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Main text:

Tisagenlecleucel is the only chimeric antigen T cell (CAR-T) therapy approved by the U.S. Food and
Drug Administration and the European Medicines Agency for pediatric B-cell precursor acute
lymphoblastic leukemia (B-ALL). Tisagenlecleucel demonstrated remarkable efficacy in

relapsed/refractory B-ALL(1) and diffuse large B cell ymphoma (DLBCL)(2).

Significant heterogeneity in CAR+ T-cell infusion products (IP) has been demonstrated in LBCL(2, 3). It
remains unclear whether these phenotypic variations impact clinical outcomes (3). While pre-
infusion composition of tisagenlecleucel products and their post-infusion behavior in children with B-
ALL has not been previously studied in depth, the persistence of CAR+ T-cells in peripheral blood

post-infusion may play a crucial role in therapy outcomes (1, 4, 5).

We analyzed relationships between clinical outcomes, pre-treatment patient status, and prior
therapies in a cohort of relapsed/refractory B-ALL patients (n = 19, aged 2-16 years) receiving CAR-T
therapy with tisagenlecleucel in Poland between September 2022, and August 2024, with follow-up
until February 2025. All patients provided informed consent. The study was approved by the Human
Research Ethics Committee of the Medical University of Lodz (approval no. RNN/93/22/KE).
Treatment response was assessed using PCR-based minimal residual disease (PCR-MRD) in bone
marrow biopsies, and toxicity was evaluated using the Penn scale for CRS(6) and ICANS scale for
neurotoxicity(7). This study was conducted in accordance with the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) guidelines (8). We used mass cytometry to
characterize the phenotype of CAR+ T-cells in infusion products and tracked their persistence in
peripheral blood on days 7 and 28. Additionally, we profiled T cells and non-CAR T mononuclear cells,
specifically NK cells and monocytes, to assess broader immune compartment changes post-infusion

(Supplementary Figure 1).

At the time of tisagenleucel infusion, eight patients (42%) had positive measurable residual disease

(MRD), as detected by PCR-based assessment in the bone marrow (BM) (<1x107*: negative; 21x10™*:



positive). Among these, only one patient had a high disease burden (88% BM blasts) prior to infusion,
whereas the remaining PCR-MRD-positive patients had less than 1% blasts by morphology. Fourteen
patients (74%) received CAR-T therapy for first relapse, either after allogeneic hematopoietic stem
cell transplantation (allo-HSCT) or without complete remission (CR) after one cycle of re-induction
therapy. Four patients were treated for second relapse and one patient for fourth relapse. Prior to
CAR-T therapy, nine patients (47%) had received allo-HSCT, two blinatumomab, and six inotuzumab
ozogamicin. Cytokine release syndrome occurred in 74% of patients, with a maximum severity of
grade 2. Seven patients received tocilizumab, all within seven days post-infusion. ICANS was
observed in three patients, with two experiencing grade 2 and one experiencing grade 4
neurotoxicity. Complete remission with B-cell aplasia for longer than 6 months was achieved in 14
patients (73%); however, four subsequently relapsed within one year. One patient experienced
disease progression, and two patients died due to leukemia relapse or resistance, with a median

follow-up of one year (Figure 1, Supplementary Table 1).

Nineteen patients contributed 77 samples across several timepoints as shown in Figure 2A. All data
shown for T-cell subsets are gated on CAR+ T-cells, unless otherwise specified. Tisagenleucel infusion
products were primarily composed of MAIT/NKT (7.04%), CD4+ Central Memory (16.6%), and
predominantly Treg memory (63.3%) cells, while other subsets comprised less than 2% of CAR+ T-

cells (Figure 2B).

CAR+ Treg memory cells, decreased significantly by day 7 (<0.5%, p<0.0001) and day 28 (p<0.001)
compared to infusion products (IP) (Figure 2C). Other CAR+ T-cell subsets also declined, including

CD4 Central Memory (day 7: p<0.001; day 28: p<0.05), CD4- MAIT/NKT (day 7: p<0.01).

Conversely, the proportion of CD8 Naive cells increased post-infusion (day 7: p<0.0001; day 28:
p<0.01), with further expansion between day 7 and 28 (p<0.01). Similar trends were observed for
CD8 Central Memory (day 7: p<0.01; day 28: p<0.05), CD8 Effector Memory (day 7: p<0.0001; day 28:

p<0.001), and CD8 Terminal Effector cells (day 7: p<0.0001; day 28: p<0.001). CD4 Naive, CD4



Effector Memory, and CD4-CD8- y6 T cells also increased (p<0.01), with further expansion between
day 7 and 28 (p<0.05) (Figure 2D). Further analysis of activation and exhaustion markers in CAR+ T
cells revealed an increased expression of IL-7Ra (CD127) on days 7 and 28 post-infusion compared to
the infusion product (IP), particularly in CAR+ CD4+ Central Memory and Effector Memory subsets
(Supplementary Figure 2A, B). CTLA-4 expression was elevated on days 7 and 28 post-infusion

compared to IP, especially in CAR+ CD4-CD8- y6 T cells (Supplementary Figure 2C).

To characterize host immune system changes, we analyzed PBMCs from 16 patients at day O (pre-
infusion), day 7, and day 28 post-infusion. Monocytes, as well as Early and Late NK cells, significantly
increased within 7 days post-infusion (p<0.01, p<0.05, p<0.05, respectively) and remained elevated

at day 28 compared to day 0 (p<0.01, p<0.001, p<0.01, respectively) (Figure 3 A-C).

Despite increasing monocyte counts, expression of activation markers (CD16, CD66b) on monocytes
decreased significantly by day 7 (p<0.01, p<0.001) before partially recovering by day 28 (p<0.05,
p<0.05) (Supplementary Figure 2D). In contrast, activation markers on Early and Late NK cells
increased over time. CD16 expression on NK cells rose between day 0 and 28 (p<0.05) and between
day 7 and 28 (p<0.05). Additionally, CD161 expression on Early NK cells increased between day 0 and

28 (p<0.05) (Supplementary Figure 2E).

No associations were observed between CAR+ T-cell subset composition and patient risk group,
disease burden, prior treatment with blinatumomab, inotuzumab ozogamicin, or HSCT. Furthermore,
CAR+ T-cell composition was not correlated with treatment outcomes or the development of ICANS
(Supplementary Table 2). However, patients who developed CRS (grade 21, Penn scale(6)) had a
higher frequency of CAR+ CD4- MAIT/NKT and CAR+ CD8 Terminal Effector cells in infusion products
compared to those without CRS (p<0.05) (Figure 3 D-E). At day 0 pre-infusion, patients who later
developed CRS had fewer Early and Late NK cells (p<0.05) (Figure 3F-G) compared to those without
CRS. At day 7 post-infusion, patients who experienced CRS had fewer Classical Monocytes and lower

expression of IL-7RA (CD127) (p<0.05) on these cells compared to those without CRS (Figure 3H,



Supplementary Figure 2F). By day 28, CRS patients had lower counts of Transitional Monocytes

(p<0.05) (Supplementary Figure 2G).

In this study we characterized CAR+ T-cell subsets in infusion products (IP) and tracked their
evolution post-infusion, providing insights into treatment response and immune system changes

(Supplementary Figure 3).

Infusion products were predominantly composed of CAR+ CD4+ T-cells, with a significant fraction
exhibiting a central memory phenotype. Notably, CAR+ regulatory T (Treg) memory cells constituted
the largest subset, while naive CD4+ and CD8+ subsets were largely absent. These findings are
consistent with previous reports in DLBCL patients treated with tisagenlecleucel, although those
adult studies did not characterize CAR+ Treg memory cells, CD4-CD8- y6 T cells, CD4- MAIT/NKT cells,
or T helper cells(3). Post-infusion, the proportion of CAR+ Treg memory cells declined by day 7 post-
infusion, while CD8+ naive and effector subsets expanded, indicating a shift toward a more cytotoxic
phenotype. This was accompanied by changes in activation and exhaustion markers in DLBCL, high
CAR+ Treg numbers in IP associated with tumor growth due to suppression of cytotoxic CAR+ T-cells,
correlating with disease progression and reduced neurotoxicity(1). However, in our pediatric B-ALL
cohort, CAR+ Treg memory cells were absent in PBMCs at days 7 and 28 post-infusion, suggesting a

transient effect.

Our data also revealed a post-infusion decline in CAR+ CD4+ Central Memory cells and an expansion

of CAR+ CD8+ subsets, consistent with previous studies(9).

Beyond CAR+ T-cell dynamics, we document expansion and activation in the NK and myeloid
compartments, which may be key determinants of CAR-T efficacy and toxicity. Our findings challenge
the assumption that low absolute neutrophil count uniformly enhances CAR-T cell expansion, as
previously suggested(10). Instead, we observed that immune recovery, particularly the presence of

monocytes and neutrophils, correlates with improved clinical outcomes. This aligns with previous



reports linking neutropenia to B-cell recovery(11), suggesting that hematologic reconstitution may

play a role in sustained remission.

The higher frequency of CAR+ CD4- MAIT/NKT and CAR+ CD8+ terminal effector cells in IP correlated
with CRS development. This aligns with evidence that highly differentiated effector T cells exhibit
impaired in vivo function despite strong in vitro activity and that cytokine signaling can influence T

cell efficacy(12).

While tocilizumab has proven effective in managing CRS(13), its impact on the immunological profile
of CAR+ T-cells remains insufficiently studied. Our findings suggest that baseline immune profiles and
monocyte dynamics may serve as predictors of CRS. Patients who developed CRS exhibited lower
pre-infusion levels of NK cell(14). By day 7, these patients displayed reduced classical monocyte
numbers and IL-7RA expression, suggesting altered immune recovery, potentially influenced by
tocilizumab(15). These findings suggest that immune profiling could aid in identifying high-risk

patients and refining CRS management strategies.

This study has several limitations, including a relatively small cohort, interpatient variability, and
retrospective data collection. Despite these constraints, our study is the first to characterize the
phenotypic composition of tisagenlecleucel CAR+ T-cell subsets in pediatric B-ALL, revealing a
significant number of Tregs in IP that do not persist post-infusion. These findings suggest that the
same CD19 CAR-T product may exhibit different behaviors in B-ALL compared to lymphoma, as well
as in pediatric versus adult patients. Furthermore, our data indicate that early changes in the
immune system, particularly monocytes and NK cells, are associated with CAR-T treatment

outcomes, underscoring the potential value of comprehensive immune profiling in pediatric B-ALL.



References:

1. Good Z, Spiegel JY, Sahaf B, et al. Post-infusion CAR T(Reg) cells identify patients resistant to
CD19-CAR therapy. Nat Med. 2022;28(9):1860-1871.
2. Bachanova V, Tam CS, Borchmann P, et al. Impact of Tisagenlecleucel Chimeric Antigen

Receptor (CAR)-T Cell Therapy Product Attributes on Clinical Outcomes in Adults with Relapsed or
Refractory Diffuse Large B-Cell Lymphoma (r/r DLBCL). Blood. 2019;134(Supplement_1):242.

3. Monfrini C, Stella F, Aragona V, et al. Phenotypic Composition of Commercial Anti-CD19 CAR
T Cells Affects In Vivo Expansion and Disease Response in Patients with Large B-cell Lymphoma. Clin
Cancer Res. 2022;28(15):3378-3386.

4. Melenhorst JJ, Chen GM, Wang M, et al. Decade-long leukaemia remissions with persistence
of CD4(+) CART cells. Nature. 2022;602(7897):503-509.

5. Denlinger N, Song NJ, Zhang X, et al. Postinfusion PD-1+ CD8+ CAR T cells identify patients
responsive to CD19 CAR T-cell therapy in non-Hodgkin lymphoma. Blood Adv. 2024;8(12):3140-3153.
6. Porter D, Frey N, Wood PA, Weng Y, Grupp SA. Grading of cytokine release syndrome
associated with the CAR T cell therapy tisagenlecleucel. J Hematol Oncol. 2018;11(1):35.

7. Hayden PJ, Roddie C, Bader P, et al. Management of adults and children receiving CAR T-cell

therapy: 2021 best practice recommendations of the European Society for Blood and Marrow
Transplantation (EBMT) and the Joint Accreditation Committee of ISCT and EBMT (JACIE) and the
European Haematology Association (EHA). Ann Oncol. 2022;33(3):259-275.

8. von Elm E, Altman DG, Egger M, et al. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement: guidelines for reporting observational studies. J Clin
Epidemiol. 2008;61(4):344-349.

9. Turtle CJ, Hanafi LA, Berger C, et al. CD19 CAR-T cells of defined CD4+:CD8+ composition in
adult B cell ALL patients. J Clin Invest. 2016;126(6):2123-2138.

10. Zhang M, Long X, Xiao Y, et al. Assessment and predictive ability of the absolute neutrophil
count in peripheral blood for in vivo CAR T cells expansion and CRS. J Immunother Cancer.
2023;11(11):e007790.

11. Fried S, Avigdor A, Bielorai B, et al. Early and late hematologic toxicity following CD19 CAR-T
cells. Bone Marrow Transplant. 2019;54(10):1643-1650.

12. Bell M, Gottschalk S. Engineered Cytokine Signaling to Improve CAR T Cell Effector Function.
Front Immunol. 2021;12:684642.

13. Jain MD, Smith M, Shah NN. How | treat refractory CRS and ICANS after CAR T-cell therapy.
Blood. 2023;141(20):2430-2442.

14. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic cells. Nat Rev
Immunol. 2015;15(8):471-485.

15. Norelli M, Camisa B, Barbiera G, et al. Monocyte-derived IL-1 and IL-6 are differentially
required for cytokine-release syndrome and neurotoxicity due to CAR T cells. Nat Med.
2018;24(6):739-748.

10



Figure 1. Patient characteristics and clinical outcomes.

The figure displays a summary of patient characteristics,previous-treatments, and clinical outcomes.
The swimmer plot portion illustrates key events over time, including relapse (R), loss of B-cell aplasia
(B), and death (X). Patients who experienced cytokine release syndrome are indicated by a red bar
(graded according to the Penn scale), while those who experienced immune effector cell-associated
neurotoxicity syndrome are marked with a patterned bar (assessed using the ICE score).

Abbreviations: HSCT, hematopoietic stem cell transplantation; R, relapse; B, loss of B-cell aplasia; X,

death.

Figure 2. Phenotypic diversity and post-infusion dynamics of CAR* T-cell subpopulations in CD19
CAR-T therapy.

A.

Schematic of sample collection and analysis, including mass cytometry and gPCR for
validation from pediatric BCP-ALL patients. Correlation between CAR+ cell percentages in
PBMCs by mass cytometry and CAR+ transgene expression at day 7 (R? =0.9043, p < 0.0001)
and day 28 (R? = 0.9825, p < 0.0001). Figure created using BioRender.com.

T cell subsets within CAR+ T-cells in infusion products using Mahalanobis distance.
Longitudinal analysis of CAR+ T-reg memory from infusion to day 7 and day 28 (*p < 0.05;
**p < 0.01; ***p <0.001; ***p < 0.0001, Wilcoxon test, FDR-adjusted).

Longitudinal analysis of CAR+ T cell subsets from infusion to day 7 and day 28 (*p < 0.05; **p
<0.01; ***p < 0.001; ***p < 0.0001, Wilcoxon test, FDR-adjusted).

Figure 3. Immune system dynamics and association with cytokine release syndrome.

11

Longitudinal analysis (day 0, 7, 28) of early NK cells (*p < 0.05; **p < 0.01; ***p < 0.001).
Longitudinal analysis (day 0, 7, 28) of late NK cells (*p < 0.05; **p < 0.01; ***p < 0.001).
Longitudinal analysis (day 0, 7, 28) of classical monocytes (*p < 0.05; **p < 0.01; ***p <
0.001).

Abundance CAR+ CD8 Terminal Effector cells in IP based on development of CRS (*p < 0.05).
Abundance CAR+ CD4~ MAIT/NKT cells in IP based on development of CRS (*p < 0.05).
Pre-infusion PBMC composition at day 0 indicates higher levels of early NK cells in patients
who did not develop CRS (*p < 0.05; **p < 0.01).

Pre-infusion PBMC composition at day 0 indicates higher levels of late NK cells in patients
who did not develop CRS (*p < 0.05; **p < 0.01).

Abundance of classical monocytes at day 7 based on CRS incidence (*p < 0.05).
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Supplementary Figure 1. Gating strategy.

(a) Manual gating of CAR+ T-cells as validation of the applied method.
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Graph was generated using unfiltered cells. Samples were collected from five representative
patients with BCP-ALL in IP, followed by PBMC analysis on days 7 and 28. Color coding:
orange — unfiltered cells, blue — CAR+ T-cells.
(b) T cells gating strategy.
Flow plot showing gating strategy for T cells from Human healthy peripheral blood (4 PBMC
from healthy children, ~300,000 cells per sample). Gating and sub sequential analysis was

done using OMIQ.

Color green highlights gating for T-reg memory and Th-like 1,2,17; Blue — CD4+; Yellow —
CD8+; Red — CD4-CD8- yd T cell, Purple — CD4- MAIT/NKT.
(c) Other cells gating strategy.
Flow plot showing gating strategy for cells from Human healthy peripheral blood (4 PBMC
from healthy children, ~300,000 cells per sample). Gating and sub sequential analysis was

done using OMIQ.

Color green highlights gating for neutrophils and eosinophils; Red — monocytes; Yellow —
basophils; Blue — NK cells; Orange — DC; Purple — B cells.
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Supplementary Figure 2.

onw

CAR+ T-cell subsets at all timepoints classified using Mahalanobis distance.

IL-7Ra (CD127) expression on CAR+ T-cells over time (infusion, day 7, and day 28).

CTLA-4 expression on CAR+ T-cells over time (infusion, day 7, and day 28).

CD16 and CD66b expression on classical monocytes decreases at day 7, followed by recovery
at day 28 (*p < 0.05; **p < 0.01; ***p < 0.001).

CD16 and CD161 expression on early NK cells increases at day 28, while late NK cells show
higher CD16 at day 28 compared to day O (*p < 0.05; **p < 0.01; ***p < 0.001).

Expression on classical monocytes of CD127 at day 7 based on CRS incidence (*p < 0.05).

. Abundance of transitional monocytes at day 28 based on CRS incidence (*p < 0.05).
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Supplementary Figure 3. Visual summary of key findings.

A graphical overview of CAR+ T-cell subtype dynamics and immune responses throughout CD19 CAR-
T therapy. The infusion product (IP) primarily consisted of CAR+ Treg memory cells, with smaller
proportions of CD4+ central memory and MAIT/NKT subsets. Following infusion, CAR+ Treg memory
cells decline, while CD8+ subsets expand over time. Additionally, monocyte and NK cell levels
increase post-infusion, highlighting broader immune activation.



Supplementary Table 1. Patient characteristics.

The table portion presents patients’ prior treatment history and baseline status.

PCR- normal B
MRD cells
(<1x10M- detected in cc?)?:;-trscaet" ALC at
:j:‘i:tr Treatment before CAR-T CD19 infusion negit-ive, I:;iBr:ﬂeCoaft time of. a;:;:r:;s
>=1x107- | infusion (% aphaeresis (1073/uL)
4 of (cells/pL)

positive) | lymphocytes)
19 - - - positive 33 1394 13.04
18 - - - negative 1.7 416 0.01
17 - - - negative 0.2 470 0.11
16 - Blinatumomab HSCT | negative no data no data no data
15 Inotuzumab - HSCT | negative 0 3341 9.99
14 Inotuzumab - HSCT | positive 0.3 3596 5.7
13 - - HSCT positive 4.1 2857 3.81
12 - - HSCT | negative 04 924 0.81
11 - - - negative 37.2 339 0.57
10 - - HSCT | negative no data no data no data
9 Inotuzumab - HSCT | negative 0.4 519 0.53
8 - - - positive 0 9208 1.33
7 - - - negative 23 247 0.26
6 Inotuzumab | Blinatumomab - positive 1077 1.14
5 - - HSCT positive 356 0.5
4 Inotuzumab - - positive 1.7 1238 1.33
3 Inotuzumab - - positive 0 536 0.65
2 - - - negative 0.5 842 0.9
1 - - HSCT | negative 04 160 0.57




Supplementary Table 2. Influence of various factors during therapy on CAR+ T-cell subpopulations

within the infusion product.

P-values were determined using the Mann-Whitney U test. Significant p value is highlighted in red in
the table.

Variable

CAR+ T-cells in CAR-T CD19 infusion product

CD8
Central
Memory

CD8
Effector
Memory

CD8
Terminal
Effector

Cbh4 cb4 CDh4
Central Effector Terminal
Memory Memory Effector

CD4-
MAIT/NKT

CD4-CD8-
y6 T cells

Treg
memory

Sex
male/female
10/9

p=0.8421

p=0.9673

p=0.7050

p=0.7802 | p=0.0172 p=0.1377

p=0.7802

p=0.3555

p=0.9682

Risk group*
HR/non-HR
12/7

p=0.8369

p=0.3500

p=0.7892

p=0.7108 p>0,9999 p=0.6340

p=0.9671

p=0.1414

p>0,9999

Blinatumomab**
yes/no
2/17

p>0.9999

p=0.5673

p=0.9240

p=0.8421 p>0,9999 p=0.7427

p=0.8421

p=0.2924

p=0.9474

Inotuzumab**
yes/no
7/12

p=0.8314

p=0.1997

p=0.7176

p=0.7012 p=0.7012 p=0.5077

p=0.8983

p=0.4662

p=0.7654

HSCT**
yes/no
9/10

p=0.7197

p=0.7332

p=0.7950

p=0.1823 p=0.3154 p=0.7377

p=0.7197

p=0.4462

p=0.3154

Burden of the
disease***
positive/negative
8/11

p=0.3511

p=0.1221

p= 0.8880

p=0.2723 p=0.8404 p=0.9486

p=0.6574

p=0.2051

p=0.5448

Age at the time of
infusion
>=10/<10
13/6

p=0.6388

p=0.1997

p=0.1863

p=0.6388 p=0.4670 p=0.0844

p=0.6388

p=0.6384

p=0.7654

CRS grade
>=1/0
14/5

p=0.1560

p=0.0913

p=0.0460

p=0.4998 p=0.4998 p=0.9802

p=0.0143

p=0.6213

p=0.2976

ICANS
>=1/0
3/16

p=0.9577

p=0.4076

p=0.8947

p=0.7926 p=0.3034 p=0.3509

p=0.1383

p=0.7905

p=0.9577

Outcome****
CR/non-CR
14/5

p=0.2976

p=0.4851

p=0.4847

P=0.8932 p=0.1068 p=0.9486

p=0.4998

p=0.6213

p=0.6868

* ¥

* %k *k

* %k k¥

at the time of diagnosis
administration before CAR-T CD19 therapy

MRD (<1x107-4 - negative, >=1x107-4 positive)

outcome at 6-months after CAR-T CD19 therapy

burden of disease (% of blasts in bone marrow before CAR-T CD19 infusion) —






