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There is a growing demand for chimeric antigen receptor (CAR) -T cells for clinical trials. Consequently, 
new centers capable of manufacturing advanced therapy medicinal products (ATMPs) are needed. 
In this study, we established a good manufacturing practice -compliant manufacturing process and 
phase-appropriate analytics for a novel autologous CD19-targeted CAR T-cell product, 19-FiCART. 
We evaluated the stability of fresh, healthy donor-derived leukapheresis products (LPs), produced 
19-FiCART using a 12-day semi-automated process with CD4/CD8-positive cell enrichment and 
lentiviral transduction, and evaluated the in vivo efficacy of 19-FiCART in a xenograft mouse 
lymphoma model. The optimal hold time and temperature to maintain LP stability were up to 
73 h at 2–8 °C. The 19-FiCART manufacturing process consistently yielded more than 2 × 109 highly 
viable CAR+ T cells, which is considered sufficient for a clinical product. The 19-FiCART products also 
demonstrated potent anti-tumor activity both in vitro and in vivo. This paper provides a detailed 
description of the manufacturing process and analytics for 19-FiCART and provides insights into the 
development of a release strategy for novel CAR T-cell products intended for early clinical studies. 
Additionally, we present data on LP stability, which has broader implications for the development of 
various immune cell-based ATMPs.
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Chimeric antigen receptor (CAR) -T-cell therapies have yielded remarkable results in the treatment of 
hematological malignancies. Several autologous CAR T-cell products have received marketing approvals from 
the US Food and Drug Administration (FDA)1 and the European Medicines Agency (EMA)2. The success of 
CAR T-cells in hematological cancer treatment has inspired a growing number of clinical studies targeting 
cancer and autoimmune diseases using both autologous and allogeneic CAR Ts, as well as other genetically 
modified immune cells3. The rapid development of novel cell-based immunotherapies necessitates new centers 
capable of manufacturing these cell products in compliance with good manufacturing practice (GMP) standards 
and advanced therapy medicinal product (ATMP) regulations1,2. Regional ATMP competence centers, including 
those operating in blood, tissue, and cell establishments, can accelerate patient access to new treatments by 
providing infrastructure for ATMP manufacturing in close proximity to the patients4,5.
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CAR T-cell manufacturing typically begins with leukapheresis to collect the patient’s own leukocytes. T cells 
are then enriched from the leukapheresis product (LP) and modified to express CARs using lentiviral vectors 
(LVVs), retroviral vectors, or other methods6. Traditional manufacturing methods involve T-cell activation 
through CD3 and CD28 stimulation, followed by culturing for at least six days. However, the newest protocols 
prioritize shorter manufacturing times (less than two days) to achieve cost-efficient production and enhance 
clinical efficacy. These streamlined processes reduce vein-to-vein time and maintain high functional potency of 
minimally manipulated T cells7.

In the centralized manufacturing model employed for current commercial CAR T-cell therapeutics, 
cryopreservation of the LP and the CAR T-cell product allows for extended transportation time between the 
clinic and the manufacturing site. This approach ensures completion of the quality control (QC) analytics for 
batch release before administering the product to the patient8. Alternatively, in a point-of-care manufacturing 
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model, fresh starting material is used to produce CAR T-cells directly within the hospital or a local center. This 
strategy simplifies logistics and enables patient treatment with freshly manufactured CAR T-cells. If a preliminary 
sterility test is used for batch release, QC tests can be partially completed after product administration9.

Establishing GMP-compliant procedures for the manufacturing and QC of ATMPs is a complex endeavor. 
While commercially available platforms, such as the CliniMACS Prodigy (Miltenyi Biotec, hereinafter referred 
to as Prodigy) T-cell transduction (TCT) process10, provide practical solutions for T-cell selection, transduction, 
and culture in a closed system. Despite using such platforms, manufacturers still need to address open process 
steps and QC independently. Careful definition of the product’s critical quality attributes (CQAs), identification 
of sampling points, and selection of appropriate analytical methods are crucial to ensure the safety and 
functionality of the ATMP11. Product release testing should include the analysis of appearance, quantity, identity, 
purity, impurities (both product- and process-related), potency, and microbial safety12. Justifying the acceptance 
criteria based on manufacturing experience can be challenging, especially when dealing with a limited number 
of development batches due to high manufacturing costs. Only limited information on the QC strategies of 
commercial or investigational ATMPs is publicly available for reference to newcomers in the field.

We recently developed FiCAR, a CAR based on signal-regulatory protein α (SIRPα) spacer. FiCAR is designed 
to enhance CAR T-cell functionality by minimizing interactions with cells expressing the IgG’s crystallizable 
fragment-binding receptor13. In the current work, we establish a GMP-compliant manufacturing process and 
phase-appropriate analytics for an autologous CD19-targeted CAR T-cell product (19-FiCART) intended for 
the treatment of adult patients with high-risk B-cell lymphoma. We assessed cellular starting material stability 
using LPs from healthy donors and set up a Prodigy TCT-based manufacturing process and analytical testing 
methods for in-process control and batch characterization of 19-FiCART. We also evaluated the in vivo efficacy 
of 19-FiCART in a xenograft lymphoma model. This paper describes the 19-FiCART manufacturing process and 
planned QC strategy and discusses appropriate batch release tests for early clinical studies.

Results
The cell composition and viability of cells in leukapheresis products remain stable for at least 
25 h at room temperature and 73 h at cool temperature
We assessed the stability of fresh, healthy donor-derived LPs at room temperature (RT; 15–25  °C) and cool 
temperature (CT; 2–8 °C) during a 5-day follow-up period to define the optimal storage conditions and maximum 
hold time between apheresis and 19-FiCART manufacturing (Fig. 1). LP appearance remained unchanged at 
both temperatures until the latest timepoint (121 h), when the color of the products stored at RT was darker 
red compared to those stored at CT, potentially indicating accelerated red blood cell fragmentation at RT. 
Throughout the study, white blood cell (WBC) counts remained consistent at both temperatures (Supplementary 
Fig. S1A), indicating minimal leukocyte disintegration in the LPs.

At T0 (representing the analysis immediately after apheresis), the leukocytes in the LPs were composed 
of (mean ± SD) 26.1 ± 7.7% monocytes, 5.8 ± 1.1% B cells, 18.7 ± 2.8% NK cells, 5.5 ± 2.4% NKT cells and 
34.3% ± 4.1% CD3+ T cells (Fig. 1a). The CD3+ T cell population encompassed 75.7 ± 7.8% CD4+ T cells and 
19.1 ± 6.7% CD8+ T cells (Fig. 1b). The leukocyte composition remained stable throughout the 121-h follow-up 
at CT (Fig. 1a–b). In the RT-stored LPs, the frequency of monocytes decreased rapidly after the 49 h timepoint, 
being < 1% at 73  h (Fig.  1a). Similar collapses were not observed in other leukocyte subpopulations during 
RT-storage, but the frequencies of all the assessed cell types showed increasing variation starting from 73  h 
at RT, suggesting decreased stability. Statistically significant differences compared to T0 were detected in the 
frequencies of T cells, NKT cells, and B cells at 73 h or 121 h RT (Fig. 1a–b).

CD45+ leukocytes, CD3+ , CD4+ , and CD8+ T cells, and NK cells remained ≥ 90% viable until 73 h at CT 
and until 49 h at RT, after which their viability begun to deteriorate (Supplementary Fig. S1B and Fig. 1c–d). 
Monocytes and B cells maintained > 90% viability throughout the 5-day follow-up at CT but declined rapidly 
after 49 h at RT (Supplementary Fig. S1B). NKT cell viability was comparable to the viability of T and NK cells 
at CT but exhibited higher variation and faster decline at RT (Fig. 1d). Irrespective of the storage temperature, 
the average proportions of apoptotic cells in the products remained low throughout the study, though the 
products stored at RT contained somewhat fewer apoptotic cells than those stored at CT (Fig. 1d). At 121 h, the 
proportions of apoptotic cells, including all cell types, were 4.9% ± 2.0% at CT and 1.2% ± 1.6% at RT (Fig. 1d). 
Based on these results, LPs remained stable for at least 25 h at RT and 73 h at CT.

Fig. 1.  LP stability during a 121-h storage period at 15–25 °C and 2–8 °C. The frequencies of leukocyte 
subtypes, and cell-type specific viability and apoptosis were monitored at five timepoints (T0, 25 h, 49 h, 
73 h, and 121 h) by FCM. a) Frequencies of monocytes, B cells, NK cells, NKT cells and CD3+ T cells within 
CD45+ leukocytes. b) Frequencies of CD4+ cells and CD8+ cells in the CD3+ T cell population. c) The FCM 
gating strategy utilized for the analysis of cell viability and apoptosis by 7-AAD and APO-15 shown for a 
representative LP sample stored at 2–8 °C. d) The proportions of live, dead, and apoptotic cells in CD3+ T cell, 
CD4+ T cell, CD8+ T cell, NKT cell, and NK cell populations. Data are shown as mean ± SD (n = 3, healthy 
donor-derived LPs). Statistical analysis of differences between the leukocyte subpopulation frequencies (a, 
b) and the percentage of live cells (d) at different time points by Friedman’s nonparametric ANOVA followed 
by Dunn’s post-test for multiple comparison for comparing the results at each timepoint with T0 (*P < 0.05, 
**P < 0.01). P-values are shown in the legend (a, b) or the figure (d). LP; leukapheresis product; FCM, flow 
cytometry; 7-AAD, 7-aminoactinomycin; APO-15, Apotracker Green.
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19-FiCART cells are efficiently transduced and expanded using a semi-automated process 
and the resulting cells demonstrate active in vitro anti-tumor functionality
We established a platform for the production and analytical testing of 19-FiCART. This platform includes a 12-
day semi-automated manufacturing process with CD4/CD8-positive cell selection and lentiviral transduction, as 
well as phase-appropriate analytics for testing the LP starting material, in-process controls (IPCs), the harvested 
drug substance (DS), and the drug product (DP) in its final formulation (Fig. 2).

CD4/CD8-enrichment
Key data of the CD4/CD8-enrichment parameters, including the cell count, viability, frequency, total count, 
and recovery of CD4/CD8-labeled cells in the LPs and the enriched positive fractions are shown in Table 1. In 
19-FiCART processes #1–3, about 60 mL of LP material was used for CD4/CD8-enrichment. The enrichment 
step yielded 1.07 × 109 ± 0.48 × 109 cells in the CD4/CD8-positive fraction with approximately 90% purity and 
61% recovery of CD4/CD8-labeled cells (Table 1). Thus, the required 0.1 × 109 CD4/CD8-labeled cells for culture 
setup were successfully obtained in all three process runs.

Cell composition
The frequency of CD3+ T cells increased from an initial proportion of (mean ± SD) 35.2 ± 5.5% in the LPs to 
79.3 ± 3.0% in the day (d)0 CD4/CD8-enrichment positive fractions (d0 IPCs), and further increased to 94 ± 1.3% 
in the d12 DS products (Fig. 3a and Supplementary Table S1). The frequencies of CD4+ and CD8+ cells in the 
CD3+ T-cell population were (mean ± SD) 74.7 ± 8.4% and 19.5 ± 6.3% in the LP; 78.7 ± 7.5% and 18.4 ± 5.7% 
in the d0 IPCs; and 63.6 ± 6.5% and 35.8 ± 6.5% in the d12 DS products, respectively (Fig.  3b), showing an 
increase of the CD8+ T cell population during culture. Thereby, the ratio of CD4+ and CD8+ T cells (CD4:CD8) 
decreased during culture from (mean ± SD) 4.7 ± 2.2 in the d0 IPC to 1.8 ± 0.5 in the DS products (Fig. 3c).

NKT cells were the most prominent cellular impurity in the DS products, being present at (mean ± SD) 
5.1 ± 1.8% in the LPs, 10.0 ± 2.6% in d0 IPCs, and 5.2 ± 2.1% in the d12 DS products (Fig. 3a). Other non-target 

Fig. 2.  Flow chart of the CliniMACS Prodigy-based manufacturing process and analytics conducted for the 
19-FiCART batches #1–3. aDay 12 IPC was taken only for process #1. b Data are not available for endotoxin 
and mycoplasma tests. CBC, complete blood count; ACC, automated cell counter; IPC, in-process control; 
FCM, flow cytometry; LVV, lentiviral vector; VCN, vector copy number, ddPCR, droplet digital PCR; HIV-1, 
human immunodeficiency virus-1; CRF, controlled rate freezing; LN2, liquid nitrogen. Created in BioRender. 
Luostarinen, A. (2025) https://BioRender.com/i49l872.
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cells, including NK cells, monocytes, and B cells were effectively removed during the CD4/CD8-enrichment step 
and nearly or completely absent in the DS products (Fig. 3a and Supplementary Table S1). A small population 
of CD34+ cells (≤ 0.1%) was observed in the LPs but, importantly, not in the d0 IPCs and d12 DS products 
(Fig. 3d and Supplementary Table S1). Thus, the 19-FiCART DS products were composed of T cells and a minor 
proportion (< 7%) of NKT cells.

Transduction efficiency and vector copy number
To assess the relationship between the multiplicity of infection (MOI) used for transduction and the resulting 
transduction efficiency and vector copy number (VCN), we performed LVV transductions using HEK293T 
titer-based MOIs of 0.3, 0.8, and 1.5 in processes #1–3, respectively. In the resulting DS products (#1–3), CD3+ T 
cells contained 48.8%, 52.4%, and 78.5% CAR+ cells (Fig. 3e) and the VCN values were 1.20, 1.16, and 2.52 per 
cell (Fig. 3f), respectively. Thus, MOIs 0.3 and 0.8 yielded similar transduction rates, whereas an MOI of 1.5 
clearly increased both the transduction efficiency and VCN. The frequency of CAR+ cells was approximately 
20%, 10%, and 5% higher in CD4+ T cells than in CD8+ T cells in processes #1–3, respectively (Fig. 3e). The 
NKT cell populations in the DS products contained 23–33% CAR+ cells (Supplementary Fig. S2A).

The 19-FiCART QC plan (Fig. 2) involved analyzing transduction efficiency on d12 before (d12 IPC) and 
after harvest (DS). Notably, there were no discernible differences in lymphocyte compositions between d12 IPC 
and DS samples. This consistency held true for the frequency of CD3+ T cells, CD4+ T cells, CD8+ T cells, NK 
cells, and NKT cells (Supplementary Fig. S2B) as well as the percentage of CAR+ CD3+ , CD4+ , or CD8+ T cells 
(≤ 1% differences between d12 IPC and DS; Supplementary Fig. S2C). Thus, the d12 results of the FCM analyses 
performed before and after harvest were comparable.

Cell numbers and viability
Approximately 50-fold expansion efficiency of live cells was achieved in the three process runs (Fig. 3g). The 
total live cell number increased from the initial number of 108 activated CD4/CD8-enriched cells to 4.56 × 109, 
4.66 × 109, 5.13 × 109 in the DS product in process #1–3, respectively (Fig. 3h). The total number of live CAR+ T 
cells in the DS product was 2.08 × 109, 2.33 × 109, and 3.74 × 109 in process #1–3, respectively (Fig.  3h). Cell 
viability was ≥ 96% throughout the manufacturing process in all three runs (Fig. 3i).

Vector-derived p24 protein impurity
We also quantified the amount of residual vector-derived Human immunodeficiency virus-1 (HIV-1) p24 
protein impurity in the products using an ELISA assay. We detected residual p24 protein in the DS product 
supernatants of all three product batches, p24 concentrations being 6.1, 13.7, and 14.7 pg/mL for processes #1–3, 
respectively (Fig. 3j). The standard curve of the analytical kit starts from 12.5 pg/mL (range 12.5–200 pg/mL), 
rendering the value measured for process #1 interpretable as negative for p24. Overall, p24 was present in the DS 
supernatants at low or negligible concentrations.

T-cell phenotype
We conducted a comprehensive evaluation of the differentiation status of 19-FiCART cells by analyzing the 
T-cell memory subtypes and expression of T-cell exhaustion markers on CD4+ and CD8+ cells by FCM. CD95-
negative naïve T cells were detected in the d0 IPCs (16–48% of CD4+ and CD8+ cells) but not in the d12 DS 
products, whereas the proportion of stem cell memory T cells (TSCM) increased from an initial frequency of 
1–3% in the d0 IPC CD4+ and CD8+ populations to 37–58% in the CD4+CAR+ and CD8+CAR + cells in the DS 
products, indicating that the culture conditions favored the generation of TSCM cells (d0 data not available for 
process #1; Supplementary Fig. S3A).

The CAR+ cells in the DS products contained considerable proportions of less differentiated TSCM and central 
memory (TCM) cells (%TSCM + %TCM, min–max: 67–85% of CD4+CAR+ cells and 45–74% of CD8+CAR+ cells; 
Fig.  4a–b). In both CD4+ and CD8+ populations, but more apparently within CD8+ cells, CAR+ cells had 

Parameter

Leukapheresis product 
(starting material)

CD4/CD8-enrichment
positive fraction

process #1; #2; #3 mean ± SD process #1; #2; #3 mean ± SD
aVolume (mL) 62; 61; 57 60 ± 3 120; 80; 80 -

Cell count (× 106/mL) 100.9; 60.1; 62.0 74.3 ± 23.0 14.5; 10.1; 12.6 12.4 ± 2.2

Viability (%) 99.4; 99.4; 98.8 99.2 ± 0.4 98.0; 98.9; 99.2 98.7 ± 0.6

CD4/CD8-cell frequency (%) 46.6; 31.9; 37.6 38.7 ± 7.4 92.3; 85.1; 90.2 89.2 ± 3.7
aCD4/CD8-cell total number (× 109) 2.90; 1.17; 1.32 1.80 ± 0.96 1.61; 0.69; 0.91 1.07 ± 0.48

CD4/CD8-cell recovery (%) - - 55.4; 58.9; 68.8 61.0 ± 6.9

Table 1.  CD4/CD8-cell count, viability, purity, total number, and recovery in the leukapheresis starting 
material and CD4/CD8-enrichment positive fraction. aThe capacity of the CliniMACS Prodigy CD4/CD8-
enrichment procedure is up to 109 CD4/CD8-labeled cells per enrichment stage. The enriched cells are eluted 
in 40 mL of culture medium per stage to the CD4/CD8-positive fraction. In process #1, 3 enrichment stages 
were performed, resulting in 120 mL, whereas processes #2 and #3 enrichments were performed using 2 stages, 
resulting in 80 mL volume of the CD4/CD8-positive fraction.
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slightly less differentiated T-cell memory phenotype than CAR-negative cells, which was observed as somewhat 
higher frequency of TSCM cells and smaller proportion of effector memory (TEM) cells in CAR+ cells as compared 
to CAR-negative cells (Fig. 4a). Similarly, the frequencies of cells expressing T-cell exhaustion markers PD-1, 
LAG-3, and CD57, were slightly lower in CAR+ cells as compared to CAR-negative cells, statistically significant 
difference being detected for the frequencies of cells expressing PD-1 within CD4+ cells and CD57 within 
CD8+ cells (Fig. 4c; median fluorescence intensities are shown in Supplementary Fig. S3B).

The majority (> 90%) of both CAR-negative and CAR-expressing CD4+ and CD8+ cells were positive for 
CD25 and Tim-3 (Fig. 4c), indicating proper T-cell activation by CD3/CD28 stimulation14,15. In the three process 
runs, (min–max) 0.4–6.5% of CAR+ cells in the CD4+ and CD8+ populations co-expressed PD-1 together with 
LAG-3, CD57, or Tim-3 (Fig. 4d), suggesting minimal exhaustion stage in the products.
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In vitro cytotoxicity and interferon-γ secretion in response to CD19+ cells
We assessed the potency of 19-FiCART by measuring the in vitro cytotoxicity and interferon (IFN)-γ secretion 
of DS product cells in response to two CD19+ luciferase-expressing cell lines, NALM-6 and Raji (Fig. 4e–h). 
In the potency assays, the 19-FiCART cells were co-cultured with the target cell lines at different effector to 
target cell ratios (E:T) for 20 h. All three 19-FiCART cell batches demonstrated significantly higher cytotoxicity 
(Fig. 4e, g) and IFN-γ secretion activity (Fig. 4f, h) than non-transduced (NT) control cells produced from the 
same donor.

Considerations for 19-FiCART batch release criteria during early clinical development
The planned batch release criteria for early-phase development of 19-FiCART are presented together with results 
of production runs #1–3 in Table 2. The tests include analyses for appearance, purity (%CD3+ T cells), impurities 
(%CD19+ cells and %CD34+ cells), identity (%CAR+CD3+ T cells), potency (viability, %CAR+CD3+ T cells, 
and VCN), quantity (total number of viable CAR+CD3+ T cells), and safety (VCN, sterility, endotoxin, and 
mycoplasma). Microbial sterility test results were negative for all three production runs. Data are not available 
for the endotoxin and mycoplasma tests.

19-FiCART cells show a robust anti-tumor response in a Raji xenograft model
Having successfully established the manufacturing process and batch characterization tests for 19-FiCART, 
we evaluated the in vivo efficacy of 19-FiCART batch #3 cells against Raji cell lymphoma xenografts in NSG 
mice. Prior to the in vivo study, we confirmed that the cell composition and CAR expression of the thawed 
19-FiCART batch #3 cells were comparable to d12 DS before cryopreservation (Supplementary Fig. S4A–B). 
Additionally, the thawed 19-FiCART cells showed active cytotoxicity against NALM-6 and Raji cell lines in 
vitro (Supplementary Fig. S4C–D). NSG mice xenografted with RedFluc-GFP-Raji cells received infusions of 
5 M and 10 M 19-FiCART cells, 10 M NT cells, or PBS (Fig. 5a and Supplementary Fig. S5A). Remarkably, five-
to-ten days after T-cell infusion, the 19-FiCART 5 M and 10 M mice groups showed a significant reduction in 
tumor burden (as depicted by the absence of bioluminescence signal) (Fig. 5b–c, Supplementary Fig. S5B–D, 
and Supplementary Table S2). The 19-FiCART-treated mice remained tumor-free throughout the study period 
(d60). The 10 M NT-treated mice showed progressive tumor load reduction 15-to-20 days after T-cell infusion, 
indicating a CAR-independent anti-tumor response, likely due to graft-vs-tumor effects16,17 (Fig.  5b–c and 
Supplementary Fig. S5B–C). In contrast, the PBS-treated mice group showed continuous tumor growth. All 
PBS-treated mice displayed severe health deterioration in the form of hindlimb paralysis and weight loss (body 
condition score, BCS ≈ 1–218) and had to be euthanized (d13–d17). All 10 M NT-treated mice, at a later phase 
of the experiment, six 10 M 19-FiCART-treated mice, and two 5 M 19-FiCART-treated mice presented signs 
of distress and health deterioration such as weight loss, lack of activity and hunched posture (BCS ≈ 1–2), and 
were euthanized (d34–d44 NT mice, and d42–d49 19-FiCART mice), typical symptoms of xenogeneic graft-vs-
host disease (GvHD). The remaining two 10 M 19-FiCART-treated mice and six 5 M 19-FiCART-treated mice 
showed good health, activity, and behavior (BCS ≈ 3) until the end of study at d60 (Fig. 5d and Supplementary 
Fig. S6). These results suggest that the dose of ≈ 5 × 106 19-FiCART cells demonstrated effective anti-tumor 
efficacy in the Raji xenograft mouse model.

Discussion
In this study, we established a manufacturing process and phase-appropriate analytical tests for 19-FiCART, a 
novel autologous CD19-targeted CAR T-cell product intended for treating adult patients with high-risk B-cell 
lymphoma. We produced three process development batches of 19-FiCART using fresh LPs from healthy donors 
using a Prodigy-based manufacturing process and LVVs provided by a GMP-competent contract development 
and manufacturing organization (CDMO). In this section, we describe the 19-FiCART manufacturing process, 
outline the planned QC strategy, and discuss appropriate product release criteria for early clinical studies.

ATMP process development should include a cellular starting material stability study to justify storage 
conditions and hold-time between cell collection and ATMP manufacturing12. In this study, 19-FiCART 
manufacturing was initiated from fresh LPs without an intermediate cryopreservation step, which is commonly 
applied in current commercial CAR T-cell products for logistical reasons8. LPs obtained from healthy donors 
remained stable for 49 h at RT and 73 h at CT, beyond which statistically significant changes were observed 
in cell composition and cell viability. In the starting material stability study performed for the commercial 
CAR T-cell product Tisagenlecleucel19, cells in LPs remained viable for 72  h at 2–8  °C, and cell viability 

Fig. 3.  19-FiCART product cell composition, transduction efficiency, and cell yield. a–b) Frequencies of 
CD3+ T cells, NK cells, NKT cells, monocytes, and B cells within live CD45+ cells (a), and frequencies of 
CD4+ T cells and CD8+ T cells within the CD3+ T cell population (b) in the LP, d0 IPC (CD4/CD8-enrichment 
positive fraction), and d12 DS measured by FCM. c) The ratio between CD4+ and CD8+ T cells in LP, d0 IPC, 
and d12 DS. d) Representative FCM plots showing the analysis of CD45dimCD34+ cells in LP, d0 IPC, and 
d12 DS (process #3). e) Frequency of CAR+ cells within CD3+ , CD4+ , and CD8+ T cells in measured in the 
middle (d7 IPC) and at the end of the process (d12 DS). f) Mean VCN per cell in d12 DS analyzed by droplet 
digital PCR. g–h) Fold expansion of live cells during culture (g), total count of live cells and CAR+ T cells 
(h), and percentage of live cells (i) on days 0, 7, and 12. j) Concentration of lentiviral p24 protein impurity 
in the d12 DS supernatant measured by ELISA. Data are shown as mean with SD of three process runs (a) or 
individually for the process runs #1–3 (b, c, e–j). LP, leukapheresis product; d, day; IPC, in-process control; DS, 
drug substance; FCM, flow cytometry; VCN, vector copy number.

◂
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decreased substantially faster at RT than at CT. These data suggest that LPs should be stored at CT to ensure 
a higher probability of successful manufacturing. While patient-derived LPs may exhibit higher variation in 
the cell composition20,21, our data indicate that fresh LPs stored at CT for up to 73 h could be adequate for 
manufacturing CAR T-cells or other ATMPs. The three-day stability of LPs would enable the use of fresh starting 
material for local manufacturing or transport over short to medium distances, reducing costs and simplifying 
the manufacturing process and logistics by eliminating cell freezing and ultra-low temperature transport steps. It 
should be noted, however, that the current study did not include the production of CAR T-cells from LPs stored 
under the tested conditions. Therefore, additional studies evaluating the identity and potency of CAR T-cells 
produced from LPs stored at CT for 73 h are necessary to confirm that these conditions are adequate for storing 
LPs prior to CAR T-cell manufacturing.
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The results of CD4/CD8-enrichement and 19-FiCART product cell composition align with other studies that 
have produced CAR T-cells using a Prodigy -based protocol that involves CD3/CD28-stimulation, interleukin 
(IL)-7/15-driven expansion, and LVV transduction10,22–24. Post-enrichment recovery (mean 61%) and purity 
(mean 89%) of CD4/CD8-cells are comparable to previous studies reporting 55–68% recovery10,22 and 89–
98% purity10,22,23 of CD4/CD8-cells. Similarly, the observed T-cell expansion rates (approximately 50-fold), 
CD3+ T-cell purity (mean 94%), CD4:CD8 cell ratio (mean 1.8), and NKT-cell impurity (mean 5%), align 
with previous research on CAR T-cell generation CAR T-cells from healthy donor or patient material22–24. 
The transduction efficiency of CD4+ cells was slightly higher compared to CD8+ cells, consistent with findings 
from prior studies10,22–24. The NKT-cell population in the 19-FiCART products also contained a proportion 
of CAR+ cells (22–33%), similar to data reported by Blaeschke et al.24 A more precise definition of NKT cells 
includes major histocompatibility complex-like molecule CD1d-restricted antigen recognition, rather than co-

Fig. 4.  19-FiCART product T-cell phenotype and performance in in vitro potency assays. The phenotype 
of CAR-positive and CAR-negative CD4+ and CD8+ cells in day 12 DS products was assessed by flow 
cytometry. a) Frequencies of T-cell memory phenotype subsets (TSCM, TCM, TEM, and TEFF) in CAR+ and 
CAR-CD4+ and CD8+ cells. b) Frequencies of T-cell memory phenotype subsets in the CD4+CAR+ and 
CD8+CAR+ populations shown for individual process runs (#1–3). c) Frequencies of cells expressing 
T-cell exhaustion markers (LAG-3, CD57, PD-1, Tim-3) and CD25 within CAR+ and CAR-CD4+ and 
CD8+ cells. d) Frequencies of cells co-expressing PD-1 with LAG-3, CD57, or Tim-3 in the CD4+CAR+ and 
CD8+CAR+ populations shown for individual process runs (#1–3). e–h) The in vitro anti-tumor activity of 
19-FiCART cells in response to CD19+ RedFluc+ target cell lines, NALM-6 and Raji, shown as % specific lysis 
of target cells (e, g) and IFN-γ secretion to culture supernatant (f, h) during a 20-h co-culture at indicated 
E:Ts as measured by luciferase assay and IFN-γ ELISA, respectively. a, c) Data are shown as mean (bars) with 
individual data points for individual process runs (#1–3) with a connecting line between the CAR+ and CAR- 
cells from the same samples. e–f) Data are shown for individual process runs (#1–3) as mean ± SD of three 
replicate co-cultures in cytotoxicity assay (e, g) and mean of two replicate co-cultures in IFN-γ secretion assay 
(f, h). a, c) Paired t-test (*P < 0.05; **P < 0.01). DS, drug substance; TSCM, stem cell memory T cell; TCM, central 
memory T cell; TEM, effector memory T cell; TEFF, effector T cell; E:T, effector-to-target cell ratio; IFN-γ, 
interferon-γ.

◂

Attribute Parameter (sample) Analytical method
19-FiCART 
#1

19-FiCART 
#2

19-FiCART 
#3

aPlanned 
acceptance criteria

Appearance Appearance (DS) visual inspection
opaque, 
yellowish 
cell 
suspension

opaque, 
yellowish 
cell 
suspension

opaque, 
yellowish 
cell 
suspension

opaque, yellowish 
cell suspension

Purity %CD3+ T cells (DS) FCM (%CD45+CD3+CD56- cells) 93.8 95.4 92.8  ≥ 80%

Impurity 
(product 
related)

%B cells (DS) FCM (%CD45+CD19+ cells) 0.007  < 0.005  < 0.005  < 2%

%HSCs (DS) FCM (%CD45+CD34+ cells)  < 0.005  < 0.005  < 0.005  < 2%

Identity / 
Potency

Transduction efficiency, 
%CAR+ T cells (DS) FCM (%CD45+CD3+CD56-CAR+ cells) 45.7 50.0 72.8  ≥ 20%

Potency %Viability (DS) PI-based measurement of total and dead nucleated cells 
(Automated cell counter) 97.2 96.9 97.7  ≥ 70%

Potency / 
Safety Vector copy number (DS) ddPCR (vector copies / genome) 1.20 1.16 2.52  < 5 copies

Quantity
Total number of viable cells 
(DS)

PI-based measurement of total and dead nucleated cells 
(Automated cell counter) 2.08 × 109 2.33 × 109 3.74 × 109

btarget yield
 ≥ 3 × 108 
CAR+CD3+ T cellsTransduction efficiency (DS) FCM (%CD45+CD3+CD56-CAR+ cells)

Safety

Sterility (d0 leukapheresis, cd7 
IPC, and DP)

Microbial
culture assay
Ph.Eur. 2.6.27

No growth No growth No growth No growth

Endotoxin (DP) Chromogenic LAL method Ph.Eur. 2.6.14 N/A N/A N/A  < 5 EU/kg of 
patient body weight 

Mycoplasma (DP) ddPCR Ph.Eur.2.6.7 Ph.Eur.2.6.21 N/A N/A N/A Absent

Table 2.  Planned early-phase batch release criteria of 19-FiCART with results for development batches #1–3 
produced from healthy donor starting material. aThe planned acceptance criteria are based on published 
literature33–36,39,40,42,43,45 and 19-FiCART batch #1–3 results. bThe target yield of CAR+ T cells is based on a 
reference dose of 2 × 106 CAR+ T cells/kg (used for Axicabtagene ciloleucel and Brexucabtagene autoleucel46) 
for a 75 kg patient and the material needed for analytical testing (a total of 1.5 × 108 CAR+ T cells for both the 
dose and the analytics). cSterility testing of d7 IPC was performed only for 19-FiCART batch #1. FCM, flow 
cytometry; HSC, hematopoietic stem cell; CAR, chimeric antigen receptor; PI, propidium iodide; ddPCR, 
droplet digital polymerase chain reaction; IPC, in-process control; DS, drug substance; DP, drug product; 
Ph.Eur., European Pharmacopoiea; LAL, Limulus Amebocyte Lysate; EU, endotoxin unit.
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expression of T and NK cell markers25. Consequently, it remains uncertain whether the CD3+CD56+ cells in the 
19-FiCART products represent true NKT cells or T cells undergoing terminal differentiation, which can express 
CD5626.

Less differentiated T-cell phenotypes are desired in adoptive T-cell therapy products due to their high 
potential for proliferation and persistence in vivo27. As demonstrated in earlier reports24,28, the IL-7/15-driven 
Prodigy TCT protocol induced the generation of less differentiated T-cell memory phenotypes (TSCM and TCM) 
during culture. Importantly, the CAR+ cells within the CD4+ and CD8+ cells in the 19-FiCART products had 
slightly less differentiated T-cell memory phenotypes and showed lower expression levels of T-cell exhaustion 

Fig. 5.  An in vivo anti-tumor response and survival study. a) Experiment outline. b) Anti-tumor response 
of 19-FiCART cells in NSG mice implanted i.v. with 0.2 × 106 Raji-RedFLuc-GFP cells. BLI signal kinetics 
in the mice treated with PBS, NT, and 19-FiCART cells at the indicated doses. Data are shown as mean ± SD 
(n = 8). The datapoint for 19-FiCART 10 M group at d14 equals 0 photons/s (signal below detection limit) 
and is not displayed on the logarithmic scale plot. One-way ANOVA with Tukey’s multiple comparison tests 
between PBS, NT 10 M, 19-FiCART 5 M and 10 M groups at the indicated time points. P < 0.05 was considered 
statistically significant (ns, not significant). ****P = 0.0001 (19-FiCART 5 M/10 M vs PBS). **P = 0.004 (PBS vs 
NT 10 M). *P = 0.04 (19-FiCART 5 M/10 M vs NT 10 M). c) Day 14 representative BLI images of mice treated 
with PBS, NT 10 M, and 19-FiCART at 5 M and 10 M doses. Mice id: 1–8. The white asterisk indicates a mouse 
sacrificed due to toxicities. d) Probability of survival for the specified groups after 60-day treatment. NSG, nod-
scid-gamma; BLI, bioluminescence; PBS, phosphate-buffered saline; NT, non-transduced T cell; M, 1 × 106.
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markers than the corresponding CAR-negative populations. These results confirm that FiCAR expression did 
not promote T-cell differentiation towards effector phenotypes, aligning with our previous finding that FiCAR 
constructs incorporating the CD19-targeting FMC63-scFv are not prone to significant tonic signaling29.

Similar results were previously reported by Castella et al., who used the Prodigy TCT process to 
manufacture 28 batches of the autologous CD19-targeted CAR T-cell product (ARI-0001) in a phase I trial 
for B-cell malignancies30. They observed an increase in TCM cells and a decrease in effector T cells within 
the CAR+ population compared to the CAR-negative population in the ARI-0001 products, although these 
differences were not statistically significant30. This observation was attributed to the 4-1BB costimulatory domain 
of the CAR, as 4-1BB stimulation has been suggested to increase the expression of the lymphoid homing receptor 
CCR7, a marker for a less differentiated memory phenotype, in CAR T-cells31. In small-scale experiments, they 
observed that expression of the 4-1BB-based CAR led to marginally increased CCR7 expression in CAR+ cells 
compared to CAR-negative cells30. A similar, though minor, effect was seen when the costimulatory domain 
was switched to CD2830. Given the small number of 19-FiCART batches produced in this study (n = 3), 
additional data are needed to determine whether expression of the CD28-based FiCAR consistently causes a 
less differentiated phenotype in CAR+ cells compared to CAR-negative cells within 19-FiCART products. This 
provides an intriguing question for exploration in future studies.

The 19-FiCART QC plan was designed to address common CAR T-cell product CQAs, including safety, 
potency, identity, purity, impurities, and quantity11,32. The planned batch release tests for early clinical development 
(Table 2) include tests for appearance, purity (CD3+ T cells), impurities (%CD19+ cells and %CD34+ cells), 
identity (%CAR+CD3+ T cells), potency (viability, %CAR+ CD3+ T cells, and VCN), quantity (total number 
of viable CAR+CD3+ T cells), and safety (VCN, sterility, endotoxin, and mycoplasma). Previous publications 
describing release testing of CAR T-cell products during early-phase development have used essentially similar 
release tests with variations such as including a potency assay33, a test for adventitious agents33, or replication-
competent lentivirus/retrovirus (RCL/RCR) tests33–36. Additional 19-FiCART batch characterization includes 
T-cell phenotype analysis and the potency assays measuring cytotoxicity and IFN-γ secretion in response to 
CD19+ target cells. One of the two potency assays could be chosen for use as part of DP batch release in later 
phase of development. During early development of 19-FiCART, further product characterization studies could 
assess various aspects such as residual cytokines and HIV-1 p24 protein, adventitious agents, tumorigenicity, 
vector integration profile, and RCL37. Analytical method validation can follow a phase-appropriate approach, 
where safety-related tests are validated before entering clinical studies and other methods are validated during 
early clinical development38. A validated potency assay is expected for pivotal trials38.

Safety testing includes analyses measuring microbial safety, certain cellular impurities, and vector-related 
safety. During 19-FiCART manufacturing, we assessed the presence of CD34+ HSCs at the beginning and 
the end of the process, considering the potential for insertional oncogenesis in stem cells. Notably, the small 
CD34+ population observed in the LPs was effectively removed by CD4/CD8-enrichment and completely 
absent in the DS products. However, it is essential to verify this finding with patient-derived 19-FiCART batches 
because the number of CD34+ cells could be different in LPs from patients39. When manufacturing autologous 
CAR T-cells for B-cell malignancies, it is crucial to test for the presence of B cells32,34,40. This helps reduce the 
risk of infusing the patient with transduced blasts. CAR+ blasts could be resistant to CAR T-cell therapy due 
to CAR expression-mediated masking of the CD19-epitope, potentially increasing the risk of relapse41. In the 
19-FiCART QC plan, the DS is currently analyzed for CD19+ cells. However, considering CD19-independent 
detection of B-cells, the assessed B-cell antigen could be switched to CD20. Tentative acceptance criteria for 
cellular impurities in the DS product could be set at ≤ 2%40, for example, for early clinical studies and adjusted 
according to patient material manufacturing data.

In CAR T-cell products, VCN serves as a critical indicator of both safety and potency37. While an unofficial 
FDA recommendation suggests allowing less than five vector copies/genome42,43, regulatory guidelines emphasize 
the need to justify VCN acceptance criteria based on process development data37,44. To strike a balance between 
functionality and safety, transduction efficiency should be optimized while minimizing VCN37,44. Previous 
publications on early-phase development of CAR T-cell products have acceptance limits of ≤ 434, ≤ 536, or ≤ 1033 
copies/cell for VCN, and ≥ 10%34,36 or 20%33 for %CAR + cells33,34. In the case of 19-FiCART, utilizing three 
MOIs – 0.3, 0.8, and 1.5 – resulted in approximately 50–80% transduction efficiency and 1.2–2.5 mean VCN 
per cell. All the three products demonstrated active in vitro cytotoxicity and IFN-γ secretion responses against 
CD19 + cell lines. Considering the high cost of GMP-quality vector materials, an MOI of 0.3–0.8 would be feasible 
to ensure the production of functional 19-FiCART cells while maintaining low VCN using the 19-FiCAR LVV. 
Tentative acceptance limits of transduction efficiency and VCN could be set at ≥ 20% CAR+ T cells and < 5 copies 
per cell, respectively, and adjusted based on additional data generated during later development.

Adequate viability, purity, and quantity of CAR T-cells are critical for ensuring sufficient therapeutic cells for 
clinical use. Typically, acceptance limits for cell viability in CAR T products range from ≥ 70% to ≥ 80%33,34,36,39,40. 
For example, Tisagenlecleucel demonstrated a favorable clinical outcome with a cell viability of ≥ 70%45. Early-
phase CAR T development studies have employed acceptance limits of ≥ 70%33 , ≥ 80%36 and ≥ 95%34 acceptance 
limits for CD3+ cell purity. Based on these findings and our data, it would be appropriate to establish tentative 
acceptance criteria of ≥ 80% for CD3+ T-cell purity and ≥ 70% for viability during the early development of 
19-FiCART.

To put this into context, a total number of 3 × 108 total CAR+ T cells would allow the treatment of a 75 kg 
patient with a dose of 2 × 106 CAR + T cells/kg (similar to commercial products Axicabtagene ciloleucel and 
Brexucabtagene autoleucel46). Additionally, this would provide 0.15 × 108 CAR+ T cells for analytical procedures. 
Notably, a yield of 3 × 108 CAR + T cells was achieved already by d7, suggesting that the twelve-day culture time 
may be excessively long. During early development, extra material is necessary for stability studies, analytical 
method validation, and product characterization. The use of a shorter culture time for clinical 19-FiCART 
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batches is supported by the association between short expansion (3 or 5 days) and higher proportion of less 
differentiated T cells47. As we explore shorter expansion periods, it is crucial to repeat expansion rates and safety-
related test using patient-derived 19-FiCART cells before considering culture time reduction.

In addition to VCN, vector-related safety tests encompass the analysis of vector-related impurities and testing 
for RCL. Testing for RCL is not necessarily required at CAR-T cell batch release if RCL is tested at the level of the 
vector starting material and a risk assessment addressing the potential RCL formation during manufacturing is 
presented37. Therefore, we planned RCL testing as part of the 19-FiCAR LVV batch release.

Another critical aspect of vector-related safety is the remaining replication-defective infectious vector 
particles in the final product. For products containing genetically modified cells, an environmental risk 
assessment is essential to ensure safe handling and clinical use37,38. This assessment can be based on a calculating 
residual replication-defective infectious viral particles in the cell product48,49. Alternatively, measuring residual 
HIV-1 capsid protein p24 in the product supernatant is informative. However, p24 can be present as vector-
associated or free protein. Therefore, the detection p24 does not directly indicate the presence of functional LVV 
particles; it merely reveals the presence of unwanted vector-derived impurity. To our knowledge, the presence of 
LVV-derived p24 protein impurity in CAR T-cell products manufactured by the Prodigy has not been previously 
published. Our results demonstrate detectable p24 in the DS supernatant, emphasizing the importance of post-
transduction washes during manufacturing. However, we excluded p24 ELISA from the planned batch release 
test through a risk assessment based on dilution-based calculations of residual infectious particles.

The selection of sampling points (leukapheresis material, IPCs, DS, and DP) and analytical methods used 
in the QC plan was based on regulatory requirements and practical considerations. For instance, microbial 
sterility assessment was performed on d7 IPC to enable process termination before d12 in case of positive results, 
ensuring cost-efficiency during process development. In a clinical setting, negative sterility result for IPC could 
allow for DP batch release of a fresh CAR T product. We also evaluated the feasibility of using pre-harvest 
transduction efficiency results on d12 IPC to calculate DP doses during the harvest procedure, thus avoiding 
delays caused by waiting for post-harvest/DS FCM results. Notably, no significant differences were observed in 
T-cell composition or CAR + CD3 + T cell frequency between d12 IPC and DS of 19-FiCART batch #1, making it 
feasible to use pre-harvest transduction efficiency results for DP dose calculations to improve process robustness.

The 19-FiCART cells demonstrated remarkable anti-tumor activity in our Raji cell CD19+ lymphoma mouse 
model at both 10 M and 5 M doses. However, in contrast to 10 M NT and 19-FiCART, 5 M 19-FiCART cell 
dose effectively cleared the tumor load in the treated mice with a noticeably reduced incidence of severe adverse 
events (100% vs 75% vs 25% mice toxicities in 10 M NT, 10 M 19-FiCART and 5 M 19-FiCART, respectively). 
The tumor-bearing PBS-treated mice developed hindlimb paralysis likely due to metastasis of Raji cells to the 
nervous system50. In contrast, NT and 19-FiCART cell-treated mice manifested toxicities likely resulting from 
GvHD—a disorder commonly associated with allogeneic cell transplantation but does not occur in autologous 
settings. The severity of the toxicities in CAR T-cell therapies is associated, among others, with the potency and 
dose51. Strategies to prevent and/or manage CAR T-cell associated toxicities include low doses or using a split 
CAR design52,53. In this line, our results demonstrate an effective and much safer anti-tumor response by the 
19-FiCART cells when used at the low (5 M) dose; however, further preclinical toxicity testing with a 5 M NT 
cell dose and an additional number of 19-FiCART batches is still required to fully corroborate the efficacy and 
safety in an in vivo model.

This study successfully established a platform for manufacturing and analytically testing of functionally 
potent 19-FiCART cells. This paper provides insights into early development of CAR T-cell products and other 
ATMPs produced using LPs as the starting material. The FiCAR construct’s retargetability against different 
antigens by switching the antigen-recognizing structure enables targeting of different antigens with FiCAR 
T-cells in the future.

Materials and methods
Leukapheresis collection and stability study
Non-mobilized LPs were collected at the Finnish Red Cross Blood Service (FRCBS) in Helsinki, Finland from 
healthy, voluntary donors. Written informed consent was obtained and handling followed a study plan approved 
by the Ethics Committee, Hospital District of Helsinki and Uusimaa (HUS/289/2022). The study was conducted 
in accordance with the ethical guidelines of the Declaration of Helsinki. Testing donors for infective agents 
adhered to requirements for donors of autologous starting material (EU directive 2006/17/EC). Apheresis 
utilized the Spectra Optia continuous mononuclear cell protocol (Version 11, Terumo BCT, Lakewood, CO). 
The LPs were stored at RT until further processing on the same day.

For stability evaluation, remaining LP materials not used for (19-FiCART) manufacturing were divided into 
two parallel collection bags and stored at 15–25 °C (RT) and 2–8 °C (CT). We assessed product stability at five 
time points (T0, 25 h, 49 h, 73 h, 121 h) by visual inspection of appearance, measurement of WBC count (Sysmex 
pocH 100i analyzer, Sysmex, Kobe, Japan), and flow cytometry (FCM) analysis of leukocyte composition, 
viability, and apoptotic cells. Detailed method descriptions are provided in the flow cytometry subsection.

CAR construct and lentiviral vectors
The CAR used (mod FiCAR 1) is a modified form of the construct previously described as FiCAR 1 in our 
earlier publication13. Briefly, the FiCAR 1 comprises a CD19-targeted extracellular FMC63 domain connected 
via an extended human IgG1-derived hinge and a linker to a spacer structure composed of two SIRPα-derived 
Ig-like domains. The FiCAR 1 transmembrane and co-stimulatory domains are formed from human CD28 and 
the signaling domain from human T cell receptor CD3ζ.-chain. In the modFiCAR 1 construct, the extended 
IgG1-hinge of the FiCAR 1 is replaced with a human IgG4-hinge (UniProt sequence id: P01861), modified for 
functionality54,55.
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Vesicular stomatitis virus-G protein pseudotyped, 3rd generation self-inactivating LVVs encoding modFiCAR 
1 were produced by a GMP-competent CDMO (VIVEbiotech, Spain). The LVVs were formulated in TexMACS 
GMP Medium (Miltenyi Biotec, Bergisch Gladbach, Germany) and stored at -80 °C. In each 19-FiCART batch 
(#1–3, see below) a vector from a separate LVV production batch was used. The LVVs were provided with a 
quantitative polymerase chain reaction titer of virus determined in HEK293T cells. For LVVs from processes 
#1 and #3, we determined the primary T-cell LVV-titer (see vector copy number analysis for details), which was 
approximately three times higher than the provided HEK293T titer (data not shown). The HEK293T titer was 
used for calculating the MOI in the 19-FiCART manufacturing process.

19-FiCART manufacturing process and planned QC strategy
Three batches of 19-FiCART (#1–3) were manufactured using the CliniMACS Prodigy equipped with the TS520 
tubing set and the TCT software v2.0.1010 (all from Miltenyi Biotec). Manufacturing was performed in a biosafety 
level 2-classified grade D clean room. Open process steps, including reagent preparations, DS sampling, final 
formulation, and DP filling, were performed in a grade A Bioquell QUBE isolator (Bioquell Ltd., Andover, UK). 
The process buffer, CliniMACS phosphate-buffered saline (PBS)/ethylene-diamine-tetraacetic acid (EDTA) 
Buffer (Miltenyi Biotec) supplemented with 2% v/v Albunorm 200 g/l (Octapharma AB, Stockholm, Sweden), 
and the culture medium, TexMACS GMP Medium supplemented with 12.5 ng/mL MACS GMP Recombinant 
Human IL-7 and IL-15 (all from Miltenyi Biotec), were prepared before starting the process. The 19-FiCART 
manufacturing process flow chart and planned QC strategy are depicted in Fig. 2.

On d0, CD4/CD8-cell count in the LP material was determined based on WBC count (Sysmex pocH 100i 
analyzer, Sysmex, Kobe, Japan) and the frequency of CD4/CD8-labeled cells assessed by FCM. CD4+ and 
CD8+ cell enrichment was performed with the Prodigy using 1–3 × 109 CD4/CD8+ cells and the CliniMACS 
CD4 and CD8 Reagents (Miltenyi Biotec). Subsequently, 108 CD4/CD8-enriched cells were activated with a 
1:17.5 ratio of MACS GMP T Cell TransAct (Miltenyi Biotec) reagent for 16 (+ /- 1) hours at + 37 °C, 5% CO2 
in 70 mL total volume. Additionally, 106 CD4/CD8-enriched cells were used to produce NT control cells for 
reference in analytical tests (Supplementary Table S3).

Transduction was performed on d1 by adding the LVV and culture medium (30 mL) to the cell culture, 
resulting in a 100 mL total volume. The LVV was used at varying MOIs in processes #1–3 (0.3, 0.8, and 1.5, 
respectively). Cells were cultured for twelve days, during which two culture washes were performed (on d3 
and d5), the culture volume was increased to 250  mL, and daily medium exchanges were performed (see 
Supplementary Table S3). On d12, the DS product was harvested in 100 mL of Natriumklorid Baxter Viaflo 
9 mg/ml solution (Baxter S.A, Lessines, Belgium) containing 23.6% v/v Albunorm 200 g/l. For final formulation, 
5% v/v dimethyl sulfoxide (CryoSure-DMSO, WAK-Chemie Medical GmbH, Steinbach/Ts, Germany) was 
added to the DS to form the DP (Fig. 2). The DP was frozen with a BIOFREEZE Smartline controlled rate freezer 
(Consarctic GmbH, Westerngrund, Germany) and transferred to a vapor phase liquid nitrogen freezer.

The 19-FiCART QC plan was designed based on the EMA guidelines EMA/523,923/202037 and EMEA/
CHMP/410,869/200612, as well as the Guidelines on Good Manufacturing Practice specific to Advanced Therapy 
Medicinal Products38, and the European Pharmacopoeia. The analytics performed on the LP starting materials, 
IPCs, DS, and DP are described in Fig. 2. Appearance was assessed by visual inspection and microbial sterility 
using BACT/ALERT VIRTUO (BioMérieux, Étoile, France) with aerobic (FA Plus or BPA) and anaerobic (FN 
Plus) culture bottles (BioMérieux). Cell count and viability were measured by the NucleoCounter NC-100 cell 
counter (ChemoMetec, A/S, Allerod, Denmark). Leukocyte composition, transduction efficiency, and T-cell 
phenotype were analyzed by FCM. Potency was assessed by cytotoxicity and IFN-γ secretion assays, VCN by 
droplet digital PCR (ddPCR), and HIV-1 p24 protein impurity by p24 ELISA. Data are not available for the 
endotoxin and mycoplasma tests.

Flow cytometry
We used FCM analyses to assess product cell composition, transduction efficiency, and T-cell phenotype at 
various time points during the 19-FiCART manufacturing process (Fig. 2 and Table 3). The marker expression 
patterns and cell type definitions in each analysis are shown in Supplementary Table S4. In the LP stability 
study, leukocyte composition was analyzed using the same analytical method as for LP material in 19-FiCART 
production (Table 3). For cell apoptosis analysis, cells were stained with a mixture of anti-human antibodies 
against CD45, CD56, CD4, CD8, and CD3, 7-aminoactinomycin D (7-AAD) viability stain, and Apotracker 
Green (APO-15). The antibodies and viability stains used in the analyses are listed in Supplementary Table 
S5 and specific antibody panels are shown in Supplementary Tables S6–S10. The FCM buffer consisted of PBS 
(Cell Therapy Systems, DPBS CTS Dulbecco’s PBS, Gibco) containing 0.5% HSA (Albunorm, Octapharma) and 
2 mM EDTA (Ultrapure EDTA, Gibco, Life technologies, Grand Island, NY). Red blood cells were lysed from 
the LP samples using a Red Blood Cell Lysis Solution (Miltenyi Biotec). Cells were incubated with antibodies at a 
density of 106 cells/100 µl for 15 min at RT. All post-transduction samples were fixed with 1% paraformaldehyde 
in PBS (Thermo Fisher Scientific, Fair Lawn, NJ) for 30 min at 4 °C before analysis (Table 3).

FCM was performed using the DxFLEX flow cytometer (Beckman Coulter Life Sciences, Brea, CA). The 
analysis of leukocyte composition, transduction efficiency, and cellular impurities were performed in duplicate 
for the samples indicated in Table 3. Other analyses were performed in single tubes. The number of stained 
cells and acquired events in each analysis are shown in Table 3. Appropriate isotype controls or fluorescence 
minus one controls were used for gating cell type-specific markers and NT cells served as gating reference for 
CAR+ cells. Veri-Cells CD34 PBMC (Biolegend) was used as a control for gating CD34+ cells. Gating strategies 
for the 19-FiCART QC analyses are shown in Supplementary Fig. S7–S9. Additionally, gating strategies for 
analyzing cell type-specific viability and apoptosis in the LP stability study are presented in Supplementary Fig. 
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S10 and Fig. 1c, respectively. Data analyses were performed using FlowJo software (Version 10.0.7r2, FlowJo 
LLC, Ashland, OR).

Cell lines
To create Luciola italica luciferase (RedFLuc) and Green Fluorescent Protein (GFP)-expressing target cells for 
the potency assays, CD19+ B-lineage acute lymphocytic leukemia cells (NALM-6 cell line; purchased from 
American Type Culture Collection, ATCC, Manassas, VA, USA, cat. CRL-3273), and Burkitt’s lymphoma cells, 
(Raji cell line; purchased from ATCC, cat. CCL-86), were transduced using IVISbrite Red F-luc-GFP Lentiviral 
Particles (RediFect, Perkin Elmer, Boston, MA). The GFP+ cells were purified using the Sony SH800 cell sorter 
(Sony Biotechnology, San Jose, United States). Cell lines were cultured in RPMI-1640 medium supplemented 
with 10% Fetal Bovine Serum (FBS) and 100 IU/mL penicillin–streptomycin (all from Gibco). Cell cultures were 
maintained at 37 °C 5% CO2.

Potency assays
Potency was evaluated by measuring in vitro cytotoxicity and IFN-γ secretion by 19-FiCART cells in response 
to CD19+ target cells. In the assays, 19-FiCART cells were incubated for 20 h at 37 °C, 5% CO2 with NALM-
6-RedLuc-GFP or Raji-RedLuc-GFP target cells in RPMI-1640 medium containing 10% FBS and 100 U/mL 
penicillin–streptomycin. The number of plated 19-FiCART cells was determined using the number of live 
CAR + T-cells and the number of target cells based on the number of live cells. The cytotoxicity assay was 
performed in 96-well plates using several E:T ratios (range 0.0625–8:1). For bioluminescence detection, cells 
were lysed with the neolite Reporter Gene Assay System reagent (Perkin Elmer), and the results were measured 
using the Victor Nivo F3 plate reader (Perkin Elmer). Specific lysis of target cells was calculated using the 
luminescence of target cells alone as a control corresponding to 0% killing. The IFN-γ assay was performed 
in 48-well plates using E:T ratios of 0.5:1 and 2:1. The culture supernatants were collected and stored at -70 °C 
until IFN-γ quantification by the Human IFN-gamma Quantikine ELISA Kit (R&D Systems, Minneapolis, MN).

Vector copy number analysis and p24 ELISA
The absolute number of integrated vector copies per cell in 19-FiCART cells was determined using the QX200 
ddPCR system (Bio-Rad Laboratories, Hercules, CA, USA). Genomic DNA was extracted from 106 cells using the 
EZ1&2 DNA Tissue Kit for automated purification of DNA from cultured cells and the EZ2 Connect instrument 
according to manufacturer’s protocol (Qiagen, Hilden, Germany). DNA concentration was measured by the 
DeNovix DS-11 FX Spectrophotometer (DeNovix, Wilmington, USA). The ddPCR assay was performed using 
the ddPCR Multiplex Supermix and expert design probes for detecting the vector sequence (HivPsi in FAM, 
assay ID: dEXD14812826) along with a housekeeping gene (RPP30 in HEX, assay ID: dHsaCP2500350) and 
the compatible restriction enzyme Hae III according to the manufacturer’s protocol (Bio-Rad Laboratories, 
Hercules, CA, USA). Droplets were generated using the QX200 Automated droplet generator and PCR 
amplification was performed on the C1000 Touch Thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). 

Day (d) Analysis name Sample Markers

Number of cells 
stained / Number 
of events acquired 
in FCM (live cells)

d0

Leukocyte composition

a, bLP
CD3; CD4; CD8; CD14; CD19; CD45; CD56; 
7-AAD 1 × 106 / 5 × 104d0 IPC (CD4/CD8-enrichment positive fraction)

CD4/CD8-enrichment negative fraction

CD34 + cells
LP

CD34; CD45; 7-AAD 2 × 106 /1 × 106

d0 IPC (CD4/CD8-enrichment positive fraction)

d7, d12 cTransduction efficiency

d7 IPC
CD3; CD4; CD8; CD19; CD45; CD56; CD19-CAR 
FMC63; Zombie Aqua 1 × 106 / 5 × 104dd12 IPC (before harvest)

bDS

d12

cCellular impurities bDS CD14; CD19; CD34; CD45; Zombie Aqua 2 × 106 / 1 × 106

cT-cell memory phenotype DS CD4; CD8; CD19 CAR FMC63; CCR7; CD45RA; 
CD45RO; CD95; Zombie Aqua 1 × 106 / 1 × 105

cT-cell activation and 
exhaustion DS CD4; CD8; CD19 CAR FMC63; LAG-3; CD57; 

Tim-3; PD-1; CD25; Zombie Aqua 1 × 106 / 1 × 105

Table 3.  Flow cytometry analyses, samples, and markers utilized to assess the cellular composition, 
transduction efficiency, and T-cell phenotype at different time points during the 19-FiCART production 
process. aThe frequency of CD4/CD8-labeled cells in the LP material entered to the CliniMACS Prodigy before 
the CD4/CD8-enrichment was gated on total cells without dead cell discrimination based on 7-AAD positivity. 
bStaining and analysis in duplicates. dDay 12 IPC was analyzed only in process #1. FCM, flow cytometry; LP, 
leukapheresis product; CAR, chimeric antigen receptor; IPC, in-process control; DS, drug substance; TN, naïve 
T cell; TSCM, stem cell memory T cell; TCM, central memory T cell; TEM, effector memory T cell; TEFF, effector 
T cells; PD-1, programmed death 1; LAG-3, lymphocyte-activation gene 3; Tim-3, T cell immunoglobulin and 
mucin domain-containing protein 3.
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VCN was analyzed using the Auto DG QX200 droplet reader PCR system and QX Manager Standard Edition 
software (version 1.2.345.0909, ​h​t​t​p​s​:​​/​/​w​w​w​.​​b​i​o​-​r​a​​d​.​c​o​m​/​​e​n​-​f​i​​/​l​i​f​e​-​​s​c​i​e​n​c​​e​/​d​i​g​i​​t​a​l​-​p​c​r​/​q​x​-​s​o​f​t​w​a​r​e, Bio-Rad 
Laboratories, Hercules, CA, USA).

To quantify the amount of residual vector-derived HIV-1 p24 protein in the 19-FiCART product, we 
measured the concentration of p24 in the DS supernatant using the One Wash Lentivirus Titer Kit (Origene, 
Rockville, MD), and the EnSPire Multimode Platereader (PerkinElmer).

In vivo study
Female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD-scid-gamma; NSG) mice (4–5 weeks old) were purchased 
from the Jackson Laboratory (Scanbur, Denmark). Raji-RedFLuc-GFP cells (0.2 × 106 in 100 µL PBS) were 
injected via the tail vein into the mice and grown for five days. The mice were randomized based on similar 
tumor load per mouse into four groups (n = 8/group). The NT and 19-FiCART cells from the production batch 
#3 were thawed in a + 37 °C water bath, formulated in PBS, and injected to the mice (d0) via the tail vein in a 
100 µl volume. The 19-FiCART cells were administered at doses of 5 × 106 and 10 × 106 CAR T-cells (hereinafter 
referred to as 5 M and 10 M). The 19-FiCART doses were calculated based on the transduction efficiency, and 
cell viability after thawing and passing the cell solution through a 30G needle (BD). Total number of T cells 
administered in each group are detailed in Supplementary Fig. S5A. In the 10  M NT group, mice received 
an equal number of total T cells as was given to 10 M 19-FiCART group (Supplementary Fig. S5A). Tumor 
progression was monitored by non-invasive in vivo bioluminescence imaging (BLI) with CoA D-luciferin 
sodium salt substrate (#bc218, Synchem, Germany) injected intraperitoneally at 150 mg/kg. BLI images were 
acquired 10  min after D-luciferin injection with the SPECTRAL Lago X Imaging System under isoflurane 
(1000  mg/g Attane vet; Piramal Critical Care B.V, Netherlands) anesthesia and analyzed with Aura Imaging 
Software v4.0.0 (Spectral Instruments Imaging; USA). The mice were monitored at regular intervals for behavior, 
activity, feeding, and weight. At the end of the experiment, mice were euthanized with a lethal dose of ketamine-
xylazine (#511,485, Intervet; #148,999, Orion Pharma). Animal experiments were approved by the Finnish 
National Animal Experiment Board (License number: ESAVI/10,548/2019) and conducted in accordance with 
the Finnish Act on the Protection of Animals Used for Scientific or Educational Purposes, and the University of 
Helsinki guidelines. The study is reported in adherence to ARRIVE guidelines.

Statistical analysis
GraphPad Prism Software versions 7 and 9.0 for Windows (San Diego, CA, USA) were used for statistical analysis 
and data plotting. To test for the statistical significances of differences between several groups, we employed 
Friedman’s nonparametric ANOVA for repeated measures followed Dunn’s post-test for multiple comparisons or 
one-way ANOVA with Tukey’s correction for multiple comparisons. the paired t-test was used for comparisons 
between paired groups. It is important to note that the assessment of data distribution is impaired due to the 
small sample size (n = 3–8), and the results of the parametric statistical tests apply only if the data follow normal 
distribution. The statistical tests used for individual analyses are indicated in the figure legends. A significance 
level of P ≤ 0.05 was considered statistically significant. Data are reported as mean ± standard deviation (SD), 
unless otherwise specified.

Data availability
The data generated in this study are available from the corresponding author upon reasonable request.
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