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Abstract

Background Third-generation chimeric antigen receptor (CAR)-engineered T cells (CARTs) might improve clini-

cal outcome of patients with B cell malignancies. This is the first report on a third-generation CART dose-escalating,
phase-1/2 investigator-initiated trial treating adult patients with refractory and/or relapsed (r/r) acute lymphoblastic
leukemia (ALL).

Methods Thirteen patients were treated with escalating doses of CD19-directed CARTs between 1x 10° and 50x 10°
CARTs/m? Leukapheresis, manufacturing and administration of CARTs were performed in-house.

Results For all patients, CART manufacturing was feasible. None of the patients developed any grade of Immune
effector cell-associated neurotoxicity syndrome (ICANS) or a higher-grade (> grade Ill) catokine release syndrome
(CRS). CART expansion and long-term CART persistence were evident in the peripheral blood (PB) of evaluable
patients. At end of study on day 90 after CARTS, ten patients were evaluable for response: Eight patients (80%)
achieved a complete remission (CR), including five patients (50%) with minimal residual disease (MRD)-negative

CR. Response and outcome were associated with the administered CART dose. At 1-year follow-up, median overall
survival was not reached and progression-free survival (PFS) was 38%. Median PFS was reached on day 120. Lack

of CD39-expression on memory-like T cells was more frequent in CART products of responders when compared

to CART products of non-responders. After CART administration, higher CD8+and y&-T cell frequencies, a physiologi-
cal pattern of immune cells and lower monocyte counts in the PB were associated with response.

Conclusion In conclusion, third-generation CARTs were associated with promising clinical efficacy and remarkably
low procedure-specific toxicity, thereby opening new therapeutic perspectives for patients with r/r ALL.

Trial registration This trial was registered at www.clinicaltrials.gov as NCT03676504.
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Introduction

Chimeric antigen receptor T cell (CART) products
targeting CD19 have been approved for the treatment
of patients with relapsed and/or refractory (r/r) B
cell malignancies [1-4], including patients with acute
lymphoblastic leukemia (ALL) [2, 3].

All commercially available CARTs express second-
generation CARs that contain one costimulatory
domain. Third-generation CARTs comprising two
costimulatory domains have shown superior engraft-
ment, improved expansion capacity and prolonged
persistence [5-9]. Clinically, superior expansion and
longer persistence were observed when CD19-directed
second (CD28 costimulatory domain)- and third-gen-
eration (CD28 and 4-1BB) CARTSs were simultaneously
administered to lymphoma patients [10]. However,
clinical data evaluating solely third-generation CARTSs
are limited [11].

Here, we describe the first results obtained with an
academically developed third-generation CAR in the
framework of the investigator-initiated trial (IIT) Hei-
delberg CAR number 1 (HD-CAR-1) in adult patients
with r/r ALL. All steps of treatment including leuka-
pheresis, manufacturing and administration of CARTS,
patient monitoring as well as patient follow-up were
performed in-house.

A solely academic-driven trial, a third-generation
Good Manufacturing Practice (GMP) grade retroviral
vector and treatment of adult r/r ALL patients with
escalating CART doses make this trial hitherto unique.

Methods

Study design

Adult patients with confirmed CD19-positive, mini-
mal residual disease (MRD)-positive, hematological
or extramedullary r/r ALL received escalating doses
of autologous T-lymphocytes retrovirally transduced
with a third-generation CD19-directed CAR (RV-SEG.
CD19.CD28.4-1BBzeta) [12]. Endpoints included fea-
sibility of manufacturing and treatment safety, clini-
cal efficacy and survival. Patients were evaluated as
outlined in the study calendar [12]. Written informed
consent was obtained from all patients prior to treat-
ment. The trial was conducted according to the princi-
ples of the Declaration of Helsinki.

HD-CAR-1 CART manufacturing

As described [12, 13], patients underwent leukaphere-
sis for collection of peripheral blood mononuclear cells
(PBMCs). PBMCs were transduced with RV-SFG.CD19.
CD28.4-1BBzeta retroviral vector supernatant superna-
tant (provided by Prof. Malcolm Brenner, Baylor Col-
lege of Medicine, Houston, Texas, USA) after three
days of activation with anti-CD3 and anti-CD28 anti-
bodies (MACS GMP Pure, Miltenyi Biotec, Bergisch
Gladbach, Germany). RV-SFG.CD19.CD28.4-1BBzeta
carries an anti-CD19 scFv derived from the FMC63
antibody inserted to the SFG retroviral backbone. The
transmembrane domain is derived from CD28, the
hinge domain from the human IgG1-CH2CH3 domain
and 4-1BB is inserted between the CD28 and CD3(
(CAR structure displayed in Additional file 1: Fig-
ure S1). Transduced cells were cultured in complete
medium supplied with interleukine (IL)-7 (10 ng/mL)
and IL-15 (5 ng/mL) (CellGenix, Freiburg, Germany)
for a total of 13 days at the GMP Core Facility of the
Internal Medicine V Department of the Heidelberg
University Hospital (were evaluated) as descibed [12].
Medium change was performed on days 7 and 10. Cells
were cryopreserved using an automated device (Bio-
freeze BV 40 Consarctic, Westerngrund, Germany).
Transduction efficiency was assessed using flow cytom-
etry (FACS Canto, BD Biosciences, Franklin Lakes, NJ,
USA). After testing for sterility (Ph. Eur. 2.6.1), myco-
plasma (Ph. Eur. 2.6.7) and endotoxin (Ph. Eur. 2.6.14),
products were released for administration.

CART treatment and follow-up, evaluation of toxicity

and outcome

Patients received the respective dose of HD-CAR-1
CARTs on day O after lymphodepletion (fludara-
bine 90 mg/m? and cyclophosphamide 1500 mg/m?).
Cytokine release syndrome (CRS) and immune effec-
tor cell-associated neurotoxicity syndrome (ICANYS)
were graded according to the consensus guidelines of
the American Society for Transplantation and Cellular
Therapy (ASTCT) [14] and managed according to insti-
tutional guidelines and as published [15]. Tumor lysis
syndrome (TLS) was graded as described [16]. Adverse
events (AEs) were graded according to the National
Cancer Institute Common Terminology Criteria for
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Adverse Events (CTCAE), version 5.0. B cell aplasia
was defined as B cell count in the PB below 100/ul as
assessed by flow cytometry. Lymphodepletion, CART
administration and safety monitoring were performed
as inpatient procedures with mandatory hospitaliza-
tion from day -6 through day+ 14. Following patient
discharge, patients presented in the outpatient depart-
ment according to the study visit schedule [12].

Clinical efficacy of HD-CAR-1 treatment was assessed
according to response criteria defined for ALL [17, 18],
i.e., bone marrow (BM) aspiration and/or radiologic
imaging in case of extramedullary disease.

Assessment of CART frequencies

HD-CAR-1 CART frequencies were quantified by single-
copy gene (SCG)-based duplex quantitative PCR (SCG-
DP-PCR) amplifying simultaneously the human SCG
ribonuclease (RNase) P RNA component H1 (RPPHI)
and the FMC63 domain of the CAR transgene as
described [19].

Assessment of cellular composition of CART products

and patient samples

Flow cytometry

From ten HD-CAR-1 patients (unique patient number
(UPN)#1-#7 and UPN#9-#11), PBMCs of the manufac-
tured CART product and of peripheral blood (PB) sam-
ples collected after CART treatment were analyzed using
35-parametric spectral flow cytometry analysis. PBMCs
derived from bufty coats of three healthy donors served
as controls (used antibodies summarized in Additional
file 1: Table S1).

Computational analysis

Spectral unmixing of obtained data was performed using
SpectroFlow (Cytek Biosciences). For general down-
stream analysis, the R packages Spectre [20], CATALYST
[21] and diffcyt [22] were used.

Using the Spectre package, CART product and PBMC
data were merged into a single data table, with key-
words denoting the sample, group and other metadata
added to each row (cell). Since data were acquired over
the course of two days, batch alignment was performed
by computing quantile conversions using reference sam-
ples recorded with each batch, and then applied to the
samples in each batch using CytoNorm [23] in Spec-
tre. The batch-corrected values were used for all down-
stream computations including clustering and differential
expression analyses.

Analysis of T cells: For detailed clustering and subset
annotation of individual T cell populations (CD4+ and
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CD8+T cells), the cluster function from the CATA-
LYST package [21] (version 1.18.1) was used, which
performs a FlowSOM clustering and ConsensusClus-
terPlus metaclustering. Markers that were included for
clustering were specified and were dependent on the
respective T cell population excluding cells expressing
the CAR.

For cellular visualizations, the dimensionality reduc-
tion algorithm Uniform manifold approximation and
projection (UMAP) [24] was used on downsampled
data, taking surface expression of used markers into
consideration.

Analysis of CAR T cells: For analysis of CD4+or
CD8+ CARTs, the CD4+and CD8+T cell clusters were
selected and the surface expression of the CAR detec-
tion marker was used to gate CAR+T cells. Within the
CD4+or CD8+T cell compartments, cells were gated
using the same cutoffs for every sample. Due to spectral
spillover, different cutoffs for the CD4 +and CD8+ com-
partment were applied.

For principal component analysis (PCA), the cell-type
frequencies for each sample were used as input. Cell-type
frequencies were calculated sample-wise by dividing the
number of cells of per population by the total number of
cells within that sample.

To perform differential expression analysis, the diffcyt
package [22] (version 1.14.0) was used. The models and
contrast matrices were set up with the createFormula
and createContrast functions from the diffcyt package.
For the differential abundance analysis, a generalized lin-
ear mixed model (GLMM) was used and adjusted p val-
ues (based on Benjamini—Hochberg [25] method) were
returned. For differential expression analysis of CD39
on cells of non-responders or responders, a linear mixed
model (LMM) was applied and the unadjusted p value
was reported.

Differential abundance analyses were performed by cal-
culating the frequency of cells per population out of the
total CD45 + cells per sample or the frequency of cells per
CD4+or CD8+T cell subset out of all CD3+TCRab+T
cells, respectively. For comparisons of responders versus
non-responders, the mean frequency for every popula-
tion in non-responders was calculated. Then, frequen-
cies for every population in responders were divided by
the corresponding mean frequency from non-respond-
ers as determined in the step before. Likewise, for com-
parisons of CART recipients versus healthy donors, the
mean frequency for every population in healthy donors
was calculated. Then, frequencies for every population
in CAR recipients were divided by the corresponding
mean frequency from non-responders as determined
in the step before. Sample-specific fold changes were
log,-transformed and visualized as boxplots.
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Fig. 1 HD-CAR-1 study profile. Fifteen patients with relapsed and/or refractory (r/r) acute lymphoblastic leukemia (ALL) after at least two prior
therapy lines were screened and enrolled into HD-CAR-1. For all patients, leukapheresis and manufacturing of CARTs were feasible. Two patients did
not receive the HD-CAR-1 CART product due to progressive disease (PD). Thirteen patients were treated with CARTSs, with three patients receiving
1% 10° (dose level (DL) 1), three patients 5x 10° (DL2), four patients 20x 10° (DL3) and three patients 5x 107 (DL4) CARTs/m?. Ten patients reached
end of study (EOS) on day 90 after CART administration. Three patients died due to progressive disease (n=2) or due to septic organ failure (n=1)

prior to EOS

Statistical analysis

Statistics were calculated using Prism Software (Graph-
Pad Software Inc., version 8.2.2). Progression-free
survival (PFS) was calculated from the date of CART
administration until the date of clinical progression,
relapse or death, respectively. Differences between sur-
vival curves were descriptively calculated by log-rank
testing. A p value<0.05 was considered statistically
significant.

Results

Patient characteristics

Between September 2018 and January 2022, 15 patients
with r/r ALL were enrolled (Fig. 1). The patient baseline
characteristics are detailed in Table 1. Median age of
patients was 41 (range 21-67) years. Median time from
initial diagnosis to CART administration was 22 (range
5-117) months, and patients had received a median of
4 (range 2-9) prior treatment lines, including allogeneic
stem cell transplantation (alloSCT) in 12 patients (80%).
None of the patients received immune suppression at the
time of leukapheresis or had signs of active graft-versus
host disease (GvHD). All patients were complete donor
chimeras at the time of leukapheresis.

Feasibility of HD-CAR-1 CART manufacturing
Leukapheresis and manufacturing of CARTs were suc-
cessful for all enrolled patients. Due to low T cell counts
in the PB of one patient (UPN#12), two consecutive
CART production cycles had to be performed. Median
duration of CART manufacturing was 10 (range 10-14)
days. Median transduction efficiency was 52.7% (range
39.3-66.9%) with a viability of CARTs of>85%. CART
production details are summarized in Additional file 1:
Table S2.

CART administration

Of 15 patients, six patients received bridging therapy
between leukapheresis and lymphodepleting therapy.
Thirteen patients received HD-CAR-1 CARTs. (UPN#14
and UPN#15 did not receive CARTs due to progres-
sive disease (PD) during CART manufacturing.) Three
patients were treated with CARTs at dose level (DL) 1
(1x10° CARTs/m?), DL2 (5x10° CARTs/m?) and DL4
(5% 107 CARTs/m?). Four patients were treated at DL3
(2x10” CARTs/m? (Fig. 1). Ten patients reached end
of study (EOS) on day 90 after CARTs. Three patients
did not reach EOS due to PD (n=2) at day 23 (UPN#8)
and day 76 (UPN#3), respectively, and due to fatal septic
organ failure (n=1; UPN#12) on day 39 (Table 2).
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Safety

CRS/ICANS

Treatment with HD-CAR-1 CARTs was well toler-
ated (Table 2): None of the patients developed ICANS.
Two patients (UPN#1 and UPN#6) developed grade I
CRS with symptoms limited to fever that resolved with
supportive treatment only and two patients (UPN#8,
UPN#12) developed grade II CRS and received treat-
ment with tocilizumab. UPN #8 additionally received
steroids. One patient (UPN#5) developed febrile tem-
peratures eventually attributable to Staph. epidermidis
bacteremia that resolved with targeted antibiotic treat-
ment (Additional file 1: Table S3). Higher-grade CRS,
i.e., grade > III, was not observed in any patient.

Patient #8, who suffered from multiple extramed-
ullary ALL lesions prior treatment (Table 1), devel-
oped fever and mild hypoxia three days after CART
administration suggestive for CRS. With high ferritin,
triglycerides and sCD25, a concomitant hemophago-
cytic lymphohistiocytosis (HLH)/macrophage activa-
tion syndrome (MAS) was suspected. Several doses of
tocilizumab and steroids were administered. Due to
further clinical deterioration including kidney failure,
eventually PD was suspected. A BM biopsy performed
on day 10 confirmed PD with almost 100% infiltration
of the BM with ALL blasts. CRS symptoms and kidney
failure were retrospectively attributed to an overlap-
ping TLS. The patient was subsequently treated with
inotuzumab-ozogamicin and received an alloSCT from
a matched-related donor, but eventually died 58 days
after CART infusion.

Patient #12 received CARTs 16 months after a mis-
matched unrelated donor alloSCT that had been com-
plicated by a grade 3 gastrointestinal (GI) GvHD [26].
On day 8, the patient developed CRS grade II and
received tocilizumab. On day 19, the patient displayed
an enterocolitis that evolved into an E. coli sepsis and
progressed to septic shock with disseminated intra-
vascular coagulation (DIC) and multi-organ failure.
The patient died on day 39. Autopsy revealed that the
enterocolitis had most probably been provoked and
aggravated by GI-GvVHD exacerbation. Elevated CART
expansion was neither observed in the afflicted parts
of the gut mucosa, nor in ascites/pleural effusion as
proven by post-mortem quantitative PCR.

Cytopenia, B cell aplasia and infectious complications

Cytopenia, B cell aplasia and recovery of neutrophil
counts are depicted in Fig. 2A, B. Persistent, i.e., beyond
EOS, high-grade (> III) neutropenia was observed in two
of nine evaluable patients (22%). Grade III neutropenia
and thrombocytopenia were observed in UPN#4 who
had low blood counts already before CARTs. Grade III
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neutropenia in UPN#2 persisted until an alloSCT, which
was performed on day 126. No higher-grade anemia was
observed.

Ten patients (77%) had low B cell counts already prior
CARTs, most likely due to pretreatment with blina-
tumomab (#=8) or cytoreductive bridging treatment
(n=4) (Table 1). At EOS, all evaluable patients (n=09;
UPN#9 not shown due to PD at EOS) had ongoing B cell
aplasia (Fig. 2A), even though recovered levels of immu-
noglobulins were detectable in six patients (data not
shown).

Until EOS, two patients (UPN#11 and UPN#13) devel-
oped respiratory infections that required oral antibiot-
ics. One patient (UPN#1) was diagnosed with respiratory
syncytial virus (RSV) that resolved with supportive care
only. No patient with a prior alloSCT reactivated with
cytomegalovirus (CMV) or Epstein—Barr virus (EBV).

Other toxicities

Two patients who had undergone a prior alloSCT devel-
oped GvHD after CART treatment. UPN#6 displayed
a GvHD of the lung, and a preexisting GvHD of the GI
tract exacerbated in UPN#12 (see above). No non-hema-
tologic (>grade III toxicity not preexisting or attributed
to underlying malignancy) or hematologic (grade IV
cytopenia (except lymphopenia) persisting beyond day 30
post-CARTSs) dose-limiting toxicity (DLT) occurred. Tox-
icities after CAR T cells showed no association with the
administered CAR T cell dose. Toxicities are summarized
in Additional file 1: Table S3.

Outcomes

Overall, ten patients (77%) achieved a complete remis-
sion (CR) as best response. Seven patients (54%) attained
MRD negativity. At EOS, 10 patients were evaluable for
response: eight patients (80%) achieved CR, with five
patients (50%) confirmed to be MRD-negative. Median
overall survival (OS) at 12-month follow-up was not
reached (Fig. 3A), and median PFS was reached on day
120 (Fig. 3B). In patients who achieved a MRD-nega-
tive CR at EOS (n=5), 100% OS (Fig. 3C) and 60% PFS
(Fig. 3D) at 1-year follow-up were higher compared
to patients that failed MRD clearance (n=8) (OS 38%;
PES 12.5%; OS p=0.08; PFS p=0.0047). Three patients
received a second CART administration (UPN#1, #4,
#6) that eventually mediated MRD-negative CR in two
patients (UPN#4 and UPN#6). Three patients underwent
alloSCT after HD-CAR-1 treatment (first alloSCT, n=1
(UPN#8); second alloSCT, n=2 (UPN#2, UPN#10)). Evo-
lution of patients within one year after HD-CAR-1 treat-
ment is depicted in Fig. 3E. Of the patients that reached
EOS (n=10), two patients have died from PD (UPN#1)
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Fig. 2 Hematologic toxicity of HD-CAR-1 treatment. A Cytopenia and B cell aplasia. On day 0, i.e,, after lymphodepletion (LD) and before CART
administration, 69% (n=9) of patients were neutropenic (46% grade IV neutropenia), anemic (8% grade Ill anemia) and thrombocytopenic

(31% grade Il thrombocytopenia). One month after HD-CAR-1 treatment, 8% (n= 1, UPN#4) patients displayed grade IV neutropenia and 17%
(n=2; UPN#4 and UPN#11) grade IV thrombocytopenia. On end-of-study (EOS) at day 90, two patients showed persistent grade Il neutropenia
(UPN#2, UPN #4) and one patient grade Ill thrombocytopenia (UPN#4) despite treatment with granulocyte-colony-stimulating factor (G-CSF)

and a thrombopoietin-agonist, respectively. (UPN#4 had grade Ill neutropenia and thrombocytopenia already before receiving CARTs; also, UPN#2
was already neutropenic before CART treatment.) No higher-grade anemia was observed. Beyond day 28, no grade IV cytopenia was observed.

As for B cell counts, 77% (n=10) of patients displayed B cell aplasia already before receiving CARTs. At EOS, all evaluable patients (n=9; UPN#9

not shown due to PD) had ongoing B cell aplasia (B cell count on day 0 and day 56 not assessed). B Absolute neutrophil count (ANC) of treated
HD-CAR-1 patients (n=13) within the first 18 days (top, small frame) and up to end of study on day 90 after CART treatment. Four patients (UPN #1,
#3, #4, #11, #13) received G-CSF after CARTs. Median of ANCs is depicted in grey
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and complications after an alloSCT (UPN#2), respec-
tively, two patients are alive with disease (UPN #5,10),
two patients are in MRD-positive (UPN#7,9) and four
patients in MRD-negative CR (UPN#4,6,11,13). With
exception of UPN#6, relapses remained positive for
CD19 expression (UPN#3 not assessed for CD19 status
at relapse).

Response to treatment was associated with CART
doses: Patients that were treated with higher CART
doses, i.e., DL3 and DL4, showed a trend toward superior
OS (Fig. 3F) and PFS (Fig. 3G) compared to patients that
received lower CART doses, i.e., DL1 and DL2.

CART expansion

PB CART expansion was observed in all patients imme-
diately after CART administration. At EOS, CARTSs were
still detectable in seven (78%) of the evaluable patients
(Fig. 4A). Higher CART doses (DL3, DL4) resulted in
higher and prolonged expansion levels, whereas loss of
detection occurred in patients that had received lower
CART doses (DL1: UPN#1, #3, DL2: UPN#6) (Fig. 4B).
Patients reaching expansion levels exceeding the median
of 22.350 CART/pug DNA PBMC within the first month
after treatment were more likely to respond than patients
who displayed CART expansion below the median
(Fig. 4C).

Cellular landscape of the CART product and the PB

of patients after CART treatment

We used high-dimensional flow cytometry to character-
ize CART products (Fig. 5) and PB composition (Fig. 6)
of treated patients. The CART product of analyzed
patients (n=10) contained mostly CD4+and CD8+T
cells. Also, minor fractions of y5-T cells and natural
killer (NK) cells were identified (Fig. 5A, Additional file 1:
Fig. S1A). All CART products contained CAR-positive
T cells (Additional file 1: Table S2). Unsupervised clus-
tering and dimensionality reduction of the CD4+and
CD8+T cell compartments revealed differences in the
cellular composition of the CART product in respond-
ers and non-responders (Fig. 5B, C): In responders,
higher frequencies of CD39-negative effector memory-
like CD4+and CD8+T cells were observed, whereas

(See figure on next page.)
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non-responders displayed higher levels of CD39-positive
effector memory-like T cells (Fig. 5C, D, F). In fact, CD39
expression of all T cells in both CD4+and CD8+ CART
product subsets was elevated in non-responders (Fig. 5E,
G), suggesting association of CD39 expression in the
CART product with positive therapeutic outcome.

As for analysis of PBMCs obtained after CART admin-
istration, non-responders displayed elevated levels of
monocytes, whereas responders showed a tendency
toward higher CD8+T cell and y8-T cell frequencies
(Fig. 6A, B). Expectedly, B cells in the highly-pretreated
CART recipients were almost completely absent when
compared to healthy donors (Additional file 1: S2B and
Fig. 2A). Notably, the cellular landscape of patient #11
who remains in ongoing CR after CARTs (without fur-
ther treatment (Fig. 3E)) was similar to the physiologi-
cal cellular composition of healthy donors (Additional
file 1: S2F). Unsupervised clustering and dimensionality
reduction of CD4+and CD8+T cell subsets revealed
well-known T cell differentiation states of CAR-negative,
endogenous T cells and CAR-positive T cells (Fig. 6C, D).
Both CD4+and CD8+CARTs of responders adopted
to a higher degree effector memory and effector T cell
states, whereas CARTSs of non-responders predominantly
adopted central memory phenotypes with high PD-1
expression (Fig. 6E, F). Similar findings were observed in
the endogenous T cell compartments (Additional file 1:
Fig. S2C-E).

Discussion

Despite novel therapeutic options for treatment of r/r
ALL patients [27-29], the outcome for older patients
remains poor [30-32]. Here, we treated adult ALL
patients with escalating doses of CD19-specific third-
generation CARTSs. For all patients, CART products were
successfully manufactured. Despite low CART doses
administered and a heavily pre-treated patient cohort,
a CR rate of 80% including 50% MRD-negative CR was
achieved. At 12 months, 38% of evaluable patients
remained progression-free and median OS was not
reached. Patients who achieved an initial MRD-negative
CR did not reach median PFS and were all alive at 1-year
follow-up.

Fig. 3 Efficacy of HD-CAR-1 treatment and patient outcome. A Overall survival (OS) and B progression-free survival (PFS) of treated patients. C OS
and D PFS at end of study (EOS) on day 90 after HD-CAR-1 CART administration of HD-CAR-1 patients that achieved complete remission (CR; blue)
vs. non-responders (red; partial remission (PR), stable disease (SD), progressive disease (PD). E Swimmer plot depicting the course of individual
HD-CAR-1 patients. F OS and G PFS according to administered HD-CAR-1 CART dose (dose level (DL); DL1: 1 x 10° CARTs/m? (n=3), DL2 5x 10°

CARTs/m? (n=3), DL3 20 x 10° CARTs/m? (n=4), DL4: 5x 10’ CARTs/m? (n=

3)). DL: dose level; CR: complete remission; and MRD (minimal residual

disease) pp: CART therapy.!: allogeneic stem cell transplantaﬁon,n: antibody treatment.4p: chemotherapyJi: progressive disease (PD),: partial
remission (PR), : stable diSease (SD),[1: MRD-positive complete remission (CR) JJlJ: MRD-negative complete remission/metabolic CR (CR¥), t: death
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Fig. 4 Expansion of HD-CAR-1 CARTs. A Expansion of CARTs in the peripheral blood (PB) of individual HD-CAR-1 patients (n=13) assessed

by single-copy gene duplex quantitative PCR (SCG-DP-PCR) [19] after CART administration and up to end of study (EOS) at day 90. B Median
expansion of CARTs according to administered CART dose levels (DL; DL1: 1x 10° CARTs/m?, DL2: 5 x 10° CARTs/m?, DL3: 20 10° CARTs/m?, DL4:
5x10” CARTs/m?). C Maximum CART copies (G Within 28 days after CART administration and clinical response at EOS (data of UPN#8 not shown
due to progressive disease on day 23 after CARTs). Median (C,,,,) 22.350 CART/ug DNA PBMC. CR complete remission, d day, DL dose level, MRD
minimal residual disease, PBMC peripheral blood mononuclear cell, PD progressive disease, UPN unique patient number



Schubert et al. Journal of Hematology & Oncology (2023) 16:79 Page 12 of 17
= CD8+ T CAR product CD4+ T CAR product
A ] B CD8+ T cells CAR product CD4+ T cells CAR product c NR P R, NR p;R.
38 S I iy CD94+ CM-like, CD3%+ EM-lik
-~ T B + EM-like +
51 | coser AR CD39+ EM-like, + e '-_°
- % ~ EM-like -¥
o | CD94+ CD94+ CM-like - l
CD3g+ —like-
______________________ EM-like CM-like| o I—c )
....... ke CM-lke - e
Naive-like{o @—o Naive-like - ﬂ,o
& NK cells CDsg+ '~
P g EM-like
e = CD39+ EM-like CD94+ CD39+ l EM-like - '.—'
EM-like
CD8+Tcells TCRgd+ T cells CM-like CD94+ EM-like ' CD39- EM-like - o ﬁo
R = NR R CDS56+ EM-like | .-I—q
; ] - 3 CD94+ EM-like | o '
A EY % =
~D4+ T cells 2 2 - EM-like{
g }  CD4+ T cells 5' g D39~ EM-like °H’ CDS56+ EM-like | -—.
H ) 3 8c 8c — y p '
UMAP] £ £ -6 -4 -2 0 -4 -2 0 2
log2 FC log2 FC
CD39- CD39+ CD39- CD39+
D E  Emike EMlike F G EM-like EM-ike
2 mﬂjmlms P088s PO 2 CD39+ EM-like, pE00Z2  p=025 =
Naive-like S ® \ = -
CD56+ EM-lik 4 5 0 \ T
ke . omike 8 g )\ § \ EMlke o § O
3! © 8 3 ﬂ \ 4 S c
x c = S 3 5 14 S
) s 7 2 400 E E 2 = K]
g N L 8o 3 g
YL T SO @ O 50 3 ° ~ \ - & 8 g °
e Y © ¢ £ S Q [PDo4+ Cllke \ @ P EMike @ £ @
CD39- EM-like ® = s a ChHike \\ @ £ 2
o -1 . L 3 Q ™
CD94+ CD39+ EM-lk g H ° Naive-tke | 3
1 ke § = 200 ! \ \.cozs- EM-like § !
El 8 ]
3 ° 2 CDS6+ EM-ike g o
CD39+ EM-like = o ‘g ° £
2 -1 1 3 -2
PC1 (51.6%) g g« g« PC1 (57.6%) g o

Fig. 5 Characterization of the cellular composition of CART products of HD-CAR-1 patients (n=10). A CART infusion products were analyzed

via high-parametric spectral flow cytometry, and data were analyzed (see methods). Uniform manifold approximation and projection (UMAP)
visualization display a downsampled subset of cells from all ten CART products (bottom). After clustering, individual clusters were annotated
based on surface marker expression [66] and highlighted by different colors. B CD8+and CD4 +T cell subsets from the CART product of ten
patient samples were extracted and clustered separately. A representative subset of cells from all ten CART products is displayed in the UMAP
visualizations. Density plots in the two lower panels indicate the differential distribution of cells between non-responders (NR) and responders (R)
within the CD8+and CD4+T cell compartment, respectively. C Boxplots indicating differential abundance of individual clusters from CD8 + (left)
and CD4+T cell (right) subsets from the CART product of responders and non-responders. Positive log, fold changes indicate higher levels

in responders, whereas negative log, fold changes indicate that a specific population is more abundant in non-responders. D Principal
component analysis (PCA) of CD8+T cells within the CART product. Cell-type frequencies of cell clusters from each sample were used as input
for the PCA. Blue circles represent samples from responders, and green circles represent samples from non-responders. The two larger circles
indicate the midpoint of the respective group. Gray arrows indicate the variables. E Boxplots indicating the abundance of CD39- effector
memory (EM)-like and CD39+ EM-like cells within the CD8+T cell population of the CART products (left). A generalized linear mixed model
(GLMM) was used to compute significance between non-responders and responders. Adjusted p values are shown. Boxplot of CD39 expression
levels in non-responders and responders within the CD8+T cell subset of the CART product is displayed (right). Significance was assessed

by applying a linear mixed model (LMM). F PCA of CD4+T cells within the CART product. Cell-type frequencies of cell clusters from each sample
were used as input for the PCA. Blue circles represent samples from responders, and green circles represent samples from non-responders.

The two larger circles indicate the midpoint of the respective group. Gray arrows indicate the variables. G Boxplots showing the abundance

of CD39- EM-like and CD39 + EM-like cells within the CD4+T cell population of the CART product (left). A GLMM was used to compute significance
between non-responder and responder. Adjusted p values are shown. Boxplot of CD39 expression levels in non-responder and responder samples
within the CD4+T cell subset of the CAR product (right). Significance was assessed by applying a LMM. R responders, NR non-responders, CM
central memory T cells, cDC conventional dendritic cells, EM effector memory T cells, NK natural killer

The CAR construct used within HD-CAR-1 has
already been evaluated in the context of two clinical tri-
als that focused on patients with non-Hodgkin’s lym-
phoma (NHL). Also, five adult ALL patients (n=1 [10],
n=4 [11]) were included. No response in the single ALL
patient [10] and CR in 50% (two of four ALL patients)
[11] were reported, although results were limited by the
small patient number.

Result of HD-CAR-1 is in line with previous trials of
second-generation CARTs in adult ALL patients: Park

et al. reported a CR rate of 83% (n=53), with 50% OS and
30% event-free survival (EFS) one year after treatment
[33]. In the ZUMA-3 trial resulting in the approval of
Brexucabtagene autoleucel for treatment of adult r/r ALL
patients in 2021, a CR rate of 71% (n=55) with 12-month
OS of 75% and EFS of 50% was observed. These results
might be at least in part be attributable to the strict exclu-
sion criteria in the ZUMA-3 trial of included patients
[34]. Frey et al. reported a CR rate of 69% (n=235) with
OS of 47% and EFS of 31% at two-year follow-up. In
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Fig. 6 Characterization of the cellular composition of PB samples (n=10) of patients after HD-CAR-1 treatment (n=10) and PB composition

of healthy donors (n=3). A PBMC samples obtained from patients after CART administration were analyzed via high-parametric spectral flow
cytometry and data were analyzed (see methods). UMAP visualization (bottom) showing a downsampled subset of PBMCs from ten CART
recipients and additionally three healthy donor samples. After clustering, individual clusters were annotated based on surface marker expression
and highlighted by different colors. B Boxplots indicating differential abundance of individual cell populations from PBMC samples collected
after CART administration, comparing abundances in responders and non-responders. Positive log, fold changes indicate that a respective
population is more abundant in responders (R), whereas negative log, fold changes indicate that the population is more abundant

in non-responders (NR). C Scatterplot displays the gating strategy to define CAR+cells. CD8+and CD4+T cells from the PBMC samples were
extracted, and fluorescence intensity levels of CD8/CD4 expression were plotted against the fluorescence intensity of the CAR targeting antibody.
CAR + cells were determined by setting a CD8+/CD4+T cell-specific cutoff for downstream analysis and visualization. D UMAP visualizations

of downsampled subsets from separately clustered CD8+and CD4+T cells identified in A. Dimensionality reduction and clustering were
performed excluding the expression information of the CAR targeting antibody, to prevent CAR+ specific clusters. After clustering, individual
clusters were annotated based on surface marker expression and highlighted by different colors. E Density plots illustrating the distribution

of CAR+cells within the CD8+T cell (top) and CD4+T cell (bottom) UMAP embedding. CAR+ cells were identified and gated as displayed in C
and as described in the material and methods section. F CD4 +and CD8+T cells from D were used and binned into CAR- and CAR+CD8+or

CD4+T cells, respectively, as described above (Fig. 5C). Boxplots display differential abundance of different CAR+CD8+T cells (top) or CAR+CD4+T
cell phenotypes (bottom) of responders and non-responders. Positive log, fold changes indicate that a respective population is more abundant

in samples of responders, whereas negative log, fold changes indicate that the population is more abundant in samples of non-responders. R
responders, NR non-responders, CM central memory T cells, cDC conventional dendritic cells, EM effector memory T cells, hi high, TCRT cell receptor,

NK natural killer, NKT natural killer T cells, pDC plasmacytoid dendritic cells, SCM memory stem cell-like T cells

this latter trial, high-dose (5%10%), fractionated CART
administration (#=20) resulted in unmet median OS
and EFS one year after treatment. Of note, only 25% of
patients had received a prior alloSCT [35].

Relapses post-CARTSs have been reported in 30 to 60%
of ALL patients [33, 36—39]. Also in HD-CAR-1, 50% of
patients with CR at EOS, have relapsed in the first year
after treatment and three patients have received a con-
secutive alloSCT after HD-CAR-1 treatment. In line with
data on the ZUMA-3 trial [34], efficacy of HD-CAR-1

CARTs was limited in patients with extramedullary dis-
ease: Only one patient (UPN #13) with extramedullary
disease at CART treatment did not relapse after CART
treatment, underlining the difficulties of treatment of this
patient subgroup.

Of note, HD-CAR-1 appears to be associated with a
highly favorable toxicity profile, even at high-dose levels:
No ICANS or higher-grade CRS occurred, and only low-
grade (I-II°) CRS was observed in 31% of the patients.
Prior alloSCT was associated with fatal exacerbation of
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a most likely preexisting GvHD in one patient. Although
an immunogenic effect of CARTs cannot be excluded,
GvHD might have been rather triggered substantially by
preceding therapies including inotuzumab ozogamicin
and blinatumomab.

As for hematotoxicity, the rate of prolonged neutropenia
was comparable or lower than the one of previous reports
[37, 40, 41], despite the high rate of patients after an alloSCT.

CD28-costimulation has been associated with rapid
expansion and marked anti-tumor efficacy [42-44],
and 4-1BB has been shown to enhance proliferation, to
reduce exhaustion and to mediate long-term CART per-
sistence [45-47]. In fact, we observed fast expansion of
HD-CAR-1-CARTs. In contrast to loss of CARTs in the
PB of patients treated in ZUMA-3 on day 28 [48], CARTs
were durably detected in HD-CAR-1 patients. In line
with others, initial MRD-negative response [38, 49] and
higher doses of administered CARTs [35] resulted in
higher CART frequencies and improved outcome.

High-resolution immunophenotyping revealed an
immune cell repertoire of responders characterized by
general activation of T cells. In contrast to others, we
observed no influence on response by myeloid subtypes
[11] or CD4+/CD8+T cell ratio [50, 51]. Interestingly,
the patient with the most durable response to treatment
(UPN#11) displayed a distribution of immune cells in his
PB which resembled the cellular composition of the PB of
healthy donors. In patients responding to CART therapy,
we observed a higher number of y§ T cells within col-
lected PBMCs. In fact, infiltration of malignancies with
y8 T cells is associated with favorable prognosis [52] and
in the allo-SCT setting, y§ T cells have been associated
with enhanced anti-tumor response, improved OS and
reduced occurrence of GvHD [53, 54].

Within the CART product, expression of CD39 on
effector T cells predicted response: Low levels of this
T cell subset were observed in responders, high levels
in non-responders. CD39 is expressed on T cell subsets
[55, 56], and its expression on CD8-positive T cells has
been associated with T cell exhaustion [57, 58]. While
CARTs with a less differentiated phenotype, e.g., cen-
tral memory or naive CARTs, mediate better expan-
sion, persistence and antitumor activity [59, 60], T cell
exhaustion is associated with inferior response [61, 62].
In the context of CARTs, CD39 expression has been
linked to reduced CART expansion [63, 64]. Here, we
confirm clinically that CD39 within the CART product
might be highly relevant to predict outcome in CART
patients. In contrast to other molecules such as PD-1
that have been identified not only in CART samples but
also in healthy individuals [65], CD39 might constitute
a more specific marker for T cell exhaustion.
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Conclusion

In summary, administration of third-generation HD-
CAR-1 CARTs was remarkably safe and of promising
efficacy. Responses correlated with MRD clearance and
were dose-dependent. Lack of CD39 expression on T
cell subsets within the CART product was associated
with improved anti-leukemic activity of CARTs. HD-
CAR-1 appears to be a promising step toward safe and
effective ALL eradication in older patients.
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