two-tailed

paired or unpaired t test, alpha=0.05) were calculated using

GraphPad Prism 9.5.1.733 or 10.1.0 (GraphPad Software LLC,

Boston, MA USA).
Results

Automated production of CAR+ T cells
using CliniMACS Prodigy®

All patients’ apheresis products delivered sufficient CD3+ cell

counts for the manufacturing process. CD4+ and CD8+ cells were

successfully enriched to a purity of the target fraction ≥83%. The

median recovery of the sum of CD4+ and CD8+ cells was 82% (max/

min, 70%–37%). The transduction and cell cultivation started with
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approximately 1×108 CD3+ cells, independent of the final dose

required. The median expansion of CD3+ cells was 53-fold (max/

min, 65–42-fold). The median transduction rate was at day 12 was

52% CAR+ cells among CD3+ cells (max/min, 61%–34%), which

allowed harvesting of median 2.6×109 CAR+ T cells (max/min, 3.8–

1.7×109). There was no significant difference between the expansion

rate of the general CD3+ cell population and the CAR+ T cells

quantified at day 5 and day 12 of the production process (Figure 1).

All harvested products fulfilled the requirements even for the largest

clinical dose (1×107/kg patient’s body weight) as planed in the study

protocol. The viability of CD3+ cells in one of the IMPs after

formulation was less than the limit of 80% (79.9%), which resulted

in an out of specification event (OOS). Another product resulted also

in OOS concerning appearance. Small aggregates were visible after

formulation of the cell suspension. These products were not released

but applied outside the clinical trial with the patients’ consent and

according to a benefit risk assessment by the investigator.
Cell composition

Starting with approximately 50% CD3+ cells in the apheresis

(median/max/min, 48.9%/64.9%/17.1%), the proportion of CD3+

cells was considerable greater after CD4/CD8 combined selection

(med/max/min, 95.5%/97.0%/89.3%). The percentage of CD3+ cells

at the end of the cell culturing was in the median of 99.5% (max/
Frontiers in Immunology 06258
min, 99.7%/98.5%). A median of 74.2% (max/min, 81.7/53.7) of the

CD45+ cells in the final product was CD4+. The proportion of CD3

+CD8+ cell comprised in median 22.5% (max/min, 36.9%/15.0%)

of the CD45+ cells. While very low amounts of B cells (med/max/

min, 0.2%/0.5%/0.03%), monocytes (med/max/min, 1.9%/6.0%/

0.2%), and NK (med/max/min, 1.5%/4.1%/0.9%) cells were still

contaminating the target cell fraction after CD4+/CD8+ selection,

no monocytes were detected at the end of culturing (in the IMP).

Negligible amounts of B cells (0.01% at detection limit) were

measured in one IMP. The proportion of NK cells was reduced to

a median of 0.06% (max/min, 0.95%/0.01%) in the IMP

(Table 2, Figure 2).

The transduced CD4+ and CD8+ cells showed a similar

expansion pattern (cell count measured at day 5 and day 12). The

ratio CD4+/CD8+ in the IMP was not significantly different from

the initial CD4+/CD8+ ratio in the corresponding apheresis.

Interestingly, the percentage of CD4+ cells among the CAR+ T-

cell population (med/max/min, 83.1%/89.4%/64.9%) was higher

than in the general CD45+ cell population. Respectively, the

percentage of CD8+ cells was lower among the CAR+ T-cell

population (med/max/min, 15.9%/30.2%/9.4%) than within the

general CD45+ cell population. This shift is be represented by the

ratio CD4+/CD8+, which differs significantly (p=0.0012) among

CD45+ cells (med/max/min, 3.3/5.5/1.5-fold) in comparison with

the ratio among CAR+ T cells (med/max/min, 5.2/9.5/2.2-

fold) (Figure 3).
B

C

A

FIGURE 1

Total cell count expansion during the cell culturing (P1–P9 = patient numbers). (A) CD3+ cell expansion with cell counts measured at day 0 (at start
culturing), day 5, and day 12 (harvest). (B) CAR+ T-cell expansion with cell counts measured at day 5 (4 days after transduction) and day 12 (harvest).
(C) Pairwise comparison of expansion rates of CD3+ and CAR+ T cells (each connecting line corresponds to an individual production process);
“ns”, not significant difference between the groups.
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Advanced flow cytometry for T-cell subpopulations was

performed as complementary research only in case of given

patient’s consent for this type of analysis. The tested samples

pointed out mostly a central memory phenotype of the produced

CAR T cells as defined by CD62L and CD45RO expression

(exemplary shown on Supplementary Figure S1B). Less than 10%

of the CAR+ cells at harvest were defined as effector memory T cells.

The proportions of naive and effector CAR+ T cells were <1% at

harvest. For comparison, at start of the cell cultivation (after CD4+/

CD8+ T cell selection), all T-cell subpopulations are presented as

shown exemplary on Supplementary Figure S1A.
VCN, microbiological examination,
endotoxin, and mycoplasma

A median of 1.47 (n=8; max/min, 2.1/1.1) vector copy numbers

per transduced cell was determined in the IMP. Therewith, the

specification for VCN being <5 copies per transduced cell was met

for all manufactured IMPs. Similarly, all manufactured batches

complied with the product specifications (IPC and QC) for

microbiological examination, endotoxin, and mycoplasma (Table 1).
Manufacturing at two production sites

IMPs were produced at two manufacturing sites, at the Institute

of Cellular Therapeutics (ICT, department Cellular Therapy

Centre), Hannover Medical School (n=5) and at Miltenyi Biotec

(MB) (n=4). There were no significant differences in the obtained

cell products between the production sites. The median expansion

rate of CD3+ cells throughout 12 days cell culturing was at ICT of

60-fold (max/min, 65–42-fold) versus median of 51-fold (max/min,
Frontiers in Immunology 07259
63/50-fold) at MB. The median transduction rate at ICT was 52%

(max/min, 58%/36%) versus median of 45% (max/min, 61%/34%)

at MB. This led to a total CAR+ T-cell count of median of 2.6×109 at

ICT (max/min, 3.8/2.1×109) versus median of 2.6×109 (max/min,

3.2/1.7×109) at MB. Also similar was the ratio of CD4+/CD8+ cells

in the IMP: median of 3.3-fold (max/min, 5.5/2.5-fold) at ICT

versus median of 3.0 (max/min, 4.7/1.5-fold) at MB (Figure 4).
Functional capacities of manufactured CAR
T-cell products

Cryopreserved portions of two cell products from each

manufacturing site were chosen for functional testing in detail as

complementary research. As shown in Figure 5A, all cell products

were functionally activated by stimulation through the TCR/CD28

as indicated by an increase in IFN-g release; only background IFN-g
release was recorded without stimulation. As expected, there were

differences in the degree of activation upon TCR/CD28 stimulation

between the patients.

To monitor the functional capacities upon CAR engagement of

target cells, CD20 CAR T cells were incubated with CD20high JeKo-

1 and CD20low Nalm6 cells, respectively. CAR engagement of JeKo-

1 cells induced substantial cytokine release by all CAR T-cell

products, while engagement of CD20low Nalm6 cells induced low

amounts of cytokines, however, above background levels

(Figure 5B). Again, all cell products were functionally activated by

stimulation through the TCR/CD28 as indicated by pro-

inflammatory cytokine release. Of note, stimulation through high

levels of CD20 on target cells more potently induced

cytokine release.

CAR T cells started to proliferate upon recognition of CD20+

target cells as recorded by flow cytometry after 3 days of stimulation
TABLE 2 Cell composition IMP.

P1 P2 P3 P4 P5 P6 P7 P8 P9 median

%
 o
f C

D
45
þ

CD3+ 99.6 99.5 98.5 99.7 99.5 99.5 99.5 99.5 99.5 99.5

NKT 1.6 2.1 3.8 3.9 2.6 6.2 6.0 6.6 4.5 3.9

CD4+ 74.2 81.7 68.4 68.0 75.4 62.2 53.7 75.8 75.2 74.2

CD8+ 22.5 14.9 24.9 27.2 20.8 29.5 36.9 16.1 19.0 22.5

Monocytes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

B cells 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CD56+ CD16
+ cells

0.1 0.1 1.0 0.0 0.1 0.2 0.2 0.1 0.1 0.1

CAR+ cells (%
of CD3+)

43.3 36.4 51.9 58.1 53.9 34.4 38.3 61.2 51.5 51.5

%
 o
f C

A
R
þ

CAR+CD4+ 86.5 89.4 86.0 79.4 82.2 75.7 64.9 83.2 83.1 83.1

CAR+CD8+ 11.7 9.4 12.4 19.5 16.6 22.0 30.2 12.2 15.9 15.9

CAR+CD4+
CD8+

1.7 1.1 1.5 1.1 1.2 2.2 4.6 4.5 1.0 1.5

CAR+ CD4-
CD8-

0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1
fro
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(Figure 5C). Higher CAR T-cell amplification was recorded upon

engagement of CD20high JeKo-1 cells compared to engagement of

CD20low Nalm6 cells throughout all cell products. Again, the degree

in CAR T-cell amplification was different between the individual

patients. Non-modified T cells of a healthy donor showed no

proliferative capacity. In line with these findings, Nalm6 and

JeKo-1 cells proliferated when co-incubated with non-modified T

cells, whereas there was no amplification of cancer cells in coculture

with CAR T cells.

Co-incubation with CD20+ target cells induced a cytolytic CAR

T-cell response indicated by the induction of CD107a upon lytic

degranulation. CD20high JeKo-1 cells induced higher lytic

degranulation of CAR T cells compared to CD20low Nalm6 cells

(Figure 6A), which is in accordance with the higher degree in

cytokine activation upon JeKo-1 compared to Nalm6 cell co-

incubation (cf. Figure 5B).
Frontiers in Immunology 08260
To read the CAR T-cell cytolytic capacities under conditions of

repetitive rounds of antigen stimulation (“stress test”), CD20 CAR

T cells starting with 105 cells were co-incubated with the same

number of GFP-marked JeKo-1 or Nalm6 cells, respectively, and

both CAR T cells and cancer cells were counted by flow cytometry

after a stimulation period of 3 days. A defined number of fresh

JeKo-1 and Nalm6 cells, respectively, were added to the cells after

this first round and co-incubated for a second period. The

procedure was re-iterated for rounds 3 and 4. As summarized in

Figure 6B, CD20high JeKo-1 cells were nearly completely eliminated

in the first and all following rounds of re-stimulation. CD20low

Nalm6 cells were initially also eliminated, however, increasingly

persisted in rounds 3 and round 4, indicating a declining efficacy of

the lytic CAR T-cell attack towards CD20low cells, whereas the CAR

T cells were still efficient in eliminating CD20high cells. This is

substantiated by declining CAR T-cell numbers in rounds 3 and 4,
B

A

FIGURE 2

Cell composition on different points of the production process. (A) Descriptive column chart (median with range) of cell composition before and
after CD4/CD8 T-cell selection and at the end of cell culturing at day 12 (IMP). (B) Descriptive standard box plot diagram of proportions of CD4+
and CD8+ cells at start (apheresis) and in the end of the production process (day 12). The whiskers indicate the smallest and largest value.
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whereas in round 1, the CAR T cells vigorously amplified. The same

observations were made basically for all four CAR T-cell products

tested. Taken together, all cell products were capable to recognize

CD20+ target cells, to become activated as indicated by CAR T-cell

expansion and increase in IFN-g release and to eliminate CD20+

cancer cells under conditions of repetitive target cell encounter.
Discussion

Decentralized point-of-care (POC) manufacturing of CAR T

cells using the automated CliniMACS Prodigy® platform is

increasingly applied worldwide (28). The decentralization of

manufacturing offers reduced production time due to lack of

complex transport logistic and the possibility of delivery of CAR

T-cell products without cryopreservation, which is of particular

relevance for at least early phase I/II clinical trials. In addition, the

automated CAR T-cell process gives rise for a cost-balanced scalable

use all around the world as shown by Palani et al. in India (29).

One of the prerequisites for decentralized POC is the

automatization of the production process allowing standardization

of the manufacturing with similar results at different production sites.
Frontiers in Immunology 09261
As a recent example of one of the largest trials, Maschan et al.

reported on CAR T cells redirected against CD19 for ALL (n=31) and

NHL (n=23) patients, whereby the manufacturing was performed on

two different sites (30). The overall purity of the final product reached

>90% CD3+ T cells with similar cell composition and transduction

efficiency at both manufacturing sites (60% and 48%, respectively).

Similarly, we report here data (however on CD20 CAR T cells) from

two production sites, with no significant differences regarding the cell

expansion rate (median 60- versus 51-fold), the amount of produced

CAR T cells, CD4+/CD8+ ratio, and even closer transduction

efficiency being in median of 52% and 45%, respectively. The better

comparability between both production sites in our study may be due

to the greater consistency of the starting material, i.e., the

leukapheresis from patients with the same diagnosis.

To date, the CliniMACS Prodigy® has been mostly used for the

manufacturing of anti-CD19 CAR T cells. In contrast to that,

limited results have been published so far about manufacturing of

CAR T cells redirected against other cancer epitopes. Due to the

clinical need to achieve a long-term effect against CD20+ melanoma

stem cells, which could not been reached with Rituximab alone, we

established a manufacturing process for anti-CD20 CAR T cells on

the CliniMACS Prodigy®. As we showed previously by validation
B

C

A

FIGURE 3

CD4+ and CD8+ T-cell expansion and ratio (each connecting line corresponds to an individual production process); “ns”, not significant difference
between the groups. (A) Pairwise comparison of CD4+ and CD8+ T-cell expansion during cell culturing. (B) Pairwise comparison of CD4+/CD8+
cell ratio among CD45+ cells at the start (apheresis) and at the end (day12) of the manufacturing process. (C) Pairwise comparison of CD4+/CD8+
cell ratio among CD45+ cells vs. CD4+/CD8+ cell ratio among CAR+ T cells on day 12. ** statistically significant difference.
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runs, CD4+/CD8+ enrichment followed by transduction with a

second generation CAR equipped with 4-1BB-CD3z signaling

chains led to a robust cell product (23). Starting with

leukapheresis material from healthy donors during the validation,

we reached a median purity of 97% T cells with a median of 65-fold

cell expansion and overall 23% transduction efficiency, which was

significantly higher for CD4+ compared to CD8+ cells. The

validated production protocol was the basis for starting the

clinical trial in stage III/IV melanoma patients (NCT03893019)

using parallel production of CD20+ CAR T cells at two different
Frontiers in Immunology 10262
manufacturing sites. A high expansion rate of 53-fold (median from

nine production runs) was reached also with autologous cells from

the stage III/IV melanoma patients, which confirmed the suitability

of the manufacturing process for clinical application.

Interestingly, the transduction frequency (median, 52%) was

higher compared to the five validation runs starting with

leukapheresis products taken from healthy donors (23%). The

higher transduction efficiency compensated the a bit lower

general T-cell expansion, which resulted in comparable CAR T-

cell yield at harvest (median of 1.5×109 in the validation runs vs.
B

C D

A

FIGURE 4

Comparison of two production sites (individual values with median, range); ns, statistically not significant. (A) Cell expansion after 12 days of
culturing. (B) Obtained total count of CAR+ T cells at the end of the manufacturing process. (C) Proportion of CAR+ T cells in the final CAR T-cell
product (transduction rate). (D) CD4+/CD8+ ratio in the final CAR T cell product.
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median of 2.6×109 CAR T cells in the clinical runs). The superior

transduction efficiency of CD4+ cells in comparison to the CD8+

cells obtained during the validation runs was confirmed in the

clinical trial production runs. The CD4+/CD8+ ratio was in the

median of 3.3-fold, when the entire CD45+ cell population was

analyzed and median of 5.2-fold among the CAR+ T cells only.

In a detailed analysis, we monitored the functional capacities of

the manufactured CAR T cells from both production sites in a

comparative setting. All tested CAR T-cell products were capable to

translate into T-cell activation upon engagement of CAR target

cells, indicated by the increase in IFN-g as a lead cytokine and by

increase in CAR T-cell amplification. In line therewith, all T-cell
Frontiers in Immunology 11263
products were susceptible to stimulation through their endogenous

TCR/CD28. Notably, there were some inter-individual, cell-

intrinsic differences at the level of cytokine release and

amplification that became likewise obvious through TCR/CD28

and CAR stimulation.

CAR-mediated T-cell activation depended on the level of CAR

cognate antigen, as JeKo-1 cells with high CD20 levels evoked a

stronger response than Nalm6 cells with low CD20 levels. This has

functional consequences, as upon several rounds of re-stimulation

with the respective target cells, CD20low Nalm6 cells were less

efficiently eliminated than CD20high JeKo-1 cells. The observation

holds for all four tested cell products from the two production sites
B

C

A

FIGURE 5

CD20 CAR T cells from both production sites were specifically activated. (A) Cell products were functionally activated by stimulation through TCR/
CD28. Microtiter plates were coated with the agonistic anti-CD3 mAb OKT3 (1 mg/mL) and anti-CD28 mAb CD28.2 (5 mg/mL) or PBS for control.
Cell products (3×104 total T cells/well) were incubated for 48 h. IFN-g in the supernatant was determined by ELISA. Data represent mean values of
technical triplicates ± SD. One out of at least three experiments is shown. (B) CD20 CAR T cells secreted a panel of cytokines upon stimulation with
CD20 positive cancer cells. CAR T cells (1×105 total T cells) were co-incubated with 1×105 CD20low Nalm6 cells or CD20high JeKo-1 cells,
respectively, for 72 h. Alternatively, microtiter plates were coated with the agonistic anti-CD3 mAb OKT3 (1 mg/mL) and anti-CD28 mAb CD28.2 (5
mg/mL) or PBS for control. CAR T cells (1×105 total T cells/well) were incubated for 72 h. Cytokines in the supernatant were determined by
Luminex® Discovery Assay. Data represent mean values of technical triplicates ± SD. Test results of IL-1 b/IL-1F2, IL-4, IL-6, IL-12 p70, and IL-18/IL-
1F4, and test results of CAR T cells without stimulation (PBS control) are below 0.5 ng/mL and are not shown. CD20 expression of the target cell
lines Nalm6 (blue histogram) and JeKo-1 (green histogram) upon staining with a CD20-PE antibody or isotype-matched control antibody (gray
histograms) is shown as recorded by flow cytometry. (C) Expansion of CD20 CAR T cells was calculated by dividing the absolute number of CAR T
cells after first round of antigen stimulation with CD20low Nalm6 cells or CD20high JeKo-1 cells by the respective number on day 0. Data were
extracted from Figure 6B. Non-modified T cells of a healthy donor (w/o CAR) served as control. The number of cancer cells was likewise calculated
by dividing the absolute number of cancer cells after first round of co-incubation with non-modified T cells or CAR T cells by the respective number
on day 0.
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pointing to a more general, production-site-independent feature of

antigen dose on CAR-mediated T-cell activation.

Due to the small patients’ pool in our study and to the fact that

complementary research could be done only with given patient’s

consent, limited analysis on the advanced cell phenotyping was
Frontiers in Immunology 12264
conducted. The tested samples pointed out mostly central

memory phenotype of the produced anti-CD20 CAR T cells,

which corresponds to other CAR T cells with 4-1BB signaling

domain as summarized by Niels Schaft (31). This is also in line

with the observation during the manufacturing process of anti-
B

A

FIGURE 6

CD20 CAR T cells exhibited cytolytic capacities. (A) CAR T cells were stained for CD107a after first round of antigen stimulation with CD20low Nalm6
cells or CD20high JeKo-1 cells as described in panel (B). CD107a was detected by flow cytometry, and MFI values upon co-incubation with Nalm6
cells (blue numbers) or JeKo-1 cells (green numbers) are indicated. The samples were analyzed in two batches, i.e., batch 1 (P4, P5) and batch 2 (P8,
P9). (B) CD20 CAR T cells eliminate CD20-positive cancer cells upon repetitive stimulation. CAR T cells (starting with 1×105 CAR T cells) were
subjected to four rounds (R1–R4) of stimulation with GFP-labeled CD20low Nalm6 cells or CD20high JeKo-1 cells (1×105 cancer cells at start of each
round). At the end of each round, CAR T cells (live CD3+/CAR+) and cancer cells (live GFP+ Nalm6 or JeKo-1 cells) were counted by flow cytometry
using counting beads.
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CD19 CAR T cells in a large cohort as described by Teoh and

Brown (32). They described a shift in the memory T-cell

phenotypic composition from the starting material to the final

CAR T-cell product for patients with large B-cell lymphoma,

mantle cell lymphoma, or chronic lymphocytic leukemia.

However, they also observed direct correlation between the

differentiation state of the starting material (patient apheresis

samples and selected T-cell material) and the produced CAR T

cells. This observation demonstrates the influence of the

autologous starting material on the product quality and

supports the need of larger patients/products pool for being able

to perform deeper analysis on that attributes.

Beside substantial progress in automatization of the CAR T-

cell manufacturing, efforts have also been made to shorten the

process through an expansionless “next day” manufacturing (33–

35). This has been also reported for the commercial product

“tisagenlecleucel”, where manufacturing switched to a novel T-

Charge™ platform in a 2-day process, which preserves T-cell

stemness (36). Although these automated and optimized protocols

are important steps towards improved manufacturing, more

advanced technologies are needed to enable the treatment of

large patient groups, especially if treatment reaches diseases

beyond cancer (37).
Conclusion

The reported results on manufacturing of clinical-grade well-

characterized fresh CAR T cells as investigational medicinal

product demonstrated that the point-of-care platform is well

suited for decentralized automated CAR T-cell manufacturing

saving valuable patient treatment time. This was shown for anti-

CD20 CAR T cells and will most likely also apply to targeting other

cancer epitopes or giving rise for further applications beyond cancer

similar to the current use of anti-CD19 CAR for treatment of

systemic lupus erythematosus (38, 39) and the anti-synthetase

syndrome (40).
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SUPPLEMENTARY FIGURE 1

Exemplary flow cytometric dot plots on phenotyping of CD8+ and CD4+

cells using CD62L (y-axis) and CD45RO (x-axis) expression. Naïve (N) T cells
defined as CD62L+CD45RO-, Central memory (CM) T cells defined as CD62L

+CD45RO+, Effector (E) T cells defined as CD62L-CD45RO- and effector

memory (EM) defined as CD62L-CD45RO+ are shown on dot plots, gated on
CD3+CD8+ (left) or CD3+CD4+ (right) respectively. (A) T cells after CD4/

CD8 T cell selection and (B) CAR+ T cells at harvest.
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