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Hematopoietic stem cell transplantation (HSCT) is widely used
to treat patients with life-threatening hematologic and immune
system disorders. Current nontargeted chemo-/radiotherapy
conditioning regimens cause tissue injury and induce an array
of immediate and delayed adverse effects, limiting the applica-
tion of this life-saving treatment. The growing demand to
replace canonical conditioning regimens has led to the develop-
ment of alternative approaches, such as antibody-drug conju-
gates, naked antibodies, and CAR T cells. Here, we introduce
a preconditioning strategy targeting CD45 on hematopoietic
cells with CAR45 T cells. To avoid fratricide of CD45 CAR
T cells, genomic disruption of the CD45 gene was performed
on human CD45 CART cells in combination with the signaling
kinase inhibitor dasatinib. CD45D CAR45 T cells showed high
cytotoxicity in vitro and depletion of tumor cells in vivo. These
cells were effective in elimination of human hematopoietic cells
engrafted in humanized immunodeficient mice by transfusion
with human blood-derived hematopoietic stem cells (HSCs).
Similarly, CD45D CAR45 natural killer (NK) cells exhibited
potent cytotoxicity toward tumor cell lines and human hemato-
poietic cells in vitro. Thus, we provide the proof of concept for
the generation and preclinical efficacy of fratricide-resistant
CAR45 T and NK cells directed against CD45-expressing tu-
mors and hematopoietic cells.

INTRODUCTION
To achieve the successful engraftment of allogeneic hematopoietic
stem cells (HSCs) for HSC transplantation (HSCT), patients undergo
chemotherapy and/or radiotherapy at doses that are highly toxic to
blood and bone marrow cells. Approved pretreatment regimens are
well tolerated by nonhematopoietic tissues (in most patients). How-
ever, multiorgan toxicity associated with conditioning is a limiting
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factor for safe and widespread allogeneic HSCT.1,2 Patients with ge-
netic disorders such as Fanconi anemia and Nijmegen syndrome
have poor tolerance to standard genotoxic preparative regimens
due to hypersensitivity to DNA damage.3–5 This makes HSCT risky
for these patients and results in an exceedingly low success rate for
patients with secondary leukemias arising from underlying DNA
repair lesions.

There is a considerable interest in replacing chemotherapy or radio-
therapy with nongenotoxic preparative regimens. A variety of agents,
such as antibody radioconjugates,6–9 antibody-drug conjugates,10–13

and naked antibodies,14–17 have been developed to effectively deplete
hematopoietic lineages in vivo to enable alloengraftment. However,
the eradication of highly aggressive and treatment-resistant malig-
nant hematopoietic cells may require less toxic and more potent
cell-based therapies. Preclinical studies have shown that myeloabla-
tion using chimeric antigen receptor (CAR) T cells specific for
CD117,18,19 CD33,20 and CD12321,22 can successfully eliminate
HSCs and hematopoietic progenitor cells. These antigens are rational
targets for CAR T cells because they are expressed on HSCs or
herapy: Oncology Vol. 32 September 2024 ª 2024 The Authors.
r Inc. on behalf of The American Society of Gene and Cell Therapy.
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hematopoietic progenitor cells (HPCs) with minimal or no expres-
sion on nonhematopoietic tissues.

The receptor tyrosine phosphatase CD45 is a cell-surface antigen
present on all immune and hematopoietic cells, including HSCs
and HPCs, with the exception of platelets and erythrocytes,23

which makes targeting CD45 particularly suitable for a condition-
ing regimen prior to HSCT. CD45 expression patterns in the
bone marrow of patients with various types of acute leukemia
clearly show the prevalence of CD45-positive cells.24–27 In recent
decades, CD45 has been one of the most attractive targets for non-
myeloablative regimens using antibodies, immunotoxins, and anti-
body-drug conjugates (ADCs).6–8,12,13,16,28–30

In contrast to CD117, CD33, and CD123, CD45 is one of the most
abundant proteins in the T cell plasma membrane. Shared target-
antigen expression between CAR T cells and target cells is a major
challenge that complicates CAR T cell therapies. Since the develop-
ment of CD5-specific gene-edited T cells, fratricide-resistant CAR
T cells have become a rapidly growing class of leukemia immuno-
therapy.31 Recent studies have demonstrated the feasibility of fratri-
cide-resistant CARs targeting CD3,32 CD531,33 and CD734–38 (CD5/
CD7 bispecific35), and CD38.39,40 Some of these approaches are
being tested in early phase clinical trials, with encouraging
results (NCT04004637, ChiCTR2000034762, and NCT03690011;
clinicaltrials.gov).

Here, we describe the generation of CART cells directed against human
CD45as a proof of concept for leukemia therapyandnongenotoxic con-
ditioning prior to HSCT. A regimen bridging HSCT preconditioning
and leukemia therapy using leukocyte-specific CAR T cells may allow
for more comprehensive depletion of the hematopoietic cells with a
minimized risk of residual disease or relapse after transplantation. To
improve the translational potential of this approach, the CAR45
construct was designed to consist of the anti-CD45 antibody BC8,
which has been extensively tested in clinical trials (NCT00002554,
NCT00003868, NCT00003870, NCT00005940, NCT00008177,
NCT00988715, NCT01300572, NCT01503242, and NCT01921387;
clinicaltrials.gov), fused with the third-generation CAR backbone.
Figure 1. Disruption of CD45 expression does not impair the functional activity

(A) CD45 expression on different cells during hematopoiesis. (B) Representative histogra

Cas9 and CD45-specific gRNA-2. (C and D) Frequency and viability of CD45-negative
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antibodies (magenta) after FACS. (F) Western blot analysis of CD45 expression in T cells

and CD45 in mock-transduced, CAR19, and CD45D CAR19 T cells. (H) Total expansio

were determined by multiple unpaired t tests. (I) Nalm-6 cells were incubated with differe

The p values were determined by multiple unpaired t tests. (J) IL-2 and IFN-g secretion a

with Jeko-1 cells at different effector (E)-to-target (T) ratios. The p values were determined

IVIS images of mice from the mock-transduced, CAR19, and CD45D CAR19 T cell-trea

after tumor inoculation, the animals were subjected to i.v. infusion of 3� 106mock-transd

the total radiance due to luciferase activity per mouse) from (K) for days 7–29. The p value

experimental and control groups. Overall survival curves were plotted using the Kaplan-M

(E)–(J) represent independent replicated experiments with cells isolated from three don

** indicates p % 0.01, **** indicates p % 0.0001.
To overcome CD45-dependent fratricide during the CAR45 T cell
manufacturing process and after infusion, we performed targeted
disruption of the CD45 gene using CRISPR-Cas9. We showed that
gene editing and CAR transduction protocols consistently yield a
highly enriched population of CD45-negative CAR45 T and natural
killer (NK) cells (CD45D CAR45). The CD45D CAR45 T cells demon-
strate robust antitumor activity against hematological malignancies
and normal human hematopoietic cells in vitro and in vivo. If success-
ful, fratricide-resistant CD45D CAR45 T cells could serve as an alter-
native nongenotoxic tool to eradicate both normal and pathologic he-
matopoietic cells, ensuring engraftment and clearance of the leukemia
burden while sparing nonhematopoietic tissue, mature platelets, and
red blood cells.

RESULTS
PTPRC gene editing in human T cells for pan-hematologic

cancer immunotherapy

The expression patterns of CD45 in the bone marrow of patients with
various types of acute leukemia make it a promising target in the
context of hematological malignancies. Targeting CD45 could serve
a dual purpose as a conditioning regimen prior to HSCT and as
a pan-hematologic cancer immunotherapy (Figure 1A). CRISPR-
Cas9-mediated genome editing was implemented to disrupt the
PTPRC gene (encoding the CD45 protein) in T cells to prevent frat-
ricide during the production and expansion of CD45-specific CAR T
(CAR45) cells (Figure 2A). Different guide RNAs (gRNAs) targeting
exon 1 of the PTPRC gene were designed to prevent translation of all
possible isoforms of CD45. gRNAs were tested in activated human
T cells, and gRNA-2 (Figure S1A), which disrupted the PTPRC
gene with the highest efficiency, was chosen for future experiments.
Loss of surface CD45 expression was observed in >85% of T cells
4 days after electroporation with gRNA-2 and Cas9, compared to
Cas9 alone (Figures 1B, 1C, and S1B). The knockout of CD45 did
not result in significant changes in T cell viability (Figure 1D), and
CD45 ablation was stable for at least 4 weeks (Figure S1C). Loss of
CD45 expression was further confirmed by confocal microscopy
and western blot analysis of the fluorescence-activated cell sorting
(FACS)-sorted cells with disrupted PTPRC gene (Figures 1E, 1F,
and S1D). Analysis of the targeted fragment in PCR-amplified
of T cells and CAR T cells

m showing ablation of CD45 expression in T cells after electroporation with CRISPR-

cells on the fourth day after electroporation with Cas9/gRNA-2 complexes. The p

t donor. (E) Fluorescencemicroscopy of T and CD45D T cells stained with anti-CD45

from (B) after FACS. (G) Representative dot plots showing the expression of CAR19
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ors. All data represent the mean ± SD. ns indicates p > 0.05, * indicates p % 0.05,
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genomic DNA by Sanger sequencing revealed the presence of inser-
tions/deletions (indels) in the CD45 gene only in the CD45D T cells
(Figure S1E). Potential off-target sites for gRNA-2 were verified by
next-generation sequencing of gene-edited T cell genomic DNA.
The percentage of reads containing insertions and deletions increased
from 70% to 90% with the increase in knockout percentage over time
exclusively in CD45D T cells (4, 8, and 16 h following electroporation
with Cas9/gRNA-2) (Figure S1F). For gRNA-2, only one off-target
site with the highest predicted probability had a higher percentage
of both insertions and deletions in cells treated with the Cas9/
gRNA-2 complex compared to a negative control (0.5%; p < 0.001).
It is located in the intron of the THSD4 gene, which is transcription-
ally silent in the immune cells (Table S1). These results suggest that
Cas9/gRNA-2-mediated disruption of exon 1 in the PTPRC gene
effectively generates viable CD45D T cells.

Genetic disruption of the CD45 gene does not impair T or CAR

T cell functions

We then asked whether disruption of PTPRC and absence of the CD45
cytoplasmic domain as well as the associated phosphatase activity affect
T cell function. First, we compared the cytotoxicity and cytokine release
of T and CD45D T cells by incubation with Burkitt lymphoma Ramos
cells in the presence of a bispecific CD19/CD3 T cell engager (BiTE)
(Figure S2A). Interestingly, T and CD45D T cells exhibited comparable
cytotoxic activity with relatively less interleukin-2 (IL-2) and inter-
feron-g (IFN-g) secreted by CD45D T cells (Figures S2B and S2C).
These results suggest that genetic knockout of CD45 in T cells does
not affect their cytotoxic potential but slightly downmodulates the
secretion of proinflammatory cytokines.

The high cytolytic activity of CD45D T cells encouraged us to further
evaluate the effect of PTPRC gene disruption on CAR T cell perfor-
mance. First, T cells were electroporated with CRISPR-Cas9 and
CD45-specific gRNA-2 or control gRNA and then transduced with
CD19-specific CAR19 (Figure 1G). In comparison to CAR19
T cells, the loss of CD45 did not reduce the proliferation rate of
CD45D CAR19 T cells when stimulated under the same conditions
(Figure 1H). CAR19 and CD45DCAR19 T cells were then co-cultured
with target CD19+ Nalm-6 and Jeko-1 cells. Both CAR19 and CD45D

CAR19 T cells efficiently induced the lysis of target tumor cells after
24 h of co-culturing (Figures 1I and 1J, left). Consistent with what we
observed in the BiTE-mediated T cell activation experiment,
compared to CAR19 T cells, CD45D CAR19 T cells secreted slightly
Figure 2. Generation of fratricide-resistant CD45-specific CAR T cells

(A) Experimental setup for CD45D CAR T cell engineering. T cells were electroporated

construct design. (C) Schematic timeline of CD45D CAR T cell engineering. (D) Effects

CAR45 T cells in culture. The p values were determined by multiple unpaired t tests. (E)

Cas9/gRNA-2-electroporated T cells on days 7 and 14 after transduction. (F) Total exp

tests. (G) Percentage of CD45DCAR T cells in (E). The p values were determined by multi

transduced T cells electroporated with Cas9/gRNA-2. Cells were stained with anti-CD4

transduction. CM, central memory; EM, effector memory; EMRA, terminally differentia

represent independent experiments with cells isolated from five donors. All data represe

*** indicates p % 0.001.
less IL-2 and IFN-g when incubated with target cells (Figure 1J, mid-
dle and right).

Then, we explored the cytotoxic function of CD45D CAR19 T cells
in vivo in a mouse xenograft model of pre-B cell lymphoma
Nalm-6. NOD-severe combined immunodeficiency (SCID)
g-chain-deficient (NCG) mice were intravenously (i.v.) engrafted
with Nalm-6/ffluc cells expressing firefly luciferase (ffluc). On day 7
following Nalm-6 injection, when the tumors became detectable,
the mice were i.v. injected with a single dose of 2 � 106 CD45D

CAR19, CAR19, or mock-transduced T cells. Bioluminescence in vivo
imaging revealed a significant tumor burden reduction in the CAR19
and CD45DCAR19 therapy groups (Figure 1K). And no apparent dif-
ferences in tumor growth kinetics were observed between the groups
of mice treated with regular or CD45D CAR19 T cells (Figure 1L). A
slightly higher survival rate of recipient mice following injections of
CD45D CAR19 T cells was observed compared to mice treated with
regular CAR19 T cells (Figure 1M). Therefore, CD45 knockout had
no negative effect on the short-term persistence or cytotoxicity of
CAR T cells in the mouse tumor xenograft model.

Generation of fratricide-resistant CD45-specific CAR T cells

After obtaining experimental proof that CD45D CAR19 T cells
possess potent antitumor activity and persistence in mice, we next
explored whether CD45 knockout allows generation of fratricide-
resistant CAR T cells specific to CD45 (Figure 2A). We created a
CAR45 construct by fusing a single-chain variable fragment derived
from the murine anti-CD45 monoclonal antibody (clone BC8) to a
third-generation CAR backbone containing the IgG4 CH2-CH3
spacer and cytoplasmic endodomains from CD28, CD134, and
CD3z41,42 (Figure 2B). CD45 knockout was performed 2 days after
T cell transduction with the CAR45 and CAR19 constructs (Fig-
ure 2C). However, in contrast to the control CAR19 and CD45D

CAR19 T cells, both CD45D CAR45 and CAR45 T cells showed
poor viability and expansion, presumably due to antigen-induced
fratricide and chronic stimulation in response to residual amounts
of CD45 left on T cells (Figure 2D, left). This result was later verified
on days 7 and 14 post knockout (Figure 2E). Previous studies have
shown that treatment with dasatinib43 inhibits cytolytic activity, cyto-
kine production, and proliferation of CAR T cells in vitro and in vivo.
Inspired by these pioneering studies, we assessed whether dasatinib
treatment can suppress the fratricide and enhance the survival of
CD45-specific CAR T cells (Figure S3). The CAR T cell production
with Cas9/gRNA-2 complexes and transduced with CAR. (B) Schematic of CAR45

of 50 nM dasatinib on the viability of CAR19, CAR45, CD45D CAR19, and CD45D

Representative dot plots showing the expression of CD45 and CARs in control and

ansion of cells from (D), right. The p values were determined by multiple unpaired t

ple unpaired t tests. (H) Differentiation state analysis of CAR19-, CAR45-, andmock-

4 and anti-CD62L antibodies and analyzed by flow cytometry on days 7 and 14 after

ted T cells. The p values were determined by two-way ANOVA. Data from (D)–(H)

nt the mean ± SD. ns indicates p > 0.05, * indicates p% 0.05, ** indicates p% 0.01,
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was then repeated with addition of dasatinib to the culture medium
right after transduction. To maintain the effective concentration,
the medium was replenished with fresh dasatinib every 2–3 days.
By dosing the concentration, we found that dasatinib rescued the
expansion and viability of both CAR45 and CD45D CAR45 T cells
at concentrations of 50 nM or higher (Figures 2D, right, and 2F).
Interestingly, in the culture of CD45D CAR45 T cells, despite the
administration of dasatinib, we observed the elimination of residual
CD45-positive cells and the outgrowth of the CD45D CAR45 popula-
tion on day 14 (Figure 2G). CD45 knockout did not negatively alter
the T cell phenotype, but instead produced T cells with predomi-
nantly central memory (Tcm) and effector memory (Tem) pheno-
types, a favorable property for tumor control (Figure 2H).

CD45D CAR45 T cells outperform CAR45 T cells in vitro and

in vivo

To assess whether CD45D CAR45 T cells maintained their function-
ality, we analyzed the specificity and cytotoxicity of CD45D CAR45
T cells against CD45-positive T-ALL (Jurkat), MCL (Jeko-1), and
AML (THP-1) cells and a CD45-negative (Nalm-6) tumor cell line
(Figure 3A). The fresh batches of CAR19, CAR45, CD45D CAR19,
and CD45D CAR45 T cells were produced from the same donor
and expanded with 50 nM dasatinib. After removal of dasatinib,
CAR T cells were co-cultured with a panel of hematological tumor
cell lines with varying expression of CD19 and CD45 (Figure 3A).
As expected, CAR19 and CD45D CAR19 T cells induced the specific
killing of CD19-positive Nalm-6 and Jeko-1 cells with similar effi-
cacies (Figure 3B) and kinetics (Figure 3C). CAR19 and CD45D

CAR19 T cells were not cytotoxic to control CD19-knockout
Nalm-6 cells (Figure 3C). However, we observed a significant differ-
ence in cytotoxicity and cytokine release between CAR45 and CD45D

CAR45 T cells. In comparison to CAR45 T cells, CD45D CAR45
T cells induced pronouncedly more effective killing of CD45-positive
Jurkat, Jeko-1, and THP-1 cells (Figure 3B). At a low effector:target
(E:T) ratio (1:3), the CD45D CAR45 T cells eliminated tumor cells
faster than CAR45 T cells (Figure 3C). In addition, we discovered
that CAR45 T cells exhibited nonspecific hyperactivation, accompa-
nied by elevated production of IL-2 and IFN-g, which was indepen-
dent of the E:T ratio, even in the absence of target cells. By contrast,
CD45D CAR45 T cells released cytokines only upon incubation with
target cells in a manner dependent on the E:T ratio (Figure 3D).
Figure 3. CD45D CAR45 T cells outperform CAR45 T cells in vitro and in vivo

(A) Representative density plots showing the expression of CD19 and CD45 in leukemi

T cells were incubated with blood cancer cell lines prior to tumor cell lysis analysis. Total

beads. The p values were determined by multiple unpaired t tests. Nonsignificant value

incubated with the designated CAR19, CAR45, CD45D CAR19, and CD45D CAR45 T

secretion by CAR45 and CD45D CAR45 T cells co-cultured with Jeko-1 and THP-1 ce

subjected to i.v. infusion of 2� 106 THP-1/ffluc cells. On day 3 after tumor inoculation, an

CAR45 T cells. (F) Representative IVIS images of mice from the mock-transduced, CAR

the total radiance due to luciferase activity per mouse) from (F) for days 7–29. The p va

overall animal survival in each experimental group. The p values were determined by th

with cells isolated from three donors (biological replicates). All data represent the mean ±

p % 0.001, **** indicates p % 0.0001.
Following these in vitro tests, we analyzed the therapeutic efficacy of
CD45D CAR45 T cells in a mouse xenograft model of disseminated
monocytic AML. Toward this end, NCG mice were engrafted via
i.v. injection of 2� 106 THP-1/ffluc cells expressing ffluc (Figure 3E).
Three days after tumor engraftment, the animals were i.v. injected
with 5 � 106 mock, CAR45, or CD45D CAR45 T cells. Biolumines-
cence imaging revealed the outstanding therapeutic activity of
CD45D CAR45 T cells against disseminated monocytic AML (Fig-
ure 3F). All animals treated with CD45D CAR45 T cells exhibited sig-
nificant suppression of tumor burden and higher survival rates
compared to the counterparts treated with mock or CAR45
(Figures 3G, 3H, and S4).

CD45DCAR45 T andNK cells deplete human hematopoietic cells

in vitro

Our ultimate goal is to determine whether CD45D CAR45 T cells can
be used to deplete endogenous hematopoietic cells. Toward this end,
we incubated primary human T cells and peripheral blood mononu-
clear cells (PBMCs) with CD45D CAR45 T cells or control CD45D

CAR19 T. After 24 h of co-culture, CD45D CAR45 T cells, but not
control CD45D CAR19 T cells, induced productive killing of T cells
and PBMCs (Figure 4A). To assess the kinetics of hematopoietic
cell depletion, we mixed PBMCs and FACS-purified CD45-negative
CD45D CAR45 T cells in a 1:3 ratio and followed the changes in their
ratio for over 72 h (Figure 4B). A negative control group was supple-
mented with 50 nM dasatinib. We observed complete elimination of
PBMCs in the experimental group after 72 h of co-culture, while the
PBMCs in the control group remained viable (Figure S5A). We also
performed a dose-dependent test with different concentrations of da-
satinib and found that concentrations below 50 nM turned on CD45-
dependent killing (Figure S5B). Likewise, CD45D CAR45 T cells also
induced efficient killing of freshly isolated autologous donor bone
marrow (BM) cells, and the killing could be inhibited by 50 nM dasa-
tinib (Figure S6).

CAR NK cells are attractive substitutes for traditional CAR T cells
owing to their potent cytotoxicity and diminished risk of alloreactiv-
ity.44 Another advantage of CAR NK cells is their shorter lifespan
compared to CAR T cells, which makes them suitable for transient
immunotherapy.45 Therefore, the feasibility of generating functional
fratricide-resistant CD45D CAR45 NK cells was tested. The protocol
a and lymphoma cell lines. (B) CAR19, CAR45, CD45D CAR19, and CD45D CAR45

numbers of live tumor cells were quantified by flow cytometry at 24 h using counting

s are not shown. (C) Real-time detection of fluorescent Jeko-1 and THP-1 targets

cells in the Incucyte killing assay (E:T ratio 1:3). (D) Quantification of IFN-g and IL-2

lls. The p values were determined by multiple unpaired t tests. (E) NCG mice were

imals were subjected to i.v. infusion of 3� 106mock-transduced, CAR45, or CD45D

45, and CD45D CAR45 T cell-treated groups. (G) Quantification of tumor burden (as

lues were determined by multiple unpaired t tests. (H) Kaplan-Meier curve showing

e log-rank Mantel-Cox test. Data from (B)–(D) represent independent experiments

SD. ns indicates p >0.05, * indicates p% 0.05, ** indicates p% 0.01, *** indicates
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Figure 4. Cytotoxicity and specificity of CD45D CAR45 T cells against primary human cells

(A) Freshly isolated human T cells or PBMCswere co-cultured with CD45DCAR19 and CD45DCAR45 T cells. Total numbers of live target cells were quantified by flow cytometry

at 24 h using counting beads. The percentage of cell counts was normalized to the starting cell number. The p valueswere determined bymultiple unpaired t tests. Nonsignificant

values are not shown. (B) Freshly isolated PBMCs were co-cultured with CD45D CAR45 T cells at a 1:3 ratio for 24, 48, and 72 h upon addition of 50 nM dasatinib or no drug.

Contour plots show the frequency of live PBMCs at the end of the co-culture period. Data represent independent experiments with cells isolated from three donors. ** indicates p

% 0.01, *** indicates p % 0.001, **** indicates p % 0.0001.
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used for PTPRC gene disruption and CAR transduction was opti-
mized for human NK cells (Figure 5A). CD45 knockout was highly
effective and did not alter NK cell viability or proliferation, and the
CAR45 transduction efficacy was greater than 50% (Figure 5B).
CD45D CAR45 NK cells were expanded in cultures supplemented
with 50 nM dasatinib to avoid undesired fratricidal effects. Compared
to CAR45 NK, CD45D CAR45 NK cells demonstrated a superior abil-
ity to induce the killing of autologous T cells and PBMCs following 4
and 24 h of incubation (Figure 5C). These results support the poten-
tial implementation of fratricide-resistant CD45DCAR45 NK cells for
adoptive immunotherapy.

Autologous CD45D CAR45 T cells target and deplete

hematopoietic cells in humanized hu-PBMC-NCG mice

We next determined whether conditioning with CD45D CAR45
T cells enables successful depletion of engrafted donor hematopoietic
8 Molecular Therapy: Oncology Vol. 32 September 2024
cells in human PBMC-engrafted NCGmice (hu-PBMC-NCG), which
were generated by transferring 20� 106 PBMCs from a healthy donor
into NCG mice (Figure 6A). Four weeks after PBMC engraftment,
double staining of blood samples with antihuman and antimouse
CD45 antibodies was performed to assess chimerism in the animals
(Figure 6B). Successful engraftment occurred in all animals, with
40%–60% of the cells found to be of human origin 4 weeks after
PBMC injection. The humanized mice were divided randomly into
three groups (n = 8) and subjected to i.v. injection of 10 � 106

CD45D CAR45, CD45D CAR19, or CD45D mock-transduced T cells
from the same PBMC donor. Mice treated with CD45D CAR45
T cells exhibited a decreasing number of engrafted human PBMCs
4 weeks after injection. A significant decrease in human PBMCs
was observed at week 8 (Figures 6B and 6D). By contrast, animals in-
jected with CD45D CAR19 or CD45D mock-transduced T cells main-
tained stable or even increasing levels of humanization. Analysis of
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Figure 5. Cytotoxicity and specificity of CD45D CAR45 NK cells against primary human cells

(A) Schematic of the CD45D CAR NK cell engineering timeline. (B) Representative histograms showing the expression of CD45 and CAR45 in control and Cas9/gRNA-2-

electroporated NK cells on day 14 after transduction. (C) Freshly isolated autologous human T cells or PBMCs were co-cultured with CAR45 and CD45D CAR45 NK cells.

Total numbers of live CAR and target cells were quantified by flow cytometry at 4 and 24 h. The percentage of cell counts was normalized to the starting cell number. The

p values were determined by multiple unpaired t tests. Nonsignificant values are not shown. Data from (B) and(C) represent independent experiments with cells isolated from

three donors (biological replicates). All data represent the mean ± SD. * indicates p % 0.05, ** indicates p % 0.01, *** indicates p % 0.001.

www.moleculartherapy.org
the persistence of human cells in the blood showed the consistent
presence of only CD45D CAR45 T cells, which accounted for approx-
imately 25% of the total CD3+ T cells (Figures 6C and 6E). Typically,
hu-PBMC-NCG mice develop a xenogeneic response resembling
GvHD 4–5 weeks following human PBMC injection. This is consis-
tent with the survival time of animals treated with CD45D CAR19
or CD45D mock-transduced T cells. However, the effective elimina-
tion of hPBMCs by CD45D CAR45 T cells dramatically delayed the
development of graft-versus-host disease (GvHD) -like symptoms
and prolonged the survival of the humanized mice by 40 days
(65 days vs. 105 days, respectively; p = 0.0092) (Figure 6F).

It is important to acknowledge the limitations of this hu-PBMC-NCG
model that made it possible to evaluate the in vivo efficacy of CD45D

CAR45 T cells against healthy human primary cells. However, only
studies using mice with an intact immune system that are conditioned
with murine antimouse CD45 CAR T cells would allow the assess-
ment of potential CAR T trafficking issues, which have been previ-
ously reported to be the reason for reduced efficacy of murine
CD117-CAR T cells18 but not human CD117-CAR T cells in NSG
mice engrafted with AML patient BM.19

DISCUSSION
The consideration of using CAR T cells or antibody-drug conjugates
for pre-HSCT conditioning stems from the clinically observed
toxicity and side effects of ionizing radiation and potent alkylating
agents such as busulfan. Such agents carry the risk of damaging or
inflaming both the bone marrow and the thymic stroma, potentially
hindering optimal bone marrow engraftment and eventual reconsti-
tution of lymphoid immunity.46

Several antigens, including CD117, CD123, CD33, and others, have
been considered as potential targets for HSCT conditioning via anti-
body- or CAR T-based agents. Data on an anti-CD117 antibody and
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Figure 6. CD45D CAR45 T cells eliminate healthy autologous human PBMCs in vivo

(A) Schematic of the mouse model setup. NCG mice were subjected to i.v. infusion of 20 � 106 human PBMCs. On day 4 after PBMC engraftment, the animals were

subjected to i.v. infusion of 10� 106 CD45DCAR19, CD45DCAR45, and CD45Dmock-transduced T cells. (B) Effects of CD45DCAR45 T cells on autologous human PBMCs

in vivo. Hu-PBMC-NCG mouse chimerism was evaluated by flow cytometry on weeks 4, 6, and 8 after PBMC engraftment (as the percentage of circulating human CD45-

positive cells). Each line represents an individual mouse. (C) Number and percentage of circulating CD45�/CD3+ human cells analyzed at weeks 6 and 8 of the experiment.

(legend continued on next page)
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an ADC were recently released, and early clinical experience suggests
that they have high potential as engraftment-facilitating agents.47,48

However, monotherapy targeting CD117 might not provide sufficient
immune suppression for the engraftment of allogeneic hematopoietic
cells beyond the cohort of severe combined immune deficiency pa-
tients. The same is true for other potential immunotherapeutics target-
ing myeloid-associated antigens, as they will, by definition, spare the
lymphoid compartments. To address these limitations, it has been sug-
gested that anti-CD117 antibodies and similar myeloid-targeted agents
can be combined with broadly immunosuppressive agents, including
CD45-targeted agents,49,50 to achieve better HSCT conditioning.

CD45, a common leukocyte antigen expressed by almost all nucle-
ated white cells, including T cells, NK cells, and granulocytes, is a
particularly attractive target for hematologic malignancies and
HSCT for nonmalignant indications. The level of CD45 expression
generally increases as the cells mature. CD45 targeting was pio-
neered by M. Brenner16; unfortunately, the naked antibody did
not reach the late clinical trial stage. Alternatively, anti-CD45 radio-
conjugates have been developed primarily for treating leukemia and
lymphoma patients.51–53 Ample preclinical and early clinical evi-
dence demonstrated that this approach could deliver high doses of
radiation with high efficacy and limited direct toxicity.54–56 Using
radioconjugates has obvious limitations in cohorts of patients with
nonmalignant disorders and in children, where long-term genotox-
icity should be minimized. The use of an anti-CD45-based ADC was
recently proposed as a nongenotoxic approach for patients with pri-
mary immune deficiency and constitutional bone marrow fail-
ure.10,12,57 The results of this promising preclinical work are await-
ing confirmation in human studies.

CD45 targeting by CAR T cells, however, has not been considered
feasible for several reasons: (1) shared antigen expression between
the target cells and CAR T cells may result in fratricide. Of note, natu-
rally CD5-negative and CD7-negative T cells can be selected to pro-
duce CAR T cells of the relevant specificity, a phenomenon not
described for CD45.31,36,43 Based on this observation, gene-editing
approaches to generate CD5- and CD7-specific CAR T cells have
been developed to obviate fratricide. (2) Given the severe combined
immune deficiency phenotype generated by human constitutional
CD45 deficiency,58 the idea that the removal of such an important
molecule as CD45 would preserve T cell functionality seems counter-
intuitive. In addition, the importance of CD45 expression for T cells
driven by synthetic CARs has not been clearly established.

In this study, we provide the first proof-of-concept demonstration of
the generation and preclinical assessment of fratricide-resistant CAR
T cells for targeting CD45-expressing human hematopoietic cells
Each dot represents an individual mouse. The p values were determined by multiple unp

chimerism analysis for the mice in (B) on week 8 of the experiment. Numbers indicate th

Gating strategy and representative dot plots of flow cytometry analysis of CAR T cell p

survival in each experimental group. The p values were determined by the log-rank Mant

indicates p % 0.05, ** indicates p % 0.01, *** indicates p % 0.001.
(referred to as CD45D CAR45 T cells). We show that disruption of
the CD45 gene by CRISPR-Cas9 and a CAR transduction protocol
reliably yield a highly enriched population of gene-edited CD45D

CAR45 T andNK cells in the presence of the kinase inhibitor dasatinib.
Dose and timing of the dasatinib treatment appear to play a critical role
in balancing “fratricide” and target cell elimination. Disruption of the
CD45 gene does not impair cytotoxicity and other functions of
T cells. CD45DCAR45 T cells specifically kill CD45+ acutemyeloid leu-
kemia (AML), T-cell acute lymphoblastic leukemia (T-ALL), and
Mantle cell lymphoma (MCL) cell lines and primary hematopoietic
stem and progenitor cells. Furthermore, CD45D CAR45 T cells deplete
AML cell lines as well as healthy donor PBMCs in vivo in mouse xeno-
graft models. We observed the incomplete elimination of PBMCs en-
grafted in NCG mice, which could be explained by the limitations of
the hu-PBMC engraftment model or, alternatively, by the experimental
conditions (number of transferred cells or regimen of treatments), pa-
rameters deserving further optimization. The maximum allowable
doses of CAR T cells were used in in vivo experiments to provide proof
of principle that CD45D CAR45 cells could be a robust and feasible
alternative to other tumor-clearing CAR T cells. Harnessing the cyto-
toxic potential of CAR T cells while attenuating the toxic side effects
of chemotherapy in the preconditioning step may offer a more
balanced, safe, and effective “double-kill” immunotherapy. Our find-
ings establish CD45 as a strong candidate target for CAR-mediated
immunotherapy against leukemia and, at the same time, as a precondi-
tioning strategy before HSCT. It is worth mentioning that an elegant
alternative approach to targeting CD45 has recently been reported, us-
ing base editing of HSCs to generate a mutant CD45 that is resistant to
recognition by the anti-CD45.59

There are several ways to further improve CD45D CAR45 for clinical
translation. This approach could be tested in the autologous setting or
further developed with multiple gene edits into an allogeneic or even
universal “off-the-shelf” product. Since long-term persistence is not
the desired property of the CD45-targeting agent, safety switches;
additional conditioning post CD45D CAR45 T therapy; markers for
antibody-mediated depletion; transient CAR expression via mRNA
or, alternatively, adapter molecule-based CAR design; and other
modification methods with demonstrated efficacy60–64 could be
considered. In addition to establishing the adequate dosing regimen
of CAR T, we aim to enhance the complexity and precision of our
experimental model system by adopting HSC-implanted mice, which
more accurately reconstruct hematopoiesis without eliciting a GvHD
reaction.

In summary, we have demonstrated proof of concept of gene-edited
antihuman CD45 CAR T cells as a highly effective immunothera-
peutic modality for leukemia, and we envision that this approach
aired t tests. Nonsignificant values are not shown. (D) Representative dot plots of the

e percentages of human CD45 (hCD45) and mouse (mCD45) cells in the sample. (E)

ersistence at week 8 post injection. (F) Kaplan-Meier curve showing overall animal

el-Cox test. Nonsignificant values are not shown. All data represent the mean ± SD. *
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will enhance the curative potential of preconditioning regimens
prior to allogeneic HSCT. For nonmalignant indications, it would
provide the necessary immune suppression and create “space” for
engraftment. In the case of hematologic malignancies, it would pro-
vide additional antileukemia activity. Alternatively, CAR45 could be
used as an add-on antileukemia agent with a nonoverlapping
toxicity profile and resistance mechanisms in cases of refractory
leukemia.

MATERIALS AND METHODS
Flow cytometry analysis

A total of 3 � 105 cells were centrifuged (300 � g, 5 min, room tem-
perature [RT]) and resuspended in 100 mL of PBS. Surface antigens
were stained with fluorescently labeled antibodies (Table S2) for
30 min at 4�C. The cells were washed once with 1 mL of cold PBS
(300 � g, 5 min, RT) and resuspended in 110 mL of cold PBS. Data
were acquired using an ACEA NovoCyte 2060 flow cytometer (Agi-
lent, USA). ACEA NovoExpress (Agilent, USA) was used for data
analysis. For FACS, stained cells were acquired on an SH800 cell
sorter (Sony, USA).

Cells and culture conditions

The HEK293T lentivirus packaging (Clontech, USA) and 293Vec-
RD114 retrovirus packaging cell lines (BioVec Pharma, Canada)
were cultured in DMEM (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, USA), 100 U/mL penicillin (Gibco,
USA), 100 mg/mL streptomycin (Gibco, USA), and 2 mM
GlutaMAX (Gibco). The Jeko-1, Nalm-6, Jurkat, Raji, THP-1, K562,
and Ramos cell lines were cultured in RPMI 1640 (Gibco, USA) supple-
mented with 10% FBS (Gibco, USA), 100 U/mL penicillin (Gibco,
USA), 100 mg/mL streptomycin (Gibco, USA), and 2 mM
GlutaMAX (Gibco). The lentivirus packaging HEK293T cell line was
purchased from Clontech (USA). The Jeko-1, Nalm-6, Raji, THP-1,
K562, Ramos, and Jurkat cell lines were purchased from ATCC
(USA). The Jurkat NFAT Lucia reporter cell line was purchased
from Invivogen (USA). Irradiated K562 feeder cells with 4-1BB and
IL-21 surface expression were obtained as described previously.65

T cells from healthy donors were activated and cultured in TexMacs
medium (Miltenyi, USA), supplemented with 12.5 ng/mL IL-7
(Miltenyi, USA) and 12.5 ng/mL IL-15 (Miltenyi, USA), or RPMI
1640 (Gibco, USA) medium supplemented with 100 U/mL IL-2
(Sci-Store, Russia). NK cells from healthy donors were cultured in
TexMacs medium (Miltenyi, USA) supplemented with 10 U/mL
IL-2 (Sci-Store, Russia). All cytotoxicity assays were performed in
TexMacs medium with IL-7 and IL-15 or RPMI 1640 medium with
IL-2 (Sci-Store, Russia). The Jeko-1, Nalm-6, Raji, THP-1, K562,
Ramos, and Jurkat cell lines were modified by lentiviral transduction
to induce stable ffluc or green fluorescent protein (GFP) expression.
For the Incucyte assay, THP-1 or Jeko-1 cells were transduced with
Incucyte NucLight Red Lentivirus Reagent (EF-1 Alpha, Puro)
(Sartorius, USA). All cell lines were repeatedly tested for the presence
of mycoplasma contamination with a MycoReport Mycoplasma
Detection Kit (Evrogen, Russia).
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Isolation of primary human PBMCs

Human PBMCs were isolated from the blood of healthy donors by
gradient density centrifugation on Ficoll-Paque (GE Healthcare,
USA) according to a standard protocol approved by the local ethics
committee of the Dmitry Rogachev National Medical Research Cen-
ter of Pediatric Hematology, Oncology, and Immunology. All partic-
ipants provided informed consent. T cells were isolated from human
PBMCs with an Untouched human T cell isolation kit (Invitrogen,
USA) and activated with Dynabeads Human T-Activator CD3/
CD28 beads (Gibco, USA) at a 1:1 ratio for 24 h. NK cells were iso-
lated from PBMCs with an NK cell isolation kit (Miltenyi, USA).
NK cells were mixed with irradiated K562 feeder cells at a 1:10 ratio
for 5 days, and on day 5, transduction was performed.

Chimeric antigen receptors

The nucleotide sequence of CAR45 consists of the following parts:
anti-CD45 scFv (from CD45 antibody clone BC8),41 the human
IgG4 hinge region, the CD28 transmembrane domain, CD28 and
OX-40 co-stimulatory domains, and the CD3z signaling domain. A
synthetic anti-CD45 scFv gene (GeneCust, France) was cloned and
inserted into the pLV2 lentiviral vector (Clontech, USA) and
pMM25b retroviral vector (a gift from Dr. M. Mamonkin). The
CAR19 nucleotide sequences were obtained as described previously66

and cloned and inserted into the pLV2 and pMM25b vectors. All se-
quences were validated by Sanger sequencing (Evrogen, Russia).

Transduction of T cells and NK cells with pseudoviral particles

Lentiviral particles containing CAR45 and CAR19 were produced
by polyethylenimine-mediated co-transfection (Sigma, USA) of
HEK293T cells with the corresponding lentiviral CAR plasmids and
the packaging plasmids pCMV VSV-G, pRSV-REV, and pMDLg-
pRRE (a gift from Dr. I. Verma). Supernatants were collected at
48 h post transfection and purified by two rounds of centrifugation
(first—300 � g, 5 min, RT; second—4,500 � g, 5 min, RT). On the
second day after isolation, 1 � 106/mL activated T cells were resus-
pended in TexMacs medium and mixed with lentiviral supernatants
and 13 mg/mL Polybrene (Sigma, USA). Dasatinib (STEMCELL, Can-
ada) was diluted in pure dimethyl sulfoxide up to 10 mM, aliquoted,
and stored frozen at �20�C. Prior to transduction, dasatinib was
added to cells at 50 nM concentration. The cells were centrifuged at
1,200 � g for 90 min at 32�C and incubated at 37�C with 5% CO2

for 18 h. To avoid fratricide during the manufacturing process, the
culture medium with 50 nM dasatinib was changed on the day after
transduction and every 3 or 4 days to maintain the cells at a density
of 2.0 � 106 cells/mL. CAR T cells were cultivated up to 14–
21 days in culture and were used without cryopreservation.

Retroviral particles containing CAR45 or CAR19 were produced by
polyethylenimine-mediated transfection of 293Vec-RD114 cells. Su-
pernatants containing the virus were collected at 48 h post transfec-
tion and purified by two rounds of centrifugation (first—300 � g,
5 min, RT; second—4,500 � g, 5 min, RT). A total of 0.5 � 106 NK
cells were resuspended in TexMacs medium with 100 nM dasatinib
on the fifth day after isolation. Retroviral supernatants were mixed
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with 10 mg/mL Vectofusin-1 (Miltenyi, USA) and added to NK cell
suspensions. The cells were centrifuged at 400 � g for 2 h at 37�C
and incubated at 37�C with 5% CO2 for 48 h. The culture medium
supplemented with 50 nM dasatinib was changed on the second
day after transduction and every 3 or 4 days to maintain cells at a
density of 2.0 � 106 cells/mL. CAR NK cells were cultivated up to
14–21 days in culture and were used without cryopreservation.

Target cell modification

To obtain reporter cells, Jeko-1, Nalm-6, Nalm-6 CD19D, Raji,
THP-1, K562, Ramos, and Jurkat cells were transduced to express
the fluorescent protein GFP and the reporter protein ffluc simulta-
neously. The reporter cell lines were stained with anti-human
CD45 and anti-human CD19 antibodies and analyzed by flow
cytometry on an ACEA NovoCyte 2060 (Agilent, USA). ACEA
NovoExpress (Agilent, USA) was used for data analysis.

Gene knockout in cells

The procedure was performed by electroporation with a 4D-Nucleo-
fector device (Lonza, Switzerland) using the CRISPR-Cas9 system
and the P3 Primary Cell 4D-Nucleofector X Kit L (Lonza,
Switzerland). Oligonucleotides for gRNAs were selected by Srispor
(Tefor Infrastructure, France) algorithms and synthesized by Evro-
gen, Russia (Figure S1A). Three gRNAs specific to the human
CD45 gene (GGATTTGTGGCTTAAACTCT, GGGTTTAAGCCA
CAAATACA, and GGCACACTTATACTCATGTT) were evaluated
for gene editing efficiency in combination and/or individually. Two
gRNAs (GGCTCATGAGCTTCCCGGAA and GGGCGGGGACTC
CCGAGACC) were utilized for CD19 gene knockout as described
previously.67 Short nucleotide sequences were used for transcription
according to the HiScribe Quick T7 High Yield RNA Synthesis Kit
(NEB, UK) protocol. The resulting gRNAs were purified using the
AMPure XP kit and treated with DNase I (NEB, UK). Concentration
was evaluated on a Qubit system (Thermo Fisher Scientific, USA). For
electroporation, 2 mg of gRNA was mixed with 3.3 mL of Spy Cas9
NLS (NEB, UK) and incubated for 30 min at RT. For CD45 knockout,
T and CAR T cells (on the third day after isolation and the second day
after transduction) or NK cells and CAR NK cells (on the seventh day
after isolation and the second day after transduction) were washed
twice with PBS (300 � g, 5 min, RT), resuspended in 100 mL of elec-
troporation buffer, and mixed with the gRNA + Cas9 mix according
to the P3 protocol for the Primary Cell 4D-Nucleofector XL Kit. For
CD19 knockout, Nalm-6 cells were prepared similarly. Electropora-
tion was performed using the DN-100 program for NK cells and
the EH100 program for T cells and Nalm-6 cells. The survival and
proliferation rates were evaluated by trypan blue 0.04% (Bio-Rad,
USA) staining every 2 days using a TC20 cell counter (Bio-Rad,
USA). Briefly, cells were resuspended in culture medium, and
10 mL of the suspension was mixed with 10 mL of trypan blue. Ten
microliters of the mixture was injected into a counting slide (Bio-
Rad, USA) and analyzed on a cell counter. The knockout efficiency
was assessed on the fifth day after electroporation by flow cytometry
on an ACEA NovoCyte 2060 (Agilent, USA). ACEA NovoExpress
(Agilent, USA) was used for data analysis. For Nalm-6 cells, the
knockout population was enriched by FACS on an SH800S cell sorter
(Sony, USA).
Off-target analysis for CD45 gRNAs

A total of 183 potential off-target sites were identified with the use of
the CRISPOR software tool for off-target prediction. We selected all
predicted off-target sites with a CFD (cutting frequency determina-
tion) score R0.21 (n = 20) and the off-target sites predicted within
exons independent of the CFD (N = 5). For each of the selected
loci, we designed a pair of primers using Primer-BLAST. A pair of
primers flanking the gRNA target in PTPRC was added as a positive
control. These primers were pooled and used for multiplex PCR with
genomic DNA isolated from cells electroporated with Cas9/gRNA
ribonucleoprotein (RNP) or with pure Cas9 without gRNA as a nega-
tive control. Cells were collected at 4, 8, and 16 h after electroporation.
Six multiplex amplicons were ligated to Illumina TruSeq adapters us-
ing the NEBNext Ultra II DNA Library Prep Kit for Illumina,5 pooled,
and sequenced on an Illumina NextSeq 550 (paired-end 100 + 100),
resulting in 2.1–2.8 million raw sequencing reads per library. The
reads were preprocessed with TrimGalore v.0.6.4 and mapped to
the human genome (Hg38) using Bowtie 2 v.2.3.5.1. Metrics for target
regions were collected with GATK v.4.1.4.1 CollectTargeted
PcrMetrics. The percentage of insertions and deletions was calculated
in R with the GenomicAlignments package for each amplicon sepa-
rately in cells treated with Cas9 with and without gRNA at different
time points.
Sanger sequencing

Genomic DNA (gDNA) for T and CD45D T cells was obtained with
an ExtractDNA Blood & Cells Kit (Evrogen, Russia) on the second
day after knockout. The BigDye Direct Sanger Sequencing Kit
(Thermo Fisher Scientific, USA) and GCAAAGAGGACCCT
TACAGTAT and AGATACAGATAGACATTGCTTTC primers
were utilized for the subsequent analysis according to the manufac-
turer’s instructions. Sequencing reactions were analyzed on a 3500 ge-
netic analyzer (Thermo Fisher Scientific, USA).
Western blotting

Cell pellets of 1 � 105 T or CD45D T cells were lysed with RIPA lysis
buffer (50 mMTris HCl, 150mMNaCl, 1.0% [v/v] NP-40, 0.5% [w/v]
sodium deoxycholate, 1.0 mM EDTA, 0.1% [w/v] SDS, and 0.01%
[w/v] sodium azide [pH 7.4]). Cell lysates were mixed with 2� sample
buffer (125 mM Tris HCl [pH 6.8], 4% [w/v] SDS, 20% [v/v] glycerol,
100 mM DTT, 0.01% bromophenol blue) and heated at 90�C for
10 min. Samples were separated by SDS-PAGE on a 12.5% polyacryl-
amide gel, transferred to a nitrocellulose membrane (Bio-Rad, USA),
and incubated with a recombinant anti-human CD45 primary anti-
body and a horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit IgG secondary antibody according to the manufacturers’ proto-
cols. An HRP-conjugated anti-human GAPDH antibody was used
as a positive control. The presence of CD45 and GAPDHwas assessed
on a VersaDoc 4000 MP imaging system (Bio-Rad, USA) using an
Enhanced Chemiluminescence kit (Bio-Rad, USA).
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Confocal microscopy

Jurkat T cells or CD45D Jurkat T cells were plated on poly-L-lysine-
covered coverslips and centrifuged (100 � g, 10 min, RT). The
attached cells were fixed in 4% formalin for 1 h at RT and stained
with anti-human CD45 antibodies against extracellular and intracel-
lular CD45. Confocal images were captured using an Axio Observer
Z1 microscope (Carl Zeiss AG, Germany) with a Yokogawa spinning
disc confocal device CSU-X1 (Yokogawa Corp. of America, USA).

CAR T cell expansion assay

A total of 1 � 105 CD45D CAR45 T cells or CD45D CAR19 T cells
were plated in 24-well plates in TexMacs medium supplemented
with IL-7/IL-15 and with or without 50 nM dasatinib (STEMCELL,
Canada). Cell number and viability were assessed every 2 days
for 2 weeks by flow cytometry on an ACEA NovoCyte 2060
(Agilent, USA). ACEA NovoExpress (Agilent, USA) was used for
data analysis.

Detection of proinflammatory cytokines

A total of 5� 104 Ramos cells (target cells) weremixed with 2.5� 105 T
or CD45D T cells (effector cells) on the 8th to the16th day after
knockout of CD45 (E:T ratio 5:1) in TexMacs medium supplemented
with IL-7, IL-15, and 1 nM blinatumomab (Amgen, USA). Wells con-
taining only effector cells were used as negative controls. Cells were
incubated at 37�C with 5% CO2 for 24 h. The supernatant was sepa-
rated from the cells by centrifugation (4�C, 300� g, 5 min) and stored
at �20�C before use. The concentrations of the cytokines IL-2 and
IFN-gweremeasured using ELISA-based kits (Vector-Best, Russia) ac-
cording to the manufacturer’s instructions. Data were analyzed with a
Varioskan Flash instrument (Thermo Fisher Scientific, USA) using
SkanIt RE for Varioskan Flash 2.4.5 (Thermo Fisher Scientific, USA).

A total of 5� 103, 1� 104, 2.5� 104, or 5� 104 THP-1 or Jeko-1 cells
(target cells) were mixed with 5 � 104 CD45D CAR45 T cells, CD45D

CAR19 T cells, or CD45D T cells (effector cells) on the 10th day after
CD45 knockout (E:T ratios 10:1, 5:1, 2:1, and 1:1) in RPMI 1640
medium. Wells containing only effector cells were used as negative
controls. The cells were incubated at 37�C with 5% CO2 for 24 h.
The supernatant was separated from the cells by centrifugation
(4�C, 300 � g, 5 min) and stored at �20�C before use. The concen-
trations of the cytokines IL-2 and IFN-g were measured using
ELISA-based kits (Vector-Best, Russia) according to the manufac-
turer’s instructions. Data were analyzed with a Varioskan Flash
instrument (Thermo Fisher Scientific, USA) using SkanIt RE for Var-
ioskan Flash 2.4.5 (Thermo Fisher Scientific, USA).

T and CD45D T cell cytotoxicity assay

A total of 5 � 104 Ramos cells expressing GFP (target cells) were
mixed with 5 � 104 T or CD45D T cells (effector cells) (E:T ratio
1:1) in TexMacs medium supplemented with IL-7, IL-15, and 1 nM
blinatumomab.Wells with target cells only were used as negative con-
trols. The cells were incubated at 37�Cwith 5% CO2 for 24 h and were
washed twice with PBS (Gibco, USA) (RT, 300 � g, 5 min). The re-
sults were evaluated by flow cytometry on an ACEA NovoCyte
14 Molecular Therapy: Oncology Vol. 32 September 2024
2060 (Agilent, USA). ACEA NovoExpress (Agilent, USA) was used
for data analysis.

Cytotoxicity assays of CAR T cells and CAR NK cells

Tumor cells

A total of 1 � 104, 2 � 104, or 5 � 104 CD19D Nalm-6, Nalm-6, Raji,
Jeko-1, Jurkat, THP-1, or Ramos cells (target cells) were mixed with
5 � 104 CD45D CAR45 T cells, CAR45 T cells, CD45D CAR19
T cells, CAR19 T cells, or T cells (effector cells) on the 8th-16th days af-
ter knockoutofCD45 (E:T ratioswere5:1, 2.5:1, and1:1).Wells contain-
ing only target cellswere usedasnegative controls for cytotoxicity.Wells
containing only effector cells were used as positive controls for viability.
The cellswere incubatedat 37�Cwith 5%CO2 for 24h andwashed twice
with PBS (Gibco, USA) (300� g, 5min, RT). The results were evaluated
by flow cytometry on an ACEANovoCyte 2060 (Agilent, USA). ACEA
NovoExpress (Agilent, USA) was used for data analysis.

Incucyte killing assay

For the Incucyte killing assay, 3 � 104 red-fluorescent THP-1 or
Jeko-1 cells (target cells) were mixed with 9 � 104 CD45D CAR45
T cells, CAR45 T cells, CD45D CAR19 T cells, CAR19 T cells, or
T cells (effector cells) on the 8th-16th days after knockout (E:T ratio
was 3:1) in TexMacs medium (Miltenyi, USA) and incubated at 37�C
with 5% CO2 for 48 h. Wells containing only target cells were used as
negative controls. Changes in fluorescence were monitored every 2 h
using the Incucyte Live-Cell analysis system (Essen BioScience, USA).
To determine the cytolytic activity of effector cells, the area under the
curve (AUC) was calculated.

T cells and PBMCs

A total of 3 � 104 T cells or PBMCs (target cells) were mixed with
CD45D CAR19 T cells, CD45D CAR45 T cells, or CD45D T cells
(E:T ratio 1:5, 1:2, 1:1, and 5:1) or CD45D CAR45 NK cells,
CAR45 NK cells, or NK cells (effector cells) on the 8th-16th days
after CD45 knockout (E:T ratios 5:1, 1:1, and 1:2). Prior to the exper-
iment, target T cells and PBMCs were stained with 5 mM carboxy-
fluorescein succinimidyl ester (CFSE) (Invitrogen, USA) according
to the manufacturer’s protocol. Wells containing only target or
only effector cells were used as negative controls. For the CAR
T cell experiment, the cells were incubated at 37�C with 5% CO2

for 24 h. For the CAR NK cell experiment, the cells were incubated
at 37�C with 5% CO2 for 4 and 24 h. One hundred microliters of cell
suspension from each well was stained with anti-human CD45
(anti-human CD3 for NK cell experiments) according to the manu-
facturer’s instructions and washed twice with PBS (Gibco, USA)
(300 � g, 5 min, 4�C). The results were evaluated by flow cytometry
using ACEA NovoCyte 2060 (Agilent, USA). ACEA NovoExpress
(Agilent, USA) was used for data analysis. The percentage of cell
counts was normalized to the starting cell number.

PBMCs

PBMCs (3� 105, target cells) weremixed with CD45DCAR45 T cells or
CD45DT cells (E:T ratio 1:3) on the 8th-16thdays afterCD45knockout.
Wells containing only PBMCs or only effector cells with 50 nM
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dasatinibwere used as negative controls. For theCART cell experiment,
the cells were incubated at 37�C with 5% CO2 for 72 h. One hundred
microliters of cell suspension from each well was stained with anti-hu-
man CD45 according to the manufacturer’s instructions and washed
twice with PBS (Gibco, USA) (300 � g, 5 min, 4�C). The results were
evaluated by flow cytometry using ACEA NovoCyte 2060 (Agilent,
USA). ACEA NovoExpress (Agilent, USA) was used for data analysis.

BM cells

A total of 3 � 105 BM cells (target cells) were mixed with CD45D

CAR45 T cells or CD45D T cells (E:T ratio 1:3) on the 8th-16th
days after CD45 knockout. Wells containing only BM cells or supple-
mented with 50 nM dasatinib were used as negative controls. For the
CAR T cell experiment, the cells were incubated at 37�C with 5% CO2

for 24, 48, and 72 h. One hundred microliters of cell suspension from
each well was stained with anti-human CD45, CD33, CD3, CD56,
CD16, CD19, and 7-AAD according to the manufacturer’s instruc-
tions and washed twice with PBS (Gibco, USA) (300 � g, 5 min,
4�C). The results were evaluated by flow cytometry using ACEA
NovoCyte 2060 (Agilent, USA). ACEA NovoExpress (Agilent,
USA) was used for data analysis.

Intracellular detection of proinflammatory cytokines

A total of 3 � 105 CD45D T cells (from two healthy donors) and
T cells (from two healthy donors) (effector cells) were mixed with Dy-
nabeads Human T Activator CD3/CD28 (Thermo Fisher Scientific,
USA) on the 8th-16th days after knockout of CD45 (E:beads ratio
was 1:1) in complete RPMI 1640 (Gibco, USA) medium and incu-
bated at 37�C with 5% CO2 for 18 h. Positive control wells containing
only effector cells were activated with 40 nM phorbol 12-myristate
13-acetate (PMA) (Invitrogen, USA) and 1 mM ionomycin (Invitro-
gen, USA) for 3 h. Wells with untreated effector cells only served as
negative controls. After incubation, experimental and control wells
were mixed with 10 mg/mL brefeldin A (Sigma, USA) and incubated
at 37�C with 5% CO2 for 3 h. The beads were removed with a
DynaMag (Thermo Fisher Scientific), and the cells were washed
with PBS (500 � g, 5 min, RT). The cells were blocked with 5%
FBS (Gibco, USA); stained with anti-human CD45, anti-human
CD4, and anti-human CD8a for 15 min at RT; washed with PBS
(500 � g, 5 min, RT); and fixed with 2% paraformaldehyde (Thermo
Fisher Scientific, USA) at 4�C for 20 min. After fixation, the cells were
washed with 0.2% saponin (Merck, Germany) in PBS (500� g, 5 min,
RT), blocked with 5% FBS (Gibco, USA), stained with anti-human
IFN-g and anti-human IL-2 antibodies for 40 min at RT in 0.2%
saponin (Merck, Germany) in PBS (Gibco, USA), and washed twice
with PBS (500� g, 5 min, RT). The results were evaluated by flow cy-
tometry using ACEA NovoCyte 2060 (Agilent, USA). Data were
analyzed by ACEA NovoExpress software (Agilent, USA). ACEA
NovoExpress (Agilent, USA) was used for data analysis. The anti-
bodies used are described in Table S2.

In vivo study

Animals were housed under specific-pathogen-free conditions in the
accredited IBCh animal breeding facility, which is accredited at the
international level by AAALACi (the Unique Research Unit Bio-
Model of the IBCh, RAS; the Bioresource Collestion–Collection of
SPF-Laboratory Rodents for Fundamental, Biomedical and Pharma-
cological Studies, no. 075-15-2021-1067). Six- to eight-week-old fe-
male and male NOD.Cg-PrkdcscidIl2rgem1Smoc (NCG) mice with an
average weight of 21–24 g were used for the experiments.

In vivo CAR19 and CD45D CAR19 T cell activity study

Tumors were engrafted by inoculating 1 � 106 Nalm-6 cells express-
ing ffluc and GFP i.v. in 100 mL of PBS (Gibco, USA). Mice were
randomly assigned to two experimental groups and one control
group. Tumor-bearing mice were subjected to i.v. injection of
2� 106 CD45D CAR19 T cells, CAR19 T cells (experimental groups),
or mock T cells (control group) on the seventh day after tumor
engraftment. Tumors were observed weekly for 5 weeks using an
IVIS Spectrum in vivo imaging system (PerkinElmer, USA) after
intraperitoneal (i.p.) injection of D-luciferin (GoldBio, USA) accord-
ing to the manufacturer’s instructions.

In vivo CAR45 and CD45D CAR45 T cell activity study

Tumors were engrafted via i.v. inoculation of 2� 106 THP-1 cells ex-
pressing ffluc and GFP in 100 mL of PBS (Gibco, USA). Mice were
randomly assigned to four experimental groups and one control
group. Tumor-bearing mice were subjected to i.v. injection of
5� 106 CD45D CAR45 T cells, CAR45 T cells (experimental groups),
or mock T cells (control group) on the 3rd or 7th day after tumor
inoculation. Mice that received therapy on the 7th day were injected
twice with 2.5� 106 CD45D CAR45 T cells and CAR45 T cells on the
13th and 20th days. Tumors were observed weekly for 11 weeks, start-
ing on the 6th day after THP-1 injection, using an IVIS Spectrum
in vivo imaging system (PerkinElmer, USA) after i.p. injection
of D-luciferin (GoldBio, USA) according to the manufacturer’s
instructions.

In vivo CAR45 and CD45D CAR45 T cell activity study in hu-

PBMC-NCG mice

Mice were subjected to i.v. injection of 20� 106 PBMCs from donor 1.
After 2 weeks, the mice were randomly assigned to experimental and
control groups and were injected with 10� 106 CD45D CAR45 T cells
or CD45D CAR19 T cells derived from donor 1. For flow cytometry
analysis, blood samples from the retroorbital sinus were collected.
Human CD45+ cell and CAR T cell counts were monitored by stain-
ing of blood samples with antihuman antibodies against CD45, CD3,
and IgG (Table S2), and the results were acquired with a CytoFLEX
flow cytometer (Beckman Coulter, USA) in the second, fourth, and
eighth weeks after PBMC injection.

Statistics

Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad, USA). Each figure legend denotes the statistical test
used. Mean values are plotted as bar graphs, and error bars indicate
the standard deviation (SD) unless otherwise stated. ANOVA multi-
ple-comparison p values were calculated using Tukey’s multiple-com-
parisons test. The t test multiple-comparison p values were calculated
Molecular Therapy: Oncology Vol. 32 September 2024 15
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using the two-stage step-up (Benjamini, Krieger, and Yekutieli)
method. All t tests were two-tailed unless otherwise indicated.
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