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Abstract
Background: Blastic Plasmacytoid Dendritic Cell Neoplasm (BPDCN) is an aggressive malignant
hemopathy characterized by constant overexpression of the CD123 antigen on 100% of blasts identifying
CD123 as an antigenic target for the development of adoptive cell therapy. Chimeric Antigen Receptor-T
(CAR-T) are composed of an extracellular domain consisting of a single-chain fragment variable (scFv)
targeting a surface antigen expressed on tumor cells. In view of the low expression of CD123 on
hematopoietic stem cells, monocytes and endothelial cells, it is necessary to evaluate and select the
CD123 CAR-T allowing the best cytotoxicity differential between leukemic and healthy cells.  

Methods: We developed �ve third-generation CD123 CAR-T by substituting scFv, in order to assess
changes in e�cacy and on-target/off-tumor side effects. Using various in vitro and in vivo BPDCN
models, we evaluated the functionality on BPDCN and the on-target/off-tumor effect on endothelial cell
line, monocytes and hematopoietic stem cell (HSC).

Results: Using Incucyte, we con�rmed the low cytotoxicity on endothelial cells. We showed an increase in
CD123 expression on endothelial cells, dependent on the activation of CAR-T through cytokine secretion.
Evaluated by CFU-GM culture, we show that two CAR-T are less cytotoxic against hematopoietic stem
cells and these two CAR-T signi�cantly reduce tumor in�ltration and increase overall survival of mice in
three in vivo BPDCN models. Finally, we demonstrate in bulk RNA-sequencing that the most effective
CAR-T in an aggressive BPDCN model, upregulates genes associated with cytotoxicity and
activation/exhaustion at day 34, with fewer regulatory signatures

Conclusions: Together, these results emphasize the importance of evaluating different scFv for the
development of CAR-T, to select the best one, with high cytotoxicity potential and the best safety pro�le
for clinical development.

Background
Blastic plasmacytoid dendritic cell neoplasm (BPDCN) is a rare and aggressive leukemia derived from
plasmacytoid dendritic cell (pDC) precursors [1, 2]. No standard of care is available to treat these patients,
except hematopoietic cell transplantation (HCT) in �rst remission [3–5]. There is a clear, unmet need for
BPDCN patient treatment.

In the last 10 years, the development of genetically modi�ed T lymphocytes expressing a chimeric
antigen receptor (CAR) speci�c for tumor cells has revolutionized immunotherapy [6]. The CAR consists
of a single chain comprising the variable fragment (scFv) of a monoclonal antibody (mAb), fused to the
intracellular signaling domain of CD3ζ, as well as one or more co-stimulation domains (such as CD28,
OX40, 4-1BB) [7]. A scFv is the reconstructed antigen-binding portion of a conventional mAb [8] connected
to the intracellular part via a linker and hinge domain of varying size. Structural modi�cation of these
components can lead to modi�cation of the a�nity, intensity of the intracellular signal and in vivo
functionality [9–13], underlining the importance of considering these elements in CAR-T construction. In
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this study, we focus on the impact of the scFv part, which is the �rst element to come in contact with the
antigen, thereby impacting signals in the CAR-T cell.

CD123 is the α transmembrane chain of the Interleukin-3 (IL-3) receptor (IL3Rα), which associates as a
heterodimer with the β subunit (CD131) to form the IL-3 high a�nity receptor (IL-3R). CD123 is highly
expressed by basophils and pDC [14], and at a lower level on a fraction of normal hematopoietic stem
cells (HSC) (but not on the most immature CD34+/CD38− HSC[15, 16] ), myeloid progenitors, monocytes,
eosinophils and myeloid dendritic cells [17]. Apart from hematopoietic cells, only endothelial cells are
currently known to express low levels of CD123 [18]. On the other hand, the strong expression of CD123 in
100% of BPDCN and in many other haematological diseases (such as acute myeloid leukemia (AML) [19],
acute lymphoblastic leukemia (ALL) [20], Hodgkin lymphoma [21], myelodysplastic syndrome (MDS) [22])
makes it a target of choice to develop immunotherapy. Furthermore, there is evidence that CD123 is a
marker of leukemic stem cells in AML.

To be able to eliminate leukemic cells while sparing healthy cells [23–25] is a major point of clinical CAR-
T development. Some contradictory data have described the potential “on target, off tumor” effect of
CAR-T targeting CD123. Mardiros et al. showed strong elimination of AML cells expressing CD123, while
sparing the formation of granulocytes, macrophages and erythrocytes [26], whereas Gill et al. showed a
decrease in megakaryotypes, B-lymphocytes, monocytes and myeloid cells [27]. In an MDS model,
Stevens et al. showed that CD123 CAR-T targets only the CD123 positive cell populations and does not
impact normal HSC [28]. More recently, we demonstrated in a humanized mouse model that CD123 CAR-
T exerts little or no cytotoxicity against various subsets of normal cells with low CD123 expression [29].
Low CD123 expression on endothelial cells may induce endothelial damage, and importantly it has been
shown that CD123 levels increase in an in�ammatory context [30–32] and thus, toxicity on endothelial
may be evaluated.

Due to the presence of many CAR on the CAR-T surface, CAR-T is more effective compared to the
recombinant antibody approach, even with the same antibody/antigen a�nity. Indeed, the minimum
number of recognized target antigens required to induce cytotoxicity is much lower with CAR-T [33]. Some
studies highlight that the sensitivity to the target antigen can be modulated in order to increase the
speci�city of the CAR-T for its leukemic target, and to decrease the “on-target/off-tumor” effect[34]. In
addition, CAR-T expression and stability at the T cell membrane are affected by the structure of scFv[9]
and also by the humanized process applied to scFv and co-stimulatory domains [35]. Although the
antibody selected for CAR-T has high a�nity for its antigenic target, it has been reported that the fusion
of the variable regions of the antibody into a single chain could induce a distortion in their orientation,
thus decreasing its constant of association, ultimately reducing CAR-T e�cacy [36].

In this study, we investigate the impact of the scFv on the functionality and safety of CD123 CAR-T.
Based on our lentiviral construct [29], we generated �ve CD123 CAR-T by substituting scFv. These �ve
CAR-T were evaluated in vitro and in vivo in order to select the one(s) yielding the highest differential
cytotoxicity between CD123high BPDCN cells and healthy CD123low cells.
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Methods And Material

Cell culture
CAL-1 (Dr. Maeda, University of Nagasaki, Japan), Gen2.2 (EFS, Patent N° 0.215.927), Daudi (ATCC® :
CCL-213™) and MA9-RAS (Dr. James C. Mulloy, University of Cincinnati College of Medicine, USA) were
cultivated in RPMI 1640 media (Roswell Park Memorial Institute, Gibco™, Fisher scienti�c, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco™) and 1% antibiotics (Penicillin-streptomycin,
Gibco™). HEK-293T (ATCC® : CRL-11268™) cell line was cultured in DMEM media (Dulbecco’s Modi�ed
Eagle Medium, Eurobio, France) supplemented with 10% fetal bovine serum and 1% antibiotics. Cell lines
were cultured in an incubator at 37°C saturated with water vapor containing 5% C02. Primary cells from
BPDCN patients (DC-2008-713 and DC 2016–2791 collections) were used for ampli�cation of primary
cells in NSG-S mice to produce PDX (Primary Derived Xenograft) as previously described [54]. Endothelial
cell line HMEC-1 (ATCC® : CRL-3243™) was cultured in EGMTM-2 medium (EBMTM-2 Basal Medium, Lonza,
CC-3156 and EGMTM-2 Single Quots™ Supplements, Lonza, CC-4176). Adherent cell line HMEC-1 and HEK-
293T were taken from the �ask wall using trypsin-EDTA 0.5% (Gibco™) when the con�uence of the latter
reached 80%. Monocytes and hematopoetic stem cells (CD34) were cultured in X-VIVO™ 15 media (Lonza,
Bâle, Switzerland) supplemented with 8% of heat-inactivated human serum (EFS, B/FC) and 1%
antibiotics.

CAR-T vector production, T-cell transduction and CAR
expression
To produce the �ve CD123 monoclonal antibodies, mice were immunized with the recombinant protein
CD123 (301-R3-025, R&D systems, Minneapolis, USA) by footpad or intraperitoneal administration
(Diaclone SA, Besançon, France). We used lymph nodes or splenic B cells to produce hybridomas
secreting. We selected Hybridomas based on the a�nity and speci�city of monoclonal antibodies using
patient’s primary cells, CD123+ and CD123− cell lines and normal blood and bone marrow cells. The
sequences encoding CD123 CAR, 2A sequence and the selection market (ΔCD19: truncated CD19) were
cloned in a pFLAP lentiviral vector.

CD123 CAR-T lentiviral vectors were produced in HEK-293T. We generated �ve third-generation CAR-T
(CAR N°1 to N°5) directed against CD123 using the same backbone [29], composed of the EF1α promoter
[37], two co-stimulation domains (CD28/4-1BB), a CD3ζ signaling domain, a selection domain (ΔCD19),
with �ve different scFv domains (EP20190305816 20190621; WO2020EP67303 20200622), each having
various a�nity for the CD123 antigen (Fig. 1A). To produce CD123 CAR-T, we used peripheral blood
mononuclear cells (PBMC) from healthy donors were collected at the French Blood Center (EFS B/FC,
Besançon, France) and obtained after written informed consent. PBMC isolated by Ficoll gradient density
centrifugation and were activated with CD3/CD28 Dynabeads (Life Technologies, California, USA). Two
days later we assessed lentiviral transduction (MOI of 10) in 24 wells plates (spin at 800g, 32°C for 1h).
Transduction e�ciency was determined by CD19 expression by �ow cytometry (FC) and CAR expression
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was determined using a biotinylated CD123 protein as previously described [29]. As control, non-
transduced T cells (C0) from the same donors were produced.

Functionality of CD123 CAR-T
Effector cells (C0 or CD123 CAR-T) were labeled with Cell Proliferation Dye Proliferation Dye eFluor 450
(Thermo Fisher, Ecublens, Switzerland). Next, we co-cultured CD123 CAR-T with the indicated cell lines or
normal cells at a given effector: target ratio (E: T). After co-culture, cells were labeled with 7-AAD (BD
Biosciences, New Jersey, USA), anti-human CD19APC (Miltenyi Biotec, Bergish Gladbach, Germany) and
anti-human CD123PE − Cy7 (Sony Biotechnology, San Jose, USA).

CD123 CAR-T degranulation was monitored by FC using CD107aPE (BD Biosciences, New Jersey, USA)
after 6 hours of E: T co-culture. TNF-α and IFN-γ secretion was assessed in the culture supernatant by
ELISA according to the manufacturer's protocols (Diaclone, Besançon, France). Membrane lysis was
quanti�ed using LDH release assay by bioluminescence. Real-time cytotoxicity was assessed using the
Incucyte. The level of CD123 expression on cell lines was determined by FC.

In vivo models
The animal study was performing under Animal care and use protocol at the University of Besançon
(Ministry of Higher Education, Research and Innovation, France, 2021-004-OA-12PR). NSG (NOD-scid
gamma) mice (8–10 weeks old) were used in this study. NSG mice were irradiated and inoculated
intravenously with either luciferase expressing CAL-1 cell line (CAL-1-Luc), PDX or Gen2.2 [29]. C0 and
CD123 CAR-T were injected intravenously at the indicated day after injection of tumor cells. Tumor uptake
was monitored weekly by bioluminescence (bli) measurements for CAL-1-Luc and by blastic
quanti�cation in blood samples by FC for PDX and Gen2.2 models [29].

Bulk RNA-Sequencing Analysis
Bulk RNA-Seq reads were aligned using STAR [38] v2.7.9a to GENCODE Human Release 39 (GRCh38.p13)
and read count matrix produced with FeatureCounts [39] v2.0.1, both with default parameters. The
Bioconductor RNA-seq work�ow was followed to detect differential gene expression with DESEQ2 [40]
v1.32.0. A total of 19,337 coding genes were analyzed for transcript abundance and poorly expressed
genes were eliminated based on the criteria of a maximum read count > 20 for all samples. Data
visualization was achieved in R v4.1.1 with Complex Heatmap package v2.11.1 using DESeq 2’s
regularized-logarithm transformation (rlog) of the count data.

Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Multiple groups were compared with one-way
analysis of variance (ANOVA). All statistical analyses were performed with GraphPad Prism7.0. The
thresholds for statistical signi�cance were 0.12 (non-signi�cant, ns), 0.033 (*), 0.002 (**), < 0.001 (***).
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More detailed descriptions of the experimental methods and analyses are available in supplementary
materials and methods.

Results

CD123 CAR-T transduction e�ciency
Transduction e�ciency of the �ve CAR-T (CAR N°1 to N°5) was evaluated by the quanti�cation of T cells
co-expressing CD3 and CD19 by FC (Fig. 1B). For CAR N°1, N°3, N°4 and N°5, transduction e�ciency
above 97% was obtained (N°1: 97.1%±1.1% ; N°3: 97.7%±0.9% ; N°4: 98.2%±0.5% ; N°5: 97.2%±0.9%). CAR
N°2 achieved lower transduction e�ciency at 65.0% ± 6.0% (Fig. 1C). Moreover, transgene expression was
stable over time: the expression of ΔCD19 remained at similar levels between day 7 (D7) and day 23
(D23) post transduction (Fig. 1D). CAR expression was evaluated by FC using the biotin-conjugated
CD123 protein. At D9, the CAR expression was very high, except for CAR N°2 (N°1: 97.1%±0.6% ; N°2:
60.4%±7.2% ; N°3: 98.0%±0.3% ; N°4: 98.0%±0.4% ; N°5: 97.0%±0.9%, C0: 0.0%±0.2%) (Fig. 1E). We have
shown the highest and signi�cant intensity of the biotin-conjugated CD123 protein was detected for CAR
N°1 (Figure S1A). The �ve CAR-T products had an identical CD4/CD8 ratio at D7 (Figure S1B, S1C).

CD123 CAR-T degranulation and cytotoxicity against
BPDCN cell lines
To evaluate the speci�city of CAR-T antitumor function, degranulation capacity against the BPDCN cell
line CAL-1 (CD123+ high) and CD123− Daudi cell line was assessed (Figure S1D). After 6 hours of co-
culture (E:T = 1:1), CAR N°1, N°3, N°4 and N°5 had the ability to degranulate against CAL-1 (N°1: 62.6%
±3.8%; N°3: 65.8%±2.2%; N°4: 78.8%±0.7%; N°5: 77.6%±3.6%) compared to C0 (3.3%±0.7%). Only CAR N°2
did not have any degranulation activity (4.3%±1.7%) (Fig. 2A, left). No degranulation was observed after
co-culture with Daudi (N°1: 5.1%±1.8%; N°2: 1.6%±0.1%; N°3: 6.5%±1.8%; N°4: 5.1%±1.6%; N°5: 3.9%±1.0%
and C0: 2.9%±1.1%) (Fig. 2A, right) re�ecting the speci�city of CAR N°1, N°3, N°4 and N°5. Next, CAR-T
cytotoxicity was evaluated by FC (7-AAD) after 24 hours of co-culture at E:T = 1:1. CAL-1 were
successfully eliminated by CAR N°1, N°3, N°4 and N°5 (N°1: 96.1%±5.5%; N°3: 98.6±1.5%; N°4: 97.4%
±3.7%; N°5: 99.3±0.9%) but not by CAR N°2 (12.4%±5.3%) compared to C0 (2.2%±4.5%) (Fig. 2B, left).
These results were con�rmed with BPDCN PDX (Figure S2B), Gen2.2 BPDCN cell line (Figure S2C) and
CD123+ MA-9RAS AML cell line (Figure S2A). In contrast, no elimination of Daudi was observed (Fig. 2B,
right). To evaluate the CAR-T e�cacy in vitro, CAL-1/ CAR-T co-culture at different E:T ratios ranging from
10:1 to 1:10 was performance. Again, CAR N°1, N°4 and N°5 presented cytotoxic capacity, even with
inverted ratios (E:T = 1:5 and 1:10) whereas CAR N°2 had low e�cacy for an E:T ratio = 1:1 and CAR N°3
for a ratio of 1:5 (Fig. 2C).

CD123 CAR-T cytotoxicity against healthy CD123low cells
In view of the low expression of CD123 by HSC, endothelial cells and monocytes, we evaluated the
functionality of CAR-T against these healthy cell types. First, HMEC-1 cell line or monocytes were co-
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cultured with CAR-T or C0 for 6 hours at an E:T = 1:1 and T cell CD107a expression was evaluated by FC.
We showed that CAR N°1, N°3, N°4 and N°5 slightly degranulated in co-culture with HMEC-1 (N°1: 22.4%
±6.9%; N°3: 28.9%±7.8%; N°4: 32.8%±9.6%; N°5: 25.1%±5.0%, n = 3) (Fig. 3A, left) without any signi�cant
difference between them and with monocytes (N°1: 29.7%±9.4%; N°3: 43.7%±2.5%; N°4: 38.5±5.3%; N°5:
34.7%±4.8%) (Fig. 3A, right). Nevertheless, degranulation capacity of CAR-T is lower against HMEC-1 and
monocytes than CAL-1 (Fig. 2A, left). Thereafter, membrane lysis capacity of CAR-T was evaluated after
24 hours of co-culture with the different cells at an E:T = 1:1 using LDH release assay. CAR N°1, N°3, N°4
and N°5 were cytotoxic against the CAL-1 cell line (C0: 15.2%±6.6%; N°1: 82.0%±10.3%; N°2: 42.1%
±15.4%; N°3: 88.3%±10.6%; N°4: 89.8%±10.9%; N°5: 88.5%±11.7%) (Fig. 3B) but not against Daudi (C0:
10.9%±6.1%; N°1: 6.9%±2.5%; N°2: 7.2%±6.3%; N°3: 13.1%±4.6%; N°4: 7.2%±1.18%; N°5: 12.6%±4.7%)
(Fig. 3C). Moreover, CAR-T presented lower cytotoxicity against HMEC-1 (C0: 5.7%±3.0%; N°1: 35.1%
±3.7%; N°2: 8.7%±0.8%; N°3: 31.2%±7.2%; N°4: 20.7%±8.0%; N°5: 24.9%±9.80%) (Fig. 3D) and monocytes
(C0: 1.7%±1.5%; N°1: 26.4%±7.3%; N°2: 2.6%±0.8%; N°3: 31.4%±3.3%; N°4: 16.8%±1.6%; N°5: 21.0%±4.9%)
(Fig. 3E) than against CAL-1, without any signi�cant difference between the four functional CAR-T.

For the following parts of the study, we did not evaluate CAR N°2 any further due to its low performance.

To con�rm the weaker cytotoxicity of CAR-T against endothelial cells than against CAL-1, apoptosis was
assessed by real-time microscopy (Incucyte®) for 8 hours at an E:T = 1:1. The Incucyte® system detects
the appearance of green �uorescence, which is proportional to cell death. The average integrated
intensity (CU/µ2) enables normalization of the �uorescence intensity to the cell size. After a short contact
time of CAR-T with endothelial cells, toxicity is relatively low (C0: 0.65±0.02 CU/µ2; N°1: 0.97±0.07 CU/µ2;
N°3: 0.68±0.02 CU/µ2; N°4: 0.74±0.07 CU/µ2; N°5: 0.80±0.06 CU/µ2). In contrast, in the same conditions,
more than the half of the CAL-1 cells were eliminated (C0: 0.91±0.08 CU/µ2; N°1: 1.40±0.04 CU/µ2; N°3:
1.05±0.08 CU/µ2; N°4: 1.11±0.19 CU/µ2; N°5: 1.35±0.69 CU/µ2) (Fig. 3F). CAR N°1 induced a slight
increase in cytotoxicity against HMEC than others but also on CAL-1 with CAR N°5.

Impact of IFN-γ and TNF-α secretion by CD123 CAR-T on
CD123 expression by endothelial cells
Secretion of IFN-γ and TNF-α by CAR-T was evaluated by ELISA after 24 hours of co-culture with CAL-1,
HMEC-1 or Daudi at an E:T = 1:1. All CAR-T produced higher concentrations of IFN-γ (Fig. 4A) and TNF-α
(Fig. 4B) after contact with CAL-1 compared to Daudi or HMEC-1. (Supplemental table 1 and 2). To
assess whether this pro-in�ammatory environment could modulate CD123 expression by endothelial
cells, we used a Transwell tri-culture model (CAR-T or C0 ± CAL-1 in the upper chamber and HMEC-1 in the
lower chamber) (Fig. 4C). After 24 hours of co-culture at an E:T = 1:1, the RFI of CD123 expression on
endothelial cells was assessed. Presence of CAR-T alone does not induce an increase in CD123
expression by HMEC-1 (RFI, HMEC-1 alone: 1.16 ± 0.12; C0: 1.02 ± 0.30; N°1: 1.30 ± 0.48; N°3: 1.06 ± 0.40;
N°4: 1.20 ± 0.13; N°5: 0.94 ± 0.13). In contrast, incubation of CAR-T with CAL-1 induced a signi�cant
increase in CD123 expression by HMEC-1 (RFI: C0 + CAL-1: 1.12 ± 0.14; N°1 + CAL-1: 2.83 ± 0.65; N°3 + 
CAL-1: 2.85 ± 0.57; N°4 + CAL-1: 2.87 ± 0.33; N°5 + CAL-1: 2.46 ± 0.763) (Fig. 4C). Culturing HMEC-1 with
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recombinant IFN-γ and/or TNF-α, with or without their respective inhibitors show, this cytokine induce an
increase in CD123 expression on endothelial cells than can be reversed with the inhibitor (Fig. 4D). These
data highlight that the toxicity of CAR-T against endothelial cells is related to activation of CAR-T through
production of IFN-γ and TNF-α.

No in�uence of CD123 CAR-T on Hematopoietic stem cell
(HSC) and colony-forming ability
The cytotoxic potential of CAR-T was evaluated on autologous CD34 + HSC. HSC from cord blood were
co-cultured with autologous CAR-T or C0 at an E:T = 1:1 for 18 hours (Figure S3). CAR-T cytotoxicity
against HSC was evaluated by FC (7-AAD). CAR N°1 and N°4 had non-signi�cantly lower cytotoxicity then
the two others (30.3%±6.7% and 26.2% ± 20.6% respectively), but close to signi�cance for CAR N°3
(41.3%±7.3%, p = 0.07) (Fig. 5A). In parallel, after co-culture, HSC were placed into human methylcellulose
complete medium to examine colony formation (CFU-GM). Fourteen days later, CAR N°1 and N°4 were not
shown to affect the clonogenic potential of HSC (Fig. 5B) whereas CAR N°3 had a greater impact on CFU-
GM (p = 0.06). For the following experiments, CAR N°3 was no longer evaluated.

Anti-tumor e�cacy of CD123 CAR-T in vivo
The ability of CAR-T to reduce tumor in�ltration was evaluated in vivo in NSG mice using the luciferase-
expressing CAL-1 cell line (CAL-1-Luc) for the three best CAR-T (N°1, N°4 and N°5) (Fig. 6A). Survival of
mice almost doubled after injection of all CAR-T compared with C0 injection (33 days for C0, 68 days for
CAR N°1, 59 days for CAR N°4 and 56 days for CAR N°5; 4 mice/group) without a signi�cant difference
between the three CAR-T, albeit almost signi�cant for CAR N°5 (p = 0.08), which appeared to perform less
well (Fig. 6B). As luminescence re�ects the in�ltration of leukemia, we followed the tumor load by
bioluminescence imaging. Mice treated with CAR-T show a delay in systemic leukemia, without any
difference between the three CAR-T (Fig. 6C). We con�rmed these data using a BPDCN PDX model
(Fig. 6A). At D63 after injection, BPDCN cells (hCD45+/CD123high) were detected in blood samples from
mice. One group received an IV injection of 5.106 C0 and the three others received 5.106 of CAR-T. The
survival of the mice increased signi�cantly after treatment with CAR-T compared to C0 (67 days for C0;
157 days for CAR N°1; 162 days for CAR N°4 and 139 days for CAR N°5) without any signi�cant
difference between the three CAR-T, although CAR N°1 and N°4 seemed better (Fig. 6D). Treatment with
CAR-T slowed leukemic in�ltration in the mice’s blood compared to treatment with C0 (mean blasts at
D38: C0: 352 blasts/µL; N°1: 201 blasts/µL; N°4: 160 blasts/µL and N°5: 240 blasts/µL), without
signi�cant difference, but with higher blast levels for CAR N°5 (Fig. 6E).

CAR N°1 is most effective in an aggressive BPDCN in vivo
model
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Considering the similar in vivo antitumor activity of CAR N°1 and N°4 in two BPDCN models, we aimed to
discriminate them using the more aggressive BPDCN cell line Gen2.2, and to determine the differential
phenotypic and transcriptomic pro�le between these two CAR-T (Fig. 7A). At D0 we showed that PD-1 and
LAG3 expression was higher on CAR N°4 than N°1 (PD1: 77.4% vs 62.8%; LAG3: 32.3 vs 19.1%
respectively). No difference in TIM3 expression was noted (34.0% for CAR N°4 vs 35.7% for CAR N°1)
(Fig. 7B). In contrast, the T-cell differentiation pro�le (TEFF, TSCM, TEM and TCM) of the two CAR-T did not
differ signi�cantly (Fig. 7C).

At the same time, CAR-T were sorted from mouse blood before performing a bulk RNA-sequencing
analysis. We analyzed the differentially expressed genes between CAR N°1 and N°4 at D0 as well as CAR
N°1 and CAR N°4 at D34. At D0, there was no difference in transcriptomic expression between CAR N°1
and N°4: only one gene (granulolysin/GNLY) was differentially expressed (Fig. 7D). At D34, of the 19,337
coding genes analyzed, only 160 had differential expression: 130 genes were down regulated and 30
were upregulated by CAR N°1 compared to N°4 (Fig. 7D and Supplementary Table 3–4). Among these
genes, (GNLY and perforin/PRF1) and exhaustion genes (CTLA4/CTLA4, LAG3/LAG3, PD-1/PDCD1) were
upregulated by CAR N°1 while the granzyme isoforms (GZMA and GZMB) and genes conferring a
regulatory T pro�le (CD25/IL2RA, CCR4/CCR4, CCR8/CCR8) were down-regulated (Fig. 7E). Together, RNA
sequencing showed that CAR N°1 and N°4 are not very different but CAR N°1 appears to have a less T-
regulatory signature and more signs of cytotoxicity and exhausted pro�le at D34. Both CAR-T
signi�cantly limit circulation of BPDCN cells in mice until D34 (Fig. 7F) and both of them expand, thus
exerting a signi�cant anti-leukemic effect (Fig. 7F). CAR N°1 and N°4 signi�cantly prolonged the survival
of the mice (C0: 17 days, N°1: 90 days, N°4: 64 days) but among them, the CAR N°1 yielded the best
results (Fig. 7G).

Discussion
BPDCN is a rare and aggressive hematological disease with very poor prognosis [2], and therapeutic
strategies remain unconvincing. Advances in diagnostics and patient monitoring have shown that
CD123-targeted approaches can be effective in treating this disease [41]. The �rst anti-CD123 approach
developed for the treatment of BPDCN is a recombinant human interleukin-3 fused to a truncated
diphtheria toxin (Tagraxofusp) [42], which obtained FDA approval for BPDCN treatment, but does not
make it possible to avoid hematopoietic stem cell allograft [43, 44] and resistance [45, 46].

We sought to target CD123 for BPDCN treatment, since in our French cohort of 254 BPDCN cases, all
cases expressed CD123 at high levels, on 100% of the blastic population [47], revealing CD123 as a
promising TAA (Tumor Associated Antigens). Nevertheless, CD123 is not exclusively expressed by
leukemic cells, since, importantly, a fraction of HSC, monocytes and endothelial cells expressed a low
level of CD123. Nevertheless, it is essential to evaluate whether this low level can lead to destruction of
these cells by CD123 CAR-T, and whether - depending of the scFv of CAR-T - there is a greater or lesser
impact on CD123low positive cells.
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The objective of our study was to choose the best scFv, inducing high functional effects on leukemic cells
and sparing normal cells, to reduce the on-target/off-tumor effects. To this end, we developed �ve third-
generation CAR-T (CD28/4-1BB/CD3ζ) targeting CD123 by substituting �ve different scFv.

We obtained high (> 96%) and stable transduction (until D23) for four CAR-T among the �ve. These four
CAR-T activated nearly the same level of degranulation (CD107a) and cytokine secretion (IFN-γ/TNF-α)
after contact with CAL-1 cell line. However, using unfavorable E:T ratios for co-culture, we show that CAR
N°1, N°4 and N°5 are more functional than CAR N°2 and N°3. Moreover, in vivo, in two cell line-based
BPDCN models and a PDX model, we show that CAR-T signi�cantly reduce the tumor burden and the
number of blasts in the blood, and signi�cantly increase the median survival of mice with some
variability between them.

To try to understand the differences induced by scFv substitution, we performed bulk RNA sequencing
analysis on the two best CAR-T (N°1 and N°4) at D0 (�nal T-cell product) and at D34 after injection in a
xenograft preclinical model. Bulk RNA sequencing analysis con�rmed that there is nearly no difference
between the two CAR-T at D0 whereas, after injection into mice and activation by the target cells (Gen2.2),
there are slight differences between them (D34). CAR N°1 appears to have a less T-regulatory signature
and more signs of cytotoxicity and T-cell exhaustion pro�le.

scFv are the most commonly used ligand-binding domains in the CAR-T construct. Many critical design
parameters of the ligand-binding domain including a�nity, avidity, antigen epitope location, and
accessibility, could affect CAR-T functionality. Our �ve CAR-T were derived from �ve antibodies with high
a�nity for the antigen (ranging from 10− 9M to > 10− 12M). Such high a�nities could induce targeting of
healthy cells by these CAR-T, even if they present low CD123 expression. Therefore, it is necessary to
determine the cytotoxicity of the four CAR-T against normal cells. Although CD123 expression remains
limited on bone marrow HSC, hematotoxicity may be an obstacle to clinical development. Among the �ve
CAR-T produced, two of them (N°3 and N°5) seem to induce higher cytotoxicity on autologous HSC,
underlining that these two might induce higher hematotoxicity in patients. These �ndings could explain
the contradictory data obtained in the literature concerning the toxicity of CD123 CAR-T [27–30, 48, 49]
that have different scFv and backbone construction, highlighting the value of verifying this point before
moving forward with clinical development.

Indeed, we show that CAR-T activation is weak against monocytes or endothelial cells, but not negative
(higher than with CD123− Daudi cell line), suggesting that the activation of CAR-T remains moderate
against healthy cells that weakly express CD123 but might be evaluated. Moreover, we highlight that
cytokine production by activated CAR-T induced an increase (nearly twofold) in CD123 expression on
endothelial cells, directly related to previously published data [31, 32]. We con�rm secretion of IFN-γ and
TNF-α by CAR-T after contact with a BPDCN cell line and a reversible increase of CD123 on endothelial
cells during their exposure to these cytokines. However, we demonstrate low delayed toxicity of CAR-T
using a real-time microscopy lysis assay during the �rst few hours of contact. These data highlight that
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the potential endothelial toxicity of CAR-T might be low and could be controlled if necessary using
pharmacological agents that inhibit IFN-γ or TNF-α (such as corticoids or adalimumab).

Controlling CAR-T for adverse toxicities is paramount, and thus, some studies have evaluated the addition
of a suicide gene to make CAR-T sensitive to a drug that is very effective but irreversible for CAR-T [48–
50]. More interestingly, reversible approaches are currently being evaluated to offer safety without
inducing CAR-T elimination. The use of dasatinib, a tyrosine kinase inhibitor, can interrupt the activity of
CAR-T (personal results not shown) in the event of unwanted toxicity, but without eliminating them [51–
53]. Moreover, reducing CAR-T activation in this way might be useful to reduce induction of CD123
expression on endothelial cells.

In conclusion, we generated �ve CAR-T with different scFv, and show that the functionality of these CAR-T
is different in terms of some key features, such as transduction e�cacy, cytotoxic effect against normal
cells and leukemic cells. Two of them have a better pro�le, with high cytotoxicity against BPDCN cells
without high on-target/off-tumor effects. Particularly CAR N°1 shows signi�cant, high intensity of CAR
expression at the membrane, high cytotoxicity and activation against leukemic cells, and high bene�t on
mice survival without inducing high level of toxicity against normal cells. So, our study highlights the
importance of evaluating various scFv in the context of building a new CAR-T.
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Figure 1

CD123 CAR-T design, transduction and expression. (A) Schematic diagram of �ve CD123 CAR-T
composed of EF1a promotor, different CD123 scFv, CD28 and 4-1BB co-stimulation domains and
selection marker (DCD19). (B)/(C) Transduction e�ciency of CD123 CAR-T was measured by �ow
cytometry using CD3 and CD19 antibodies seven days after transduction. (D) Stability of transduction
e�ciency was evaluated by �ow cytometry using CD3 and CD19 antibodies on day 7 to day 23-post
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transduction. (E) CD123 CAR expressions was detected by �ow cytometry using biotinylated CD123
protein on day 9 post transduction. Data presented are mean ± SD. C0, non-transduced T-cell; ns, not
signi�cant; 0.033 (*), 0.002 (**), <0.001 (***) compared to CAR N°1.

Figure 2
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Anti leukemic activity of CD123 CAR-T is antigen speci�c. (A) CD107a expression of C0 or CD123 CAR-T
after 6 hours of co-culture with target cells at an E: T ratio of 1:1 using �ow cytometry. (B) Cell death of
target cells was measured by �ow cytometry using 7-AAD labelling. Effectors cells were labeled with
eFluor before co-cultured with target cells at an E: T ratio of 1: 1 for 24 hours. (C) Cell death of CAL-1 cell
line was measured by �ow cytometry using 7-AAD labelling. Effector cells were labeled with eFluor before
co-cultured with CAL-1 cell line at an E: T ratio of 10: 1; 5: 1; 1: 1; 1: 5 and 1: 10 for 24 hours. Data
presented are mean ± SD. ns, not signi�cant; 0.033 (*), 0.002 (**), <0.001 (***) compared to CAR N°1. E: T,
Effector: Target. 
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Figure 3

CD123 CAR-T have low impact on healthy cells. (A) CD107a expression of C0 or CD123 CAR-T after 6
hours of co-culture with endothelial cells or monocytes at an E: T ratio of 1:1 using �ow cytometry. Cell
death of (B) CAL-1, (C) Daudi, (D) HMEC-1 (E) and monocytes was evaluated by bioluminescence using
the LDH release assay after 24 hours of co-culture at an E:T ratio of 1:1. (F) Real time killing of HMEC-1
(left) and CAL-1 (right) was followed by Incucyte ® (zoom x10, phase and green 400ms acquisition time,
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1 scan every hour). HMEC-1 and CAL-1 were labeled with green apoptosis dye before co-culture. Data
presented are mean ± SD. ns, not signi�cant; 0.033 (*), 0.002 (**), <0.001 (***) compared to CAR N°1.

Figure 4

Impact of IFN-g and TNF-a on CD123 expression by endothelial cells. (A) IFN-g secretion was measured
by ELISA in culture supernatants after 24 hours of co-culture between C0 or CD123 CAR-T and CAL-1 or
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HMEC-1 or Daudi. (B) TNF-a secretion was measured by ELISA in culture supernatants after 24 hours of
co-culture between C0 or CD123 CAR-T and CAL-1 or HMEC-1 or Daudi. (C) Schematic diagram of tri-
culture model. Effector cells (C0 or CD123 CAR-T) and target cells (CAL-1) were seeded in the upper
chamber at an E: T ratio of 1: 1 and HMEC-1 were placed in lower chamber. After 24 hours of co-culture,
HMEC-1 were digested with trypsin to assess the CD123 expression by �ow cytometry. Data presented are
mean ± SD. ns: not signi�cant; 0.033 (*), 0.002 (**), <0.001 (***). 

Figure 5

Autologous CD123 CAR-T do not affect hematopoietic stem cells. (A) HSC from cord blood were selected
by CD34-immunomagnetic beads and co-cultured with autologous C0 or CD123 CAR-T at an E: T ratio of
1: 1 for 18 hours. Then we analysed cytotoxicity by �ow cytometry. (B) After co-culture, one part of co-
culture was plated in semisolid methylcellulose progenitor culture. After 14 days, the number of CFU was
manually counted. Data presented are mean±SD. ns: no signi�cant difference.
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Figure 6

CD123 CAR-T reduce BPDCN growth in vivo (CAL-1-Luc/PDX/Gen2.2). (A) Schematic diagram of the
xenograft model. (B) CAL-1-luc survival curve was analysed from CAL-1-Luc injection until the death. The
general health of the mice was assessed during the experiment (data not shown). (C) Bioluminescence
imaging analysis before and during C0 or CD123 CAR-T treatment up to 24 days after CAL-1-Luc
injection. (D) PDX survival curve was analysed from C0 or CD123 CAR-T injection. (E) PDX cells from
peripheral blood were analysed by �ow cytometry.
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Figure 7

CAR N°1 most effective in an aggressive BPDCN in vivo model. (A) Schematic diagram of the xenograft
model. CAR N°1 and N°4 were sorted from peripheral blood before being analysed by bulk RNA
sequencing. (B) Mice survival curves were analysed for Gen2.2 model. (C) Gen2.2 cells or T-cell counts in
mice blood. (D) Exhausted phenotype and (E) differentiation T-cell phenotype of C0. CAR N°1 and CAR
N°4 at D0 (before injection). (F) Volcano plot showing differentially expressed genes in CAR N°1
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compared to CAR N°4 at D0 and at D34. (G) Heatmap of normalized expression from bulk RNA-
sequencing analysis of differential expression genes of CAR N°1 and CAR N°4 at D34. 
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