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ABSTRACT

Background: UCART191 is an “off-the-shelf” genome-edited anti-CD19
chimeric antigen receptor (CAR)-T cell product, manufactured from
unrelated healthy donor cells.

Methods: UCART19 was administered to 25 adult patients with relapsed
or refractory (R/R) B-cell acute lymphoblastic leukemia (B-ALL) in the
CALM trial. All patients underwent lymphodepletion with fludarabine and
cyclophosphamide ± alemtuzumab and received one of three ascending
doses of UCART19. Given the allogeneic nature of UCART19, we analyzed
the impact of lymphodepletion, HLA disparities, and host immune sys-
tem reconstitution on its kinetics, along with other factors known to affect
autologous CAR-T cell clinical pharmacology.

Results: Responder patients (12/25) had higher UCART19 expansion
(Cmax) and exposure (AUCTlast) than nonresponders (13/25), as measured
by transgene levels in peripheral blood. The persistence of CAR+ T cells
did not exceed 28 days in 10/25 patients and lasted beyond 42 days in 4/25.

No significant correlation was found between UCART19 kinetics and ad-
ministered cell dose, patient and product characteristics orHLAdisparities.
However, the number of prior lines of therapy and absence of alemtuzumab
negatively impacted UCART19 expansion and persistence. Alemtuzumab
exposure positively affected IL7 and UCART19 kinetics, while negatively
correlating with host T lymphocyte AUC0-28.

Conclusions: UCART19 expansion is a driver of response in adult pa-
tients with R/R B-ALL. These results shed light on the factors associated
with UCART19 kinetics, which remain highly affected by the impact of
alemtuzumab on IL7 and host-versus-graft rejection.

Significance: First description of the clinical pharmacology of a genome-
edited allogeneic anti-CD19 CAR-T cell product showing the crucial role
of an alemtuzumab-based regimen in sustaining UCART19 expansion
and persistence through increased IL7 availability and decreased host T
lymphocyte population.

Introduction
Over the past decade, autologous (patient-derived) chimeric antigen recep-
tor (CAR)-T cell therapies have revolutionized the treatment of CD19+ B-cell
malignancies. In addition to tisagenlecleucel (Kymriah) and axicabtagene

1The term “UCART19” used throughout this article refers to the S68587 cell product, first
version of a second-generation allogeneic anti-CD19 CAR-T cell therapy.
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ciloleucel (Yescarta) marketed for patients with relapsed or refractory (R/R)
B-cell acute lymphoblastic leukemia (B-ALL), follicular lymphoma and/or
large B-cell lymphoma (LBCL), respectively, three others were recently ap-
proved, brexucabtagene autoleucel (Tecartus) for R/R mantle cell lymphoma
and adult B-ALL, lisocabtagene maraleucel (Breyanzi) and relmacabtagene
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autoleucel (Carteyva) for R/R LBCL, and many others are under active clinical
development (1–8).

However, despite remarkable clinical outcomes, autologous CAR-T cell prod-
ucts face manufacturing, logistic and cost hurdles, thus limiting their use
in patients with rapidly progressive disease or dysfunctional T cells (9–11).
Allogeneic CAR-T cell therapies, in contrast, widen patient access to these
innovative treatments through more easily scalable and readily available prod-
ucts with potentially reduced costs. To achieve these goals, genome-edited
allogeneic T cells from healthy donors should overcome two major issues:
graft-versus-host disease (GVHD), which can be life threatening, and host-
versus-graft rejection of HLA-incompatible CAR-T cells, a major limiting
factor of their expansion and persistence (11).

UCART19 is a first-in-class “off-the-shelf” allogeneic CAR-T cell immunother-
apy. T cells from unrelated healthy donors were genetically engineered to
express an anti-CD19 (murine 4G7 scFv)/4-1BB/CD3ζ CAR together with an
RQR8 safety switch (CD20 mimotope; ref. 12). Cells were further genome-
edited via transcription activator-like effector nucleases to simultaneously
disrupt T-cell receptor alpha chain (TRAC) and CD genes. Elimination of
TRAC prevents GVHD, while the CD gene knockout protects donor cells
from early rejection through alemtuzumab, a powerful anti-CD52 peripheral
lymphodepleting agent (13).We recently demonstrated the feasibility of admin-
istering UCART19 to adult and pediatric patients diagnosed with R/R B-ALL
(14, 15). UCART19 induced preliminary antileukemic activity in these heavily
pretreated populations and exhibited a manageable safety profile with minimal
GVHD and moderate cytokine release syndromes.

Unlike conventional drugs, CAR-T cells exhibit unique pharmacodynamic and
pharmacokinetic features. Clinical data of autologous second-generation anti-
CD19 CAR-T cell therapies have shown that these “living” drugs distribute
widely in tissues after intravenous administration, proliferate following acti-
vation and decline in number at a variable rate after exerting their antitumor
effects. Parameters such as maximum CAR-T cell level (Cmax) and CAR-T cell
exposure between the time of CAR-T cell administration (day 0) and day 28
(AUC0-28) have been associated with clinical response (16–18). Several factors,
including lymphodepleting chemotherapy (19, 20), tumor burden (21, 22), tar-
geted antigen expression level (23), CAR design, andCAR-T cell fitness (24–27)
have been reported to influence CAR-T cell pharmacokinetic and therapeutic
efficacy.

We have previously reported preliminary UCART19 PK results with a peak ex-
pansion similar to autologous CAR-T cells, around 14 days after UCART19
administration, and a variable persistence following a fludarabine and/or
cyclophosphamide-based lymphodepletion regimen with or without alem-
tuzumab (14, 15). The current work goes deeper into the cellular kinetics and
factors impacting expansion, persistence, and response of this genome-edited
allogeneic anti-CD19 CAR-T cell therapy administered to 25 non–HLA-
matched adult patients with R/R B-ALL as part of the CALM clinical
trial.

Materials and Methods
Study Design
Twenty-five adult patients with CD19-positive R/R B-ALL were enrolled from
August 2016 to July 2020 in an open-label nonrandomized phase I/II study con-
ducted in eight clinical centers across Europe, USA, and Japan (NCT02746952).

The CALM study comprised two phases: a dose escalation investigating three
dose levels of UCART19 (6 × 106, 6–8 × 107, or 1.8–2.4 × 108 total CAR+

cells) followed by a dose expansion at the recommended dose (6–8 × 107 to-
tal CAR+ cells). All patients received a 6-day lymphodepletion regimen prior
to UCART19 infusion (day 0) consisting of fludarabine (F) 30 mg/m2/day i.v.
for 3 days (day-7 to day-5) and cyclophosphamide (C) 500 mg/m2/day i.v. for
3 days (day-4 to day-2), with or without alemtuzumab (A) 1 mg/kg, 40 or 60
mg flat doses (day-7 to day-3). The dose of alemtuzumab was modified dur-
ing the trial to balance the infectious complications related to alemtuzumab
use and UCART19 efficacy. An allogeneic stem cell transplantation (allo-SCT)
could be performed at any time following disease evaluation at day 28 after
UCART19 infusion. Nine GMP batches originating from 6 different donors
were administered. Study design (Supplementary Fig. S1), study primary ob-
jectives and key inclusion and exclusion criteria were previously detailed by
Benjamin and colleagues (15). Characteristics of the patient population and
overall results are described in Supplementary Materials and Methods. Rep-
resentativeness of the study population is discussed in Supplementary Table
S1. Responder patients were defined as those achieving morphologic complete
remission and/or complete remission with incomplete hematologic recovery
(CR/CRi), minimal residual disease (MRD)-negative CR/CRi, or MRD inde-
terminate CR/CRi while nonresponders were those with relapsed, refractory,
or progressive disease. UCART19 expansion was defined as two consecutive
transgene concentrations above the limit of quantification by qPCR and con-
firmed by flow cytometry. The CALM study was conducted in accordance with
the Declaration of Helsinki, International Conference on Harmonization, and
Good Clinical Practice Guidelines and was approved by Institutional Review
Boards/Ethics Committees. Written informed consent was obtained from all
patients prior to inclusion in the study.

UCART19 Manufacturing Process
Peripheral blood mononuclear cells (PBMC) from a healthy donor were col-
lected by leukapheresis and frozen. Once thawed, cells were treated with
benzonase to avoid clumping and then underwent T-cell activation. Activated
T cells were subsequently transduced with a recombinant lentiviral vector
expressing the anti-CD19 CAR construct, before being electroporated with
transcription activator-like effector nucleases (TALEN R©) mRNA to disrupt
TRAC and CD genes. Cells were then expanded in a bioreactor for 10 days
in culture medium supplemented with recombinant IL2 and irradiated human
serum (controlled source, male). On day 18, CAR-T cells were separated and
residual TCRαβ+ cells removed. UCART19 cells were then cryopreserved and
stored on day 19.

UCART19 Cellular Kinetics by qPCR
Genomic DNA (gDNA) was isolated from peripheral blood (PB) and bone
marrow (BM) aspirate samples by using a QIAamp DNA Blood Mini Kit (Qi-
agen, catalog no. 160015575). UCART19 transgene DNA was detected by using
a TaqMan-based qPCR assay developed and validated by Navigate BioPharma
Services. The number of copies/μg of DNA was quantified by using a 7-point
standard curve containing 200 ng control gDNA spiked with 10 to 106 copies
of UCART19 plasmid DNA. A separate P/CDKNA qPCR assay run in par-
allel quantified the amount of the original input gDNA tested and provided
a correction factor. The number of copies/μL of blood or BM was then cal-
culated according to total DNA yield and specimen volume. The assay has a
lower limit of quantification of 10 copies/μg of DNA requiring 200 ng DNA per
reaction.

AACRJournals.org Cancer Res Commun; 2(11) November 2022 1521

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/11/1520/3285003/crc-22-0175.pdf by guest on 19 M

ay 2023



Dupouy et al.

UCART19 Cellular Kinetics and Immunophenotyping by
Flow Cytometry
Fresh whole ethylenediaminetetraacetic acid (EDTA) blood and BM aspirate
specimens were stained, acquired, and analyzed bymultiparameter flow cytom-
etry for detection of CAR+ T cells as detailed by Benjamin and colleagues (14).
When possible, further characterization of the expanding CAR+-T cell subsets
was performed, including CD4+:CD8+ ratio, and memory/effector CAR+-T
cell subsets.

Host Immune Cell Recovery by Flow Cytometry
The kinetics of host immune cell depletion and reconstitution [i.e., percentages
and absolute cell counts of T and natural killer (NK) subpopulations] resulting
from lymphodepletion and/or UCART19 treatments was monitored by using a
FACS Canto II Flow Cytometer (BD Biosciences) through a standard six-color
flow cytometry panel including CD45, CD3, CD4, CD8, CD19, CD16/CD56
mAbs (BD Biosciences, catalog no. 644611, RRID:AB_2870318) combined with
the BD Trucount technology (BD Biosciences, catalog no. 340334). Data
analysis was performed using FACS Diva software (BD Biosciences).

Alemtuzumab Pharmacokinetics
Four to 17 (median= 11) timepoints per patient were collected to determine the
pharmacokinetics of alemtuzumab. Samples were spread between the end of
the last infusion up to days 20 to 90 (depending on patient, median= 35 days).
These profiles allowed determination of the AUC through a bicompartmen-
tal pharmacokinetic population-based model, performed on Monolix 2019R2
software. Sera were analyzed by an ELISA, using the Versamax ELISA-reader,
Softmax Prio version 6 software, and anti-alemtuzumab antibodies produced
byGeoffHale Developments. The lower limit of quantification was 0.01μg/mL.

Monitoring of Soluble Immune Factors
Cryopreserved plasma samples collected every 1 to 4 days, from day-7 (prior
to lymphodepletion) to day 28 after UCART19 infusion, were thawed and an-
alyzed by sandwich electrochemiluminescence assay for measurement of IL2,
IL4, IL6, IL7, IL10, IL15, TNFα, IFNγ, GMCSF, and C-reactive protein by using
a MSD 96-Well V-PLEX Assay including several V-Plex panels (MSD, catalog
no. K15049D, K15050D, and K151STD). Proteins of interest were captured by
antibodies coated on a plate, then bound by a secondary detection antibody la-
beled with an MSD Sulfo-Tag. After adding the MSD read buffer and applying
voltage, the intensity of emitted light was measured by the Meso QuickPlex SQ
120 imager and quantified according to calibration standards.

Statistical Analysis
Classical noncompartmental analysis (NCA) parameters (Cmax, Tfirst, Tmax,
Tlast, AUC14, Auc0-28, AUCTlast) were computed on various time-dependent
variables, including UCART19, IL7, IL15, host T and NK cells. Below limit
of quantification values for UCART19, host T and NK lymphocytes have
been replaced by 0 and possible UCART19 observations during redistribution
phases have been removed for NCA computation only. Statistical nonparamet-
ric (two-sidedWilcoxon rank-sumand Spearman) testswere then performed to
explore relationships between these parameters and various patient or protocol
covariates (R software, version 3.6.1).

Data Availability
The data generated in this study are not publicly available as they include in-
formation that may compromise patient privacy. They may be available for

scientific and medical professions upon reasonable request and following as-
sessment of the request. Request should be sent to the corresponding author
(sandra.dupouy@servier.com).

Results
Cellular Kinetics of UCART19 in PB
Data from 25 adult patients with R/R B-ALL who received UCART19 in the
CALM study were included in the pharmacokinetic analysis. UCART19 trans-
gene levels, evaluated by qPCR and represented as vector copy number (VCN),
showed a positive correlation (rho = 0.85, P = 1.8e-06) between PB and BM
aspirate (Supplementary Fig. S2). Results from PB only will be discussed in this
article. Because of the variations induced by lymphodepleting chemotherapy
on gDNA levels, UCART19 cellular kinetics has been expressed in copies/μL
blood rather than copies/μg gDNA (28).

A graphical representation of the UCART19 cellular kinetics profile is depicted
in Fig. 1A. A few hours after infusion, circulating UCART19 levels dramatically
decrease suggesting cell distribution throughout various tissues. Binding of
CAR+ T cells to CD19+ target cells induces activation and exponential growth
of UCART19 cells which is represented by a marked increase in the transgene
levels starting fromday 8 to day 14 after infusion.OnceUCART19 reachedmax-
imum expansion in blood (Cmax), a rapid decline was observed inmost patients
by day 28, while in others, a biexponential decline occurred with a rapid initial
contraction phase followed by a more stable and persistent phase.

Individual UCART19 cellular kinetic profiles and derived NCA parameters
showed that peripheral CAR-T cell expansion was seen in 14 of 25 patients
(56%), with a median time to maximal expansion (Tmax) of 14 days (range, 10–
27 days) after first infusion. UCART19 cells then became undetectable with a
median transgene persistence of 28 days (range, 10–82 days), except in 4 pa-
tients where low levels were observed in blood beyond 42 days, and up to 3
months in a single patient (Fig. 1B; Table 1). Because of the conditioning reg-
imen used before subsequent allo-SCT, persistence was interrupted in all of
these 4 patients (between day 47 and day 62). The median Cmax, exposure from
day 0 to day 28 (AUC0-28), and until the last observed quantifiable level of trans-
gene (AUCTlast) showed a significantly higher expansion and persistence in the
12 (48%) responder patients compared with limited to no expansion in the 13
(52%) nonresponders (Fig. 1C).

UCART19 Dose and Cellular Kinetics
To establish the MTD of UCART19, the CALM trial included a dose-escalation
phase. Patients received one of the three dose levels (DL) of total CAR+ T cells:
6 of 25 patients (24%) received 6 × 106 cells (DL1), 6 (24%) received 6–8 ×
107 cells (DL2), and 7 (28%) received 1.8–2.4 × 108 cells (DL3). A further 6
(24%) patients received DL2, determined as the recommended dose, during
the expansion phase. Although the number of patients treated was limited,
dose exposure analysis did not show any relationship between UCART19 DL
and cellular kinetic parameters (Cmax, AUC0-28, AUCTlast). Furthermore, in
the 14 patients who experienced expansion, there was no difference in Tmax

between the three DLs (median= 13.1, 13.8, and 14 days for DL1, DL2, and DL3,
respectively; Supplementary Table S2).

Factors Associated with UCART19 Expansion and
Persistence
The impact of various patient-related factors on cellular kinetic parame-
ters (Cmax and AUCTlast) was assessed (Supplementary Figs. S3 and S4,
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FIGURE 1 UCART19 cellular kinetics and correlation with clinical response. A, Graphical representation of UCART19 kinetic profile in PB of patients
with B-ALL in the CALM study. B, Individual UCART19 kinetic profiles of adult patients with B-ALL by best overall response (BOR). C, From left to right:
UCART19 AUC0-28 (AUC between day 0 and day 28 after CAR-T infusion), AUCTlast (AUC from day 0 until the last observed quantifiable level of CAR
transgene) and Cmax (maximum peak expansion) according to response status. Statistical comparison was performed using a Wilcoxon test. BLQ,
below the limit of quantification; NR, nonresponder; R, responder.

respectively). Although no significant differences were reported with age, pa-
tient sex appeared to affect UCART19 expansion and persistence with a trend
toward higher values in male compared with female patients (Supplementary
Figs. S3A, S3B, S4A, and S4B). The fact that all UCART19 T-cell donors were
male (Supplementary Table S3) suggests sex mismatch may have played a role.

We also evaluated the relationship between prior therapies and UCART19
expansion and persistence (Supplementary Figs. S3C, S3D, S4C, and S4D).
Enrolled patients had received 1 to 6 (median = 4) previous lines of therapy
including inotuzumab ozogamicin in 8 patients (32%) and blinatumomab in 12
patients (48%). Seven patients (28%) did not receive prior allo-SCT, 14 patients
(56%) had received one, and 4 patients (16%) had received two. Our dataset

analysis showed a negative correlation between the number of previous lines
and UCART19 Cmax (rho = −0.58, P = 0.0022) or AUCTlast (rho = −0.57,
P = 0.0027). In addition, none of the 4 patients who received two prior allo-
SCTs showed expansion and consequently, no persistence. All but one received
FCA lymphodepletion prior to UCART19 administration.

The ratio of AUC0-28 to tumor burden has been described as a good indica-
tor of the long-term prognosis of patients with B-ALL treated with autologous
anti-CD19 CAR-T cells (16, 29). Our results showed that tumor burden at the
time of UCART19 infusion did not seem to affect expansion and persistence of
the transgene when pooling all the patients together (Supplementary Figs. S3E
and S4E). However, a positive correlation was found between tumor burden
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TABLE 1 Summary of UCART19 cellular kinetic parameters in PB of
responding and nonresponding adult patients with B-ALL (qPCR)

BOR NR
(n = 13)

R
(n = 12)

Overall
(n = 25)

Cmax (copies/μL)
Mean (SD) 1.9 (5.21) 258.7 (250.28) 125.2 (214.17)
Median [min;max] 0 [0;18.9] 166.6 [0;721.7] 2.9 [0;721.7]

AUC0-28 (days.copies/μL)
Mean (SD) 7 (18.57) 1725.4 (2021.32) 831.8 (1624.98)
Median [min;max] 0 [0;66.4] 1030.3 [0;6973.8] 18.6 [0;6973.8]

AUCTlast (days.copies/μL)
Mean (SD) 7 (18.57) 2310.4 (3332.35) 1112.6 (2543.48)
Median [min;max] 0 [0;66.4] 1153.4 [0;12252.5] 18.6 [0;12252.5]

Time Expansion
(n = 14)

Tfirst (days)
Mean (SD) 9 (2.79)
Median [min;max] 8 [6.3;14]

Tlast (days)
Mean (SD) 31.6 (19.2)
Median [min;max] 28 [10.4;82.1]

Tmax (days)
Mean (SD) 15.1 (4.65)
Median [min;max] 14 [10;26.8]

Abbreviations: AUC0-28, area under the curve between day 0 and day 28 after
UCART19 infusion; AUCTlast, area under the curve from day 0 until the last
observed quantifiable level of CAR transgene; Cmax, maximum peak
expansion; qPCR, quantitative polymerase chain reaction; Tfirst, time of first
quantifiable UCART19 transgene (samples were not collected at the same time
points); Tlast, time of last quantifiable UCART19 transgene; Tmax, time of
maximal expansion.

and UCART19 AUCTlast and Cmax (P < 0.01) when analyzing the responding
patients (Supplementary Fig. S5), suggesting that tumor burden at the time of
infusion may affect UCART19 pharmacokinetics in this subgroup.

Impact of T-cell Donor and Product Characteristics on
UCART19 Cellular Kinetics
Nine batches from 6 different donors were infused. Final products were char-
acterized for CAR expression, CD52/TCRαβ knockout efficiency, memory
markers, andCD4 or CD8 expression in CAR+ T cells (Supplementary Fig. S6).
Mean levels of CAR+ T cells was 47.2%, SD = 10.4 (Supplementary Fig. S6A).
Central memory (Tcm) and effector memory (Tem) T cells represented the
major populations among αβ T cells (>70%; Supplementary Fig. S6B). Knock-
out efficiency in CAR+ T cells was also studied among batches (percentages
of CD52−: mean = 68.5%, SD = 10.9; percentages of CD52−/TCRαβ−:
mean = 65.3%, SD = 9.9; Supplementary Fig. S6C). An equivalent balance of
CD4+ and CD8+/CAR+ cell lineages was found (Supplementary Fig. S6D).
Residual TCRαβ expression and total CAR+/TCRαβ− T cells (mean and SD)
were also determined (Supplementary Fig. S6E). Mean fold-expansion of vi-
able cells during the expansion phase of manufacturing, from day 6 until day 18

(mean= 14.4, SD= 9.7) did not show significant disparities among the different
batches (Supplementary Fig. S6F). Although the manufacturing process lasted
19 days, we considered that the expansion phase only started after the TALEN R©

electroporation step (day 6) and ended before the TCRαβ+ purification step
(day 18), to avoid introducing any biases inherent to these two steps.

We next investigated the relationship between the features of the final product
(drug substance) and in vivo UCART19 cellular kinetics.

Characteristics of healthy T-cell donors (age, sex, body mass index, ABO, and
Rh) are presented in Supplementary Table S3. The impact of each donor on
UCART19 Cmax and AUCTlast was further assessed (Fig. 2A and B). However,
due to the low number of patients treated with a single batch, further data
including a deeper analysis of T-cell fitness are required to conclude on the
relevance of donor impact.

The CD4 and CD8 composition was previously shown to be of relevance in
some autologous anti-CD19 CAR-T cell studies (22, 26, 30). Therefore, we eval-
uated the impact of the CD4+:CD8+ ratio on UCART19 in vivo expansion and
persistence (Fig. 2C and D). No significant correlation was observed (P = 0.36
for both Cmax and AUCTlast).

Enrichment of early memory T-cell subpopulations in the infused product is
also known to positively affect clinical outcome in B-cell malignancies (22, 27).
No relationship between specific enrichment in a memory subtype and in vivo
persistence (AUCTlast) of UCART19 was shown [P = 0.77 and 0.92 for Tcm
and naïve/stem cell memory T cells (Tn/Tscm), respectively] (Fig. 2E). In ad-
dition, in vivo UCART19 expansion and persistence were also evaluated with
regards to transduction efficiency and viability of the infused batches, without
any significant correlation (Supplementary Fig. S7). Overall, based on the pa-
rameters investigated, we were not able to show any clear impact of product
characteristics on UCART19 kinetics. Additional data are required to allow a
deeper knowledge of the impact of product attributes on UCART19 expansion
and persistence.

Impact of Lymphodepletion and Alemtuzumab on
UCART19 Cellular Kinetics
Prior to UCART19 infusion, all patients received a lymphodepletion regimen
comprising fludarabine (F, 90mg/m2) and cyclophosphamide (C, 1,500mg/m2)
with or without alemtuzumab (A, 1 mg/kg, or 40mg, or 60mg flat dose), to im-
prove CAR-T cell engraftment and expansion. The impact of these regimens
on total host lymphocyte count is shown in Fig. 3A. We have previously re-
ported that alemtuzumab-containing lymphodepletion appears to be required
for UCART19 expansion (14, 15). To confirm these results, we explored the re-
lationship between alemtuzumab doses and UCART19 expansion across the
three DLs of UCART19 (Supplementary Table S4). Three of the 25 patients re-
ceived an FC regimenonly andnone of themexperiencedUCART19 expansion.
The other 22 patients received five alemtuzumab administrations in addition
to the FC regimen (FCA). Alemtuzumab total flat doses of 40 and 60 mg led
to 44% (4/9) and 50% (2/4) expansion rates, respectively, while the weighted
dose of 1 mg/kg (median = 72 mg, range 65–95) resulted in 88% (8/9) ex-
pansion rate. In addition to alemtuzumab dose, we also assessed the impact of
its exposure (AUC) on UCART19 expansion and persistence. Figure 3B shows
that patients who experienced UCART19 expansion had a significantly greater
alemtuzumab AUC compared with those who did not have expansion (me-
dian = 99 vs. 21 days.μg/mL; P = 0.002). A significant positive correlation
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FIGURE 2 Impact of T-cell donor and product characteristics on UCART19 cellular kinetics. Peak (Cmax; A) and persistence (AUCTlast; B) of UCART19
expansion related to donors are represented. Graphs show mean ± SD values of transgene levels by VCN analysis (copies/μL). Number of patients
having received a batch from the same donor (n) are shown. Correlation between peak (C) and persistence (D) of UCART19 expansion related to the
CD4:CD8 ratio of CAR+ cells in the drug substance (DS) is analyzed. DS characterization is performed by multiparametric flow cytometry at D19 of
manufacturing. E, Persistence of UCART19 (AUCTlast) depending on memory subsets composition of the GMP batches is evaluated. Statistical
comparison was performed using a Wilcoxon test for A and B and a Spearman correlation for C–E. [Tn, naïve T cells and Tscm, stem cell memory T cells
(CD62L+ CD45RA+); Tcm, central memory T cells (CD62L+ CD45RA−); Tem, effector memory T cells (CD62L− CD45RA−); Teff, effector T cells
(CD62L− CD45RA+)].

(rho = 0.56, P = 0.0065) was also found between alemtuzumab exposure and
UCART19 AUCTlast (Fig. 3C).

It was previously reported that lymphodepletion drives higher levels of home-
ostatic cytokines, such as IL7 and IL15, which enhances autologous CAR-T cell
expansion (19, 20, 31). We investigated the impact of FC and FCA regimens on
IL7 and IL15 circulating levels (Supplementary Fig. S8). Both cytokines were
effectively increased after lymphodepletion (Supplementary Fig. S8A). Unex-
pectedly, neither IL15 Cmax nor exposure from first measurement until the first
2 weeks followingUCART19 infusion (AUC14) was significantly correlatedwith
UCART19 expansion (Supplementary Fig. S8B, S8C, and S8E). However, IL7
Cmax was positively correlated with UCART19 kinetics (rho= 0.52, P= 0.024),
with significantly higher IL7 Cmax (median = 41 vs. 21 ng/L, P = 0.017) and
AUC14 (median= 484 vs. 293 day.ng/L,P= 0.043) in patients withCAR expan-
sion (Fig. 3D–F; Supplementary Fig. S8D). The levels of other tested cytokines
were not found to correlate with UCART19 kinetics.

Given the relationship between alemtuzumab dose and UCART19 expansion,
and the correlation between IL7 andUCART19 kinetics, we assessed the impact
of alemtuzumab dose on IL7Cmax. Figure 3E shows a dose-dependent relation-
ship between both parameters, with an IL7 level plateau reached at doses equal
or higher to 60 mg of alemtuzumab.

Impact of Alemtuzumab on Host T-cell and
NK-cell Kinetics
Given the crucial role of alemtuzumab onUCART19 kinetics, its impact on host
cell populations thatmay be involved in early allogeneic cell–mediated rejection
was explored (Fig. 4).

The individual host peripheral T- andNK-cell profilesmeasured by flow cytom-
etry are shown up to day 56 in Fig. 4A–E, respectively. We further investigated
the impact of alemtuzumab dose and exposure on both host T- and NK-cell
exposure within the first 28 days after UCART19 administration. A negative
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FIGURE 3 Impact of lymphodepletion and alemtuzumab on UCART19 cellular kinetics. A, Total lymphocytes before and after (at the day of
UCART19 infusion) lymphodepletion. B, Relationship between alemtuzumab total exposure and UCART19 expansion status. C, Positive correlation
between alemtuzumab and UCART19 exposure. D, Correlation between UCART19 and IL7 Cmax. E, Relationship between IL7 Cmax and alemtuzumab
doses. F, Relationship between IL7 Cmax and UCART19 expansion status. Statistical comparison was performed using a Wilcoxon test for B, E, and
F and a Spearman correlation for D.

correlation between host T lymphocyte AUC0-28 and both alemtuzumab ex-
posure (rho = −0.66, P = 0.0015) and UCART19 expansion (median = 0.41
vs. 1.40, P = 0.035) was observed (Fig. 4B and C). However, we did not ob-
serve a clear correlation between NK cell AUC0-28 and alemtuzumab exposure
(P = 0.53) or UCART19 expansion status (P = 0.75; Fig. 4F and G).

Figure 3 shows a significant correlation between alemtuzumab exposure, IL7
levels, and UCART19 expansion. Interestingly, unlike NK cells, a significant
negative correlation exists between IL7 exposure [computed from first mea-
surement until 28 days following UCART19 infusion (AUC28)] and host T
lymphocyte exposure AUC0-28 (rho = −0.53, P = 0.021; Fig. 4D–H).

Impact of HLA Allele Matching Disparities Between
Donors and Recipients and UCART19 Kinetics
The degree of donor-recipient HLA allele matching between UCART19 T-cell
donor and patient was evaluated to assess its impact on UCART19 kinetics
and response. On the basis of a compatibility analysis on eight or 10 alleles
(depending on standard practices in the different countries involved in the
CALM study), more than 90% of patients (20/22) for whom HLA allele typing
comparison was possible displayed less than 30% HLA matches, the remain-

ing 9% patients (2/22) showed more than 60% matching. Three patients were
not assessable due to the use of nonequivalent methodology. The degree of
donor-recipient HLA matching was correlated with the status of UCART19
expansion (Fig. 5A) and response (Fig. 5B) but was not significant with this
limited number of patients (P = 0.1 and P = 0.21, respectively). The 2 patients
with the highestHLAallelematching (i.e.,≥ 60%)were responders, both reach-
ing molecular remission at day 28 but with a variable duration of response. On
the other hand, some responder patients showed no to very low matching (i.e.
<30%). When considering the cellular kinetic parameters, we did not demon-
strate any correlation between the level of HLA matching and UCART19 Cmax

(P = 0.26) or AUCTlast (P = 0.32; Fig. 5C and D). Among the patients with the
highest UCART19 peak expansion or the longest persistence, the level of HLA
matching was less than 30%, indicating that other parameters may have more
impact on UCART19 kinetics and response in this allogeneic setting.

Discussion
CAR-T cell therapies are complex products with unique pharmacologic
properties.Most of our current knowledge on their pharmacokinetics and phar-
macodynamics is gathered from the clinical trials of patient-derived autologous
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FIGURE 4 Interplay between alemtuzumab, IL7, host immune system and UCART19 kinetics. Individual host T profiles up to day 60, highlighted by
expansion status (A), relationship between alemtuzumab total exposure and host T early AUC (AUC0-28; B), higher host T early exposures are
correlated with the absence of observable UCART19 expansion (C), IL7 exposure AUC28 and host T early exposure AUC0-28 are strongly correlated (D).
Individual host NK profiles up to day 60, highlighted by expansion status (E), relationship between alemtuzumab total exposure and host NK early
AUC (AUC0-28; F), absence of correlation between host NK early exposures and UCART19 expansion (G), absence of correlation between IL7 exposure
AUC28 and host NK early exposure AUC0-28 (H). Statistical comparison was performed using a Wilcoxon test for C and G and a Spearman correlation
for B, D, F, and H.

anti-CD19 CAR-T cells in B-cell malignancies. However, given the increased
interest in allogeneic “off-the-shelf " CAR-T cell products, several questions
regarding their safety, efficacy, and clinical pharmacology still need to be
answered to efficiently support their clinical development.

We previously showed that UCART19, an allogeneic genome-edited anti-CD19
CAR-T cell therapy, could be safely administered and achieved antileukemic
activity in pediatric and adult patients with R/R B-ALL enrolled in two
multicenter phase I studies (14, 15).

Here, we present the first comprehensive report on UCART19 cellular kinetics
in adult patients with R/R B-ALL, who underwent conditioning with fludara-
bine/cyclophosphamide ± alemtuzumab in the CALM trial. Although a small
number of patients was included in this analysis, these results provide several
highlights that could be further explored for better understanding of allogeneic
CAR-T cell kinetics and determinants of response.

The clinical efficacy of autologous CAR-T cells in patients with B-ALL was
shown to positively correlate with higher peak expansion, exposure, and per-
sistence in responder patients as compared with nonresponders (1, 2, 16, 17, 21,
32–34). A similar correlation was observed with UCART19 as both Cmax and
AUC0-28 significantly correlated with clinical response, confirming the impor-
tance of understanding the driving factors of UCART19 pharmacokinetics. To
evaluate the interplay between each previously reported parameter (patient de-
mographics, previous treatments, tumor burden, product characteristics, and
lymphodepletion) and UCART19 kinetics, we performed univariate analyses.

Our results show that UCART19 shares similar early cellular kinetics with au-
tologous second generation anti-CD19 CAR-T cell therapies (1, 16, 21, 32, 33).
Generally, UCART19 cells undergo a rapid decline after infusion, probably rep-
resenting an initial distribution phase into several tissues. Once CAR+ T cells
encounter CD19+ cells, they expand in PB, and reach a peak of proliferation
(Cmax) within 2 weeks after infusion. It is important to notice that engraftment
varies between patients, with highest Cmax values that are quite similar to those
reported by Mueller and colleagues and others in autologous setting (∼1e+05
copies/μg DNA; refs. 33, 34).

Also, as observed with autologous CAR-T cell therapies (30, 33), no correlation
was found betweenUCART19 administered cell dose andUCART19 expansion
or overall exposure, as measured by Cmax and mean AUC from day 0 to day 28
(AUC0-28).

With regards to persistence, the CAR transgene concentration tends to decline
rapidly in most patients, thus limiting the median persistence of UCART19 to
28 days. Nevertheless, 4 patients in the study had quantifiable UCART19 lev-
els beyond day 42. Analysis of UCART19 cellular kinetics in these patients
showed a biphasic elimination, with a rapid contraction phase followed by a
slower decline that occurred over several weeks. One patient showed quantifi-
able UCART19 levels up to 3 months following infusion. Of note, all of them
received additional conditioning prior to subsequent allo-SCTwhile still having
measurable levels of UCART19. This conditioning ablated residual UCART19
and artificially reduced its persistence.
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FIGURE 5 Influence of HLA allele mismatching between unrelated UCART19 T-cell donors and recipients on UCART19 kinetics. Level of HLA
matching (expressed as a percentage of overall matching) represented according to the UCART19 expansion status (A) or, clinical response status (B).
Comparison is based on eight alleles (red dots) or 10 alleles (black dots) depending on local practices for HLA allele typing assessment. Relationship
between HLA matching level and UCART19 Cmax (C) or, AUCTlast (D). Statistical comparison was performed using a Wilcoxon test for A and B and a
Spearman correlation for C and D.

Three patients were conditioned with fludarabine and cyclophosphamide only.
Interestingly, none of them displayed CAR-T cell peak, suggesting that, dif-
ferently from autologous setting, increasing intensity of the lymphodepletion
regimen with an anti-CD52 antibody (or through another strategy), may be
required for the expansion of allogeneic CAR-T cells.

Several hypotheses, likely in combination, may explain the absence of expan-
sion and/or acute contraction of UCART19 in some patients. First, CAR-T
cell engraftment was shown to be influenced by lymphodepletion of the pa-
tient prior to product infusion (35). Turtle and colleagues showed that adding
fludarabine to cyclophosphamidewas superior to cyclophosphamide-only lym-
phodepletion regimens, both in terms of CAR-T cell expansion, persistence,
and clinical outcomes (34). Several hypotheses have been suggested to explain
the need for lymphodepletion such as its role in the elimination of immunosup-

pressive elements (e.g., regulatory T cells, myeloid-derived suppressor cells, and
indoleamine 2,3-dioxygenase; refs. 35–37). The risk of host immune cells target-
ing CAR-T cells is theoretically even more prevailing with allogeneic products
such as UCART19. This may explain why none of our patients without alem-
tuzumab had an expansion (and thus a clinical response), while alemtuzumab
is generally not used in autologous CAR-T cell clinical trials.

It has also been reported that cell-mediated allogeneic rejection can be caused
by residual host immunity or early host immune cell reconstitution in the con-
text of an HLA-mismatched setting (11). In accordance, we found a negative
relationship between host T-cell exposure (AUC0-28) and UCART19 expansion
status. It supports the hypothesis that host T lymphocytes may have played a
role in mediating elimination of UCART19. No similar correlation was seen
with host NK cells in this study.
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The second role of lymphodepletion is the elimination of homeostatic cytokine
sinks inducing a favorable cytokine profile (such as IL7, IL15) for CAR-T cell
activation and proliferation (19, 20, 31, 38). In physiologic conditions, IL7 and
IL15 control proliferation and survival of the Tn and Tscm subpopulations,
respectively. In the case of lymphodepletion, they act in synergy to facili-
tate lymphocyte repletion (39). Hirayama and colleagues (20) showed that in
patients with aggressive non–Hodgkin lymphoma, a better progression-free
survival was correlated with cytokines such as IL7 but not with lymphode-
pletion intensity. This is in accordance with our findings, as IL7 levels were
well correlated with UCART19 expansion. On the other hand, IL15 was not
correlated with UCART19 kinetics, as previously reported by some autologous
CAR-T cell studies (31). One hypothesis could be that IL15 had reached levels
provoking maximal effect in all UCART19-treated patients.

In addition, the number of prior lines of treatment was also reported to poten-
tially reduce expansion of autologous CAR-T cells due to impairment of patient
Tn and Tscm subpopulations and fitness (40). Although such an effect is not
expected with CAR-T cells derived from healthy donors, UCART19 kinetics is
also negatively affected by the number of prior lines, which may be related to
a more aggressive disease phenotype or altered cytokine environment due to
repeated treatments. Interestingly, the number of prior lines was not correlated
with IL7 baseline level (prior to lymphodepletion) but was negatively correlated
with IL7 AUC0-28 (Supplementary Fig. S9).

Finally, sex mismatch between UCART19 PBMC donors, who were all males,
and patient recipients tended to affect UCART19 cellular kinetics parameters
with lower Cmax and AUCTlast in female (F) compared to male (M) patients. In
HLA-matched unrelated allo-SCT, sex mismatch is a known deleterious factor
resulting in graft-versus-host or host-versus-graft reactions (41–43). The role of
minor histocompatibility antigens expressed on donor cells, such as H-Y anti-
gens encoded by the Y chromosome, has been highlighted (44). These H-Y
antigens can be recognized by female T cells resulting either inGVHD in F→M
transplantation or in graft rejection in M→F transplantation. In addition, fe-
malesmay also have developed alloimmunity against theseH-Y antigens during
previous pregnancies with male fetuses. The observation of a negative correla-
tion between sex mismatch and UCART19 expansion kinetics needs further
exploration in future allogeneic CAR-T cell clinical studies.

Unlike previous mentioned factors, some others did not show any correlation
with UCART19 kinetics, or available data were insufficient to enable firm con-
clusions to be drawn. Tumor burden at the time of UCART19 infusion did not
significantly correlate with UCART19 cellular kinetics in contrast to previous
autologous CAR-T cell studies that have shown a positive correlation between
CAR-T cell expansion and overall tumor burden or CD19+ cells in BM (16, 26,
29, 33, 45). However, our analysis showed that in responding patients, tumor
burden may affect the cellular kinetics of UCART19. At a tumor burden greater
than 75%, no responder patients were observed, which could be explained by
other intrinsic factors, such as activation-induced cell death (AICD), tonic sig-
naling, and exhaustion, all of which have been reported to limit persistence of
CAR-T cells (46–49). While tonic signaling and AICD markers were not eval-
uated in this study, T-cell exhaustion markers such as PD1, TIM3, and LAG3
were assessed by flow cytometry, but the limited data obtained did not enable a
conclusion to be made. Finally, CAR-T cell kinetics was previously shown to be
affected by the qualitative and quantitative characteristics of the infused prod-
uct, such as enrichment in early memory subpopulations, CD4+:CD8+ ratio,
and polyfunctionality of T cells (26, 27, 34, 50). Except for polyfunctionality

which was not investigated in this study, none of the product characteristics
analyzed were correlated with UCART19 expansion, nor was persistence. How-
ever, due to the low number of patients treated with the same UCART19 batch,
further investigations including more parameters, such as CAR potency and T-
cell fitness, are needed to increase our understanding of the impact of healthy
donor–derived T cells on CAR-T cell kinetics.

Through gathering translational data of the CALM study, we hypothesize that
intensive lymphodepletion strategies which include alemtuzumab, decrease
host T lymphocytes, which may reject CAR-T cells in the allogeneic context,
and increase availability of the homeostatic cytokine IL7 for CAR-T cell ex-
pansion. Controlling the interplay between these factors may facilitate better
engraftment and persistence of UCART19 and consequently a better clini-
cal outcome for patients. This interplay has been further investigated in a
companion paper through a pharmacokinetic/pharmacodynamic model, si-
multaneously modeling total lymphocytes (with the integration of host T cells),
IL7, and UCART19 (51). Of note, the model was not able to precisely dissociate
the relative impact of IL7 and host T lymphocytes on UCART19 kinetics due to
their correlation and the small number of patients in the study.

In conclusion, UCART19 was shown to proliferate and induce responses in
adult patients with B-ALL following a lymphodepleting regimen including
fludarabine, cyclophosphamide, and alemtuzumab. Several factors potentially
influencing UCART19 cellular kinetics were identified, highlighting areas for
improvement. Further efforts are needed to optimize the therapeutic win-
dow allowing appropriate expansion and persistence of allogeneic CAR-T
cells among which, optimization of the chosen lymphodepletion regimen and
strategy of redosing are key to making allogeneic CAR-T cell therapy a success.
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