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ABSTRACT
◥

Purpose: We previously identified mesothelin (MSLN) as
highly expressed in a significant fraction of acute myeloid
leukemia (AML) but entirely silent in normal hematopoiesis,
providing a promising antigen for immunotherapeutic targeting
that avoids hematopoietic toxicity. Given that T cells genetically
modified to express chimeric antigen receptors (CAR) are effec-
tive at eradicating relapsed/refractory acute lymphocytic leuke-
mia, we developed MSLN-directed CAR T cells for preclinical
evaluation in AML.

Experimental Design: The variable light (VL) and heavy
(VH) sequences from the MSLN-targeting SS1P immunotoxin
were used to construct the single-chain variable fragment
of the standard CAR containing 41-BB costimulatory and
CD3Zeta stimulatory domains. The preclinical efficacy of
MSLN CAR T cells was evaluated against AML cell lines and

patient samples expressing various levels of MSLN in vitro and
in vivo.

Results: We demonstrate that MSLN is expressed on the
cell surface of AML blasts and leukemic stem cell–enriched
CD34þCD38� subset, but not on normal hematopoietic stem and
progenitor cells (HSPC). We further establish that MSLN CAR
T cells are highly effective in eliminating MSLN-positive AML cells
in cell line– and patient-derived xenograft models. Importantly,
MSLN CAR T cells can target and eradicate CD34þCD38� cells
without impacting the viability of normal HSPCs. Finally, we show
that CAR T-cell functionality can be improved by inhibition of the
ADAM17 metalloprotease that promotes shedding of MSLN.

Conclusions: These findings demonstrate that MSLN is a viable
target for CAR T-cell therapy in AML and that inhibiting MSLN
shedding is a promising approach to improve CAR T-cell efficacy.

Introduction
Acute myeloid leukemia (AML) remains difficult to treat due to

high induction failure rates and unacceptable therapy-related
toxicities (1–3). Immunotherapy using T cells genetically modified
to express chimeric antigen receptors (CAR T) has emerged as a
promising approach for treating B-cell leukemias (4, 5); however, its
efficacy in AML is yet to be established. Given the limited number of
available AML-restricted targets, current approaches target broadly
expressed antigens that are shared between normal and leukemic cells
(i.e., CD33, CD123; ref. 6), which can lead to significant myelosup-
pression ormyeloablation. In an effort to devise highly specificCART-
cell therapies that avoid hematopoietic toxicity, we recently completed
an extensive discovery effort to identify AML-restricted targets (high
expression in AML, absent in normal hematopoiesis). We sequenced
the genomes and transcriptomes of nearly 3,000 cases from children

and young adults with AML along with a large collection of normal
marrow and peripheral blood hematopoietic stem and progenitor cell
(HSPC) samples from healthy donors for comparison. Computational
analysis of this massive dataset identified mesothelin (MSLN) as a
potential therapeutic target in AML as theMSLN gene is not expressed
in normal marrow and peripheral blood HPSCs but highly expressed
in 36% of pediatric AML, including a majority of highly aggressive
KMT2A (also known as MLL)-rearranged subset, and 14% (NCI
TCGA) in adult AML. Seventy-six percent of patients with MSLN
gene expression at diagnosis retained the expression at relapse while
4% of MSLN-negative patients acquired expression at relapse. Cell
surface expression of MSLN on AML blasts is evident in 29% of
patients with pediatric AML with median mean fluorescent intensity
(MFI) of 34.7 (range, 9.28–498) compared with 5.8 (range, 2.32–14.15)
in the MSLN-negative cohort (7). Thus, given the AML-restricted
expression, MSLN represents a promising antigen for immunother-
apeutic targeting in AML.

Previous studies have shown that MSLN is also highly overex-
pressed in many solid tumors and that targeting MSLN using a variety
of immunotherapeutic strategies demonstrated clinical efficacy with
minimal toxicities (8–11). We previously demonstrated effective
targeting of MSLN-positive AML cells with antibody–drug conju-
gates (7). In this study, we assessed the preclinical efficacy of MSLN-
directed CAR T cells in AML.

Materials and Methods
Generation of MSLN CAR constructs

CAR constructs containing IgG4 short, intermediate, and long
spacers are previously described in ref. 12. The variable light (VL)
and heavy (VH) sequences from SS1P immunotoxin (13) were used to
construct the anti-MSLN single-chain variable fragment (scFv) with
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VL/VH orientation using G4SX4 linker. Anti-MSLN single-chain var-
iable fragment (scFv) DNA fragment was human codon optimized and
synthesized by IDT gBlock gene fragment and cloned into the CAR
vectors withNheI andRsrII restriction sites upstreamof the IgG4 spacer.

SS1 scFv
DIELTQSPAIMSASPGEKVTMTCSASSSVSYMHWYQQKSGTS-

PKRWIYDTSKLASGVPGRFSGSGSGNSYSLTISSVEAEDDATYY-
CQQWSGYPLTFGAGTKLEIKGGGGSGGGGSGGGGSGGGGSQ-
VQLQQSGPELEKPGASVKISCKASGYSFTGYTMNWVKQSHGK-
SLEWIGLITPYNGASSYNQKFRGKATLTVDKSSSTAYMDLLSLT-
SEDSAVYFCARGGYDGRGFDYWGQGTTVTVSS.

Generation of human MSLN CAR T cells
CAR T cells were generated by transducing healthy donor T cells

(Bloodworks Northwest) with lentivirus carrying the CAR vector
under the approval of FHCRC Institutional Review Board (protocol
#9950). Peripheral bloodmononuclear cells from healthy donors were
isolated over Lymphoprep (StemCell Technologies, catalog no. 07851).
CD4 or CD8 T cells were isolated by negative magnetic selection
using Easy Sep Human CD4þ T cell Isolation Kit II (StemCell
Technologies, catalog no. 17952) and Easy Sep Human CD8þ T cell
Isolation Kit II (StemCell Technologies, catalog no. 17953). Purified
T cells were cultured in CTL media [RPMI supplemented with
10% human serum (Bloodworks Northwest), 2% L-glutamine (Gibco,
catalog no. 25030–081), 1% penicillin-streptomycin (Gibco, catalog
no. 15140–122), 0.5 mol/L b-mercaptoethanol (Gibco, catalog no.

21985–023), and 50 U/mL IL2 (aldesleukin, Prometheus)] at 37�C in
5% CO2. T cells were activated with anti-CD3/CD28 beads (3:1 beads:
cell, Gibco, 11131D) on Retronectin-coated plates (5 mg/mL, coated
overnight at 4�C; Takara, catalog no. T100B) and transduced with
CAR lentivirus (MOI¼ 50) one day after activation via spinoculation
at 800 � g for 90 minutes at 25�C in CTL media (þ50 U/mL IL2)
supplemented with 8 mg/mL protamine sulfate. Transduction used
200,000 cells per well in 24-well plates. Transduced cells were expand-
ed in CTL media (þ50 U/mL IL2) and separated from beads on day 5.
As truncated CD19was coexpressed with the CAR by a T2A ribosomal
skip element, it was used to select for transduced cells. Transduced cells
were sorted for CD19 expression [using anti-human CD19 PE (Bio-
Legend, catalog no. 982402)] on FACSAria II 8–10 days postactivation.
Sorted cells were further expanded in CTL (þ50 U/mL IL2) media for
an additional 4–6 days prior to in vitro and in vivo cytotoxicity assays.

Cell lines and GM6001 treatment
Nomo-1 and Kasumi-1 cell lines were obtained from ATCC and

maintained permanufacturer’s instructions.We engineered Kasumi-1
MSLNþ cell line by transducing Kasumi-1 cells with a lentivirus
containing the MSLN transgene driven by the EF1a promoter (see
ref. 7). Jurkat Nur77 reporter cells were maintained in RPMI supple-
mented with 20% FBS and 2 mmol/L L-Glutamine.

GM6001 (Selleckchem, catalog no. S7157) is a matrix metallopro-
tease inhibitor. It is stable in vitro, but its half-life of in vivo is reported
to be <15 minutes (ref. 14; and see details at https://www.emdmilli
pore.com/US/en/product/GM6001-MMP-Inhibitor,MM_NF-CC1010).
Nomo-1 cells were treated with GM6001 (50 mmol/L) or DMSO
control for 48 hours prior to evaluation of surface MSLN by flow
cytometry; of soluble MSLN in the culture supernatant by ELISA;
and of cell lysis activity by coculture with MSLN CAR T cells. For
in vitro cytotoxicity assay, fresh GM6001 (50 mmol/L) or DMSO was
added to the coculture of Nomo-1 and CAR T cells. For in vivo
assays, mice were treated with GM6001 at 100 mg/kg once a day for
3–7 days via intraperitoneal injection.

Primary samples
Frozen aliquots of mononuclear CD45þ cells isolated from AML

diagnostic bone marrow samples were obtained from the Children’s
Oncology Group (see Table 1 for additional information). Frozen
aliquots of CD34-enriched bone marrow samples were obtained from
FHCRC Cooperative Centers of Excellence in Hematology Core
B. Cells were thawed in IMDM supplemented with 20% FBS and
100 U/mLDNaseI (Sigma, catalog no. D5025) and placed directly into
the T-cell killing assay or transplanted into NSG-SMG3 mice for
in vivo efficacy assessment. A small aliquot of freshly thawed cells was
used to assess expression of MSLN and LSC/HSC markers (see
Supplementary Information). For some samples, cells were sent to
Hematologics, Inc. for immunophenotype analysis of MSLN cell

Translational Relevance

We previously identified mesothelin (MSLN) as a viable ther-
apeutic target in acute myeloid leukemia (AML) by sequence
analysis of nearly 3,000 AML cases and a large collection of normal
counterparts. Here, we report development, optimization, and
assessment of the preclinical efficacy of CAR T cells directed
against MSLN in AML. We show that the cell surface expression
of MSLN is restricted to AML blasts and leukemic stem cell–
enrichedCD34þCD38� subset but absent in normal hematopoietic
stem and progenitor cells. We demonstrate that MSLN-directed
CAR T cells exhibit potent, target-specific cytotoxicity against
AML cells in vitro and in vivo and can effectively eliminate
CD34þCD38� cells without compromising normal hematopoietic
stem and progenitor cells. Moreover, treatment with the metallo-
protease inhibitor GM6001 enhances this killing capacity by
stabilizing MSLN on the cell surface. These results establish the
therapeutic potential of MSLN-directed CAR T cells and support
testing in clinical trials for AML.

Table 1. Biologic and disease characteristics of AML patient specimens.

Sex
Age
(yrs)

% blasts in
bone marrow

Primary
cytogenetic Primary fusion FLT3/ITD? WT1? NPM1? CEBPA?

Patient 1 Female 2 61 Unknown Unknown Unknown Unknown Unknown Unknown
Patient 2 Female 11 84 Unknown Unknown Unknown Unknown Unknown Unknown
Patient 3 Female 18 85 inv(16) CBFB-MYH11 No No No No
Patient 4 Female 17 83 MLL KMT2A-MLLT3 No No No No
Patient 5 Male 1 91 MLL KMT2A-MLLT10 No No No No
Patient 6 Female 15 90 Normal None No No No Yes
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surface expression. All specimens used in this studywere obtained after
written content frompatients and donors. The researchwas performed
after approval by the FHCRC Institutional Review Board (protocol
#9950). The study was conducted in accordance with the Declaration
of Helsinki.

In vitro studies
Target cells (Nomo-1, Kasumi-1 MSLNþ, and Kasumi-1 parental)

were split 1–2 days prior to cytotoxicity assay. Target cells using
primary samples were thawed and used directly in the cytotoxicity
assay. Target leukemia cells were labeled with 2.5 mmol/L CFSE
(Invitrogen, catalog no. C34554) as per manufacturer’s directions,
washed with 1X PBS, and resuspended in CTL media (without IL2).
For T-cell proliferation assay, effector cells (unmodified orMSLNCAR
T cells) were labeled with 2.5 mol/L Violet Cell Proliferation Dye
(Invitrogen, catalog no. C34557) washed with 1X PBS, serial diluted in
CTL media (without IL2), and combined with target cells at various
effector:target (E:T) ratios in 96 U-bottom plate. Cytotoxicity (at
indicated time points) and T-cell proliferation (4 days) were assessed
by flow cytometry after staining cells with live/dead fixable viability
dyes [FVD; Invitrogen, catalog no. L34964 (cytotoxicity) or L10120 (T-
cell proliferation)]. Percent dead among target cells was assessed by
gating on FVDþ among CFSEþ target cells. Percent-specific lysis was
calculated by subtracting the average of the three replicate wells
containing target cells only from each well containing target and
effector cells at each E:T ratio. After 24 hours of coculture, media
supernatant were assessed for IL2, IFNg, and TNFa production by
Luminex microbead technology (provided by FHCRC Immune
Monitoring Core).

In vivo studies
For cell line–derived xenograft (CDX) models, we transduced

Nomo-1, Kasumi-1 MSLNþ, and Kasumi-1 parental cells with
GFP/ffluciferase construct (Plasmid #104834, Addgene) and sorted
for GFPþ cells. Luciferase-expressing cells were injected intravenously
into NSG mice through the tail vein at 106 cells per mouse. Mice were
treated with MSLN CAR T or unmodified T cells via tail vein
intravenous injection 1 week following Nomo-1 injection and 2 weeks
following Kasumi-1 MSLNþ and Kasumi-1 parental injections. Leu-
kemia burden was measured by bioluminescence imaging weekly. For
the patient-derived xenograft (PDX) model, cells derived from patient
5 were injected into NSG-SGM3mice (106 cells/mouse) followed by T
cells (5 � 106 cells/mouse) 4 days later via tail vein intravenous
injection. Leukemia burden and T-cell expansion were monitored by
flow cytometric analysis of mouse peripheral blood, which was drawn
by retro-orbital bleeds for the indicated time points starting from the
first week of T-cell injection, and mouse bone marrow, which was
aspirated at the indicated time point post T-cell injection. Mice were
monitored and euthanizedwhen they exhibited symptomatic leukemia
(tachypnea, hunchback, persistent weight loss, fatigue, or hind-limb
paralysis). Tissues such as blood, bone marrow, liver, spleen, and
tumors were harvested at necropsy and analyzed for the presence of T
and leukemia cells. This study was performed after approval by
FHCRC IACUC (protocol #51068).

Flow cytometry of xenograft cells
Mouse bone marrow, spleen, liver, and tumors were harvested at

necropsy and passed through a 70-mm cell strainer to dissociate
tissues into single cells prior to antibody staining. Cells from mouse
peripheral blood were processed with red blood cell lysis buffer,
washed in 2% FBS in PBS, blocked with 20 ug/mL Fc receptor block

(BD Pharmingen, catalog no. 564219) in PBS, then stained with a
cocktail of fluorescently labeled mAbs that included a combination of
APC/Cyanine 7-conjugated anti-mouse CD45.1 (BioLegend, catalog
no. 110716), BUV805-conjugated anti-human CD45 (BD Bios-
ciences, catalog no. 612891), APC-conjugated anti-human CD19
(BD Biosciences, catalog no. 555415), PE-Cy7–conjugated anti-
human CD3 (BD Biosciences, catalog no. 563423), Brilliant Violet
605–conjugated anti-human CD4 (BioLegend, catalog no. 317438),
BV711-conjugated anti-human CD8 (BD Biosciences, catalog no.
563677), PerCP/Cyanine 5.5-conjugated anti-human CD33 (Bio-
Legend, catalog no. 303414), and PE-conjugated anti-human MSLN
(amatuximab, FHCRC; see ref. 7 for the generation of this antibody)
for 20 minutes on ice. Labeled cells were washed with PBS and
resuspended in 2% FBS/PBS prior to flow cytometric analysis.
LSR Fortessa X50 equipped with FACSDiva Software (BD
Biosciences) was used to assess cell surface expressions and FlowJo
Software was used for the analysis. Dead cells were excluded based
on DAPI staining.

Statistical analysis
Unpaired, two-tailed Student t test was used to determine statistical

significance for all in vitro studies. Log-rank (Mantel–Cox) test was
used to compare Kaplan–Meier survival curves between experimental
groups. P values <0.05 were statistically significant.

Results
MSLN is expressed on the AML leukemic stem cell–enriched
CD34þCD38� subset

To determine whether MSLN is expressed on leukemic stem cells
(LSC), we first determined the fraction of LSCs of the CD34þCD38�

phenotype in primary cells from 5MSLN-positive patients, and found
12%, 28%, and 1.3% in patients 1–3, respectively, with undetectable
frequencies in patients 4 and 5 (Fig. 1A, top). We then characterized
MSLN expression on the LSC-enriched population (CD34þCD38�)
from patients 1–3 in comparison with normal marrow HSPCs from 3
healthy donors (Fig. 1A, bottom). In each of these patients, MSLN
expression was comparable in the LSC-enriched population and the
bulk population (Fig. 1B, top). In contrast, in samples from healthy
donors, MSLN expression was entirely silent in hematopoietic stem
cells (HSC), multipotent progenitors (MPP), multi-lymphoid pro-
genitors (MLP), common lymphoid progenitors (CLP), megakaryo-
cyte-erythroid progenitors (MEP), common myeloid progenitors
(CMP), and granulocyte monocyte progenitors (GMP; Fig. 1B, bot-
tom). Quantification with additional patient samples revealed that a
high fraction of cells in both the bulk and LSC-enriched subset were
MLSN-positive cells in the majority of these patients (70.4 � 24.0%
and 67.1 � 26.6%, respectively; N ¼ 14; Fig. 1C), and these cells
exhibited corresponding higher MFI as compared with the normal
HSPC subsets (Fig. 1D). These results suggest that targeting MSLN
may provide a strategy to eliminate LSCs without impacting normal
hematopoiesis.

MSLN CAR with a short IgG4 hinge domain confers superior
cytotoxicity over intermediate and long IgG4 domains

To evaluate the therapeutic potential of targeting MSLN, we gen-
erated MSLN-directed CARs by fusing the single-chain variable
fragment derived from the SS1P immunotoxin (13) to the IgG4 spacer,
CD28 transmembrane, 4–1BB costimulatory, and CD3z signaling
domains (12, 15). As the length of the spacer domain affects the
distance between the CAR and its target antigen and is known to
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influence CAR function (16, 17), we optimized the spacer region
(short, intermediate, and long; Fig. 2A) and determined that the
MSLN CAR with the short hinge domain conferred superior cyto-
toxicity compared with CARs with intermediate and long spacers
(Fig. 2B). To determine whether the CAR constructs exhibit tonic or
constitutive signaling, we assayed NFAT, NFkB, and AP-1 expression
in JurkatNur77 reporter cells (18) transducedwith theCAR constructs
and cultured alone or cocultured in the presence of Kasumi-1 cells
engineered to express MSLN (Kasumi-1MSLNþ). None of the MSLN

CAR constructs demonstrated tonic or constitutive signaling in the
absence of target binding (Fig. 2C and D).

MSLN-directed CAR T cells demonstrate potent cytotoxicity
in vitro and in vivo

Using the MSLN CAR construct with the short hinge domain, we
tested the target specificity of MSLN CAR T cells against Nomo-1,
which expresses endogenous MSLN; Kasumi-1, which does not
express MSLN; and Kasumi-1 engineered to express MSLN

Figure 1.

MSLN is expressed on LSC-enriched CD34þCD38� subset,
but not on normal HSPCs. A, Gating strategy used to
identify LSCs based on CD34 and CD38 expression in 5
MSLN-positive AML samples (top) and HPSC subsets
from a representative CD34-enriched marrow sample
from a healthy donor (bottom). Immunophenotype of the
HSPCs is as follows: CD34þCD38�CD90þCD45RA� (hemato-
poietic stem cell, HSC); CD34þCD38�CD90�CD45RA� (mul-
tipotent progenitors, MPP); CD34þCD38�CD90�CD45RAþ

multi-lymphoid progenitors, MLP); CD34þCD38þCD10þ

(common lymphoid progenitors, CLP); CD34þCD38þCD10�-
CD123�CD45RA� (megakaryocyte-erythroid progenitors,
MEP); CD34þCD38þCD10�CD123þCD45RA� (common mye-
loid progenitors, CMP); CD34þCD38þCD10�CD123þCD45RAþ

(granulocyte monocyte progenitors, GMP). B, Histograms of
MSLN expression in AML bulk, AML CD34þCD38�, and normal
HSPC subsets. C and D, Quantification of percent MSLNþ (C)
andMSLNMFI (D) across indicated subsets for Patients 1–3 and
additional 11 MSLN-positive patient samples containing
the CD34þCD38� subset as well as 3 healthy donor CD34-
enriched marrow samples. Bar indicates the mean. The addi-
tional 11 patient samples were sent to Hematologics, Inc. to
assess theMSLN expression on the CD34þCD38� subset using
the sameanti-MLSNPE-conjugatedantibodyused in this study.
Autofluorescence was used as a control for these samples. For
Patients 1–3, PE-conjugated isotype control (see Material and
Methods) was used to define MSLN-positive cells.
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(Kasumi-1 MSLNþ; Fig. 3A). CD8 MSLN CAR T cells demonstrated
potent cytolytic activity against Nomo-1 and Kasumi-1 MSLNþ cells
but not Kasumi-1 parental cells (Fig. 3B; Supplementary Fig. S1A). To
further evaluate target specificity, we measured cytokine production
and cell proliferation of MSLN CAR T and unmodified control T cells

following coculturewith target cells. Following coculturewithNomo-1
andKasumi-1MSLNþ cells, but notKasumi-1 parental cells, bothCD8
and CD4MSLN CAR T cells produced higher levels of IL2, IFNg , and
TNFa than did unmodified T cells (Fig. 3C; Supplementary Fig. S1B).
Furthermore, both CD8 and CD4 MSLN CAR T cells proliferated

Figure 2.

MSLNCARconstructs and cytolytic activity of short, intermediate, and longMSLNCARTcells.A,Schematic diagramof second-generationMSLNCARconstructswith
different IgG4 spacer lengths. CD, costimulatory domain; SD, stimulatory domain; SP, GM-CSFR signal peptide; tCD19, truncated CD19; TM, transmembrane domain.
B, Cytolytic activity of CD8 T cells unmodified or transduced with short, intermediate, or long MSLN CAR construct against Kasumi-1 MSLNþ cells in a 4-hour assay.
Data presented are mean percent specific lysis � SD from three technical replicates at indicated Effector:Target (E:T) ratios. C, Representative flow plots showing
expression of NFAT, NFkB, and AP-1 in Jurkat Nu77 reporter transduced with MSLN CAR constructs cultured alone (bottom) or coincubated with Kasumi-1 MSLNþ

target cells (top). Analysis was performed on day 4 posttransduction. Number in top right corner indicates the percentage of positive cells. D, Quantification of
percent NFATþ, NFkBþ, and AP-1þ cells over days posttransduction.
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robustly in the presence of Nomo-1 and Kasumi-1 MSLNþ cells, but
not Kasumi-1 parental cells (Fig. 3D; Supplementary Fig. S2). These
results indicate highly specific reactivity of MSLN CAR T cells against
AMLcells engineered to expressMSLNor expressing endogenous level
of MSLN.

We next investigated the ability of MSLN CAR T cells to eradicate
AML in vivo. Nomo-1 and Kasumi-1 MSLNþ cells stably expressing

luciferase were injected into NSG mice, and once leukemic engraft-
ment was established the leukemia-bearing mice were treated with
unmodified T or MSLN CAR T cells. Treatment with MSLN CAR T
cells induced leukemia clearance within a week of infusion in both
Nomo-1 and Kasumi-1 MSLNþ xenograft models; remarkably, leu-
kemia clearance was maintained in the Nomo-1 mice for the entire
duration of the study (112 days; Fig. 3E). In contrast, all mice that

Figure 3.

Target-specific reactivity of MSLN CAR T cells with MSLN-positive AML cell lines. A, Flow cytometric analysis of MSLN expression in Nomo-1, Kasumi-1 MSLNþ, and
Kasumi-1 parental cells (red) compared with isotype control (black). B, Cytolytic activity of CD8 T cells unmodified or transduced with MSLN CAR following 24 hours
of coculture with Nomo-1 and 10 hours with Kasumi-1MSLNþ and Kasumi-1 parental cells. Data presented are mean leukemia specific lysis� SD from three technical
replicates at indicated E:T ratios. Data are representative of three donors (see related data in Supplementary Fig. S1A). C, Concentration of secreted IL2, IFNg, and
TNFa in the supernatant following 24 hour of T-cell/AML coculture at 1:1 E:T ratio asmeasured by ELISA. Data are representative of two donors and are presented as
mean� SD from three technical replicates (see related data in Supplementary Fig. S1B).Where concentrations of cytokines are too low to discern, the number above
the x-axis indicates the average concentration. Statistical significancewas determinedby unpaired Student t test, assuming unequal variances. P<0.05 (�),P <0.005
(��), P < 0.0005 (���).D, Representative flow cytometric analysis of cell proliferation of Cell Proliferation Dye–labeled unmodified and MSLN CAR T cells after 4-day
coculture with target cells at 1:1 E:T ratio (see related data in Supplementary Fig. S2). Data are representative of 2 donors. E, Bioluminescent imaging of Nomo-1 and
Kasumi-1 MSLNþ leukemias inmice treatedwith unmodified orMSLNCAR T cells at 7.5� 106 (Nomo-1) or 5� 106 (Kasumi-1MSLNþ) T cells permouse.N¼ 5mice per
group. F, Kaplan–Meier survival curves of Nomo-1 and Kasumi MSLNþ xenografts treated with unmodified or MSLN CAR T cells. N¼ 5 per group. E and F, Data are
representative of two independent experimentswith T cells derived from two separate donors.G,Analysis of Kasumi-1MSLNþ and Kasumi-1 xenografts untreated or
treated with 5� 106 MSLNCAR T cells/mouse (separate experimentwith different donor T cells than shown in E and F), quantifying leukemia burden over time. Data
are plotted relative to baseline [one daybefore CART-cell injection (day�1)]. Leukemia burden is shown for eachmouse.N¼ 5mice per group. Statistical differences
in survival were evaluated using log-rank Mantel–Cox.
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Figure 4.

Preclinical efficacy of MSLN CAR T cells against primary MSLN-positive AML cells. A, Flow cytometric analysis of MSLN expression in 6 AML patient samples.
B, Cytolytic activity of CD8 T cells unmodified or transduced with MSLN CAR following 4-hour coculture with primary AML cells. C, Concentration of secreted IL2,
IFNg, and TNFa in the supernatant following 24 hours of CD4 T-cell/AML coculture at 1:1 E:T ratio as measured by ELISA. Where concentrations of cytokines are too
low to discern, the numbers above the x-axis indicate the average concentration.B andC,Data are representative of two donors (except for patient 4, whichwas not
repeated) and are presented as mean� SD from three technical replicates.D, Experimental design evaluating in vivoMSLN CAR T activity against primary AML cells
from patient 5. Mice were treated with 1 � 107 T cells per mouse. E and F, Quantification of the percent donor T and AML cells in the peripheral blood following
days post T-cell injection. n ¼ 6 (Unmodified T) and n ¼ 12 (MSLN CAR T). G, Spleens harvested from control mice at necropsy following development of
leukemia (28 and 30 days post T-cell injection) as well as from 6 MSLN CAR T cell–treated mice selected at random 30 days post T-cell injection. n ¼ 6 per
group. H, Percent AML cells in the bone marrow, liver, and spleen from mice described in G. I, Percent MSLNþ cells among AML cells in the bone marrow (BM),
liver, and spleen from mice treated with unmodified T cells at necropsy. One control mouse did not have human engraftment in the spleen. E, F, H, I, Data are
presented as mean � SEM. C, E, F, H, Statistical significance was determined by unpaired Student t test, assuming unequal variances. P < 0.05 (�), P < 0.005
(��), P < 0.0005 (���). J, Kaplan–Meier survival curves of PDX mice treated with unmodified or MSLN CAR T cells. Statistical differences in survival were
evaluated using log-rank Mantel–Cox.
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received unmodified T cells exhibited disease progression with a
median survival of 37 days (P < 0.002; Fig. 3F, left). Likewise, in
Kasumi-1MSLNþ xenograftmodel, treatmentwithMSLNCARTcells
significantly reduced leukemia burden, and 4 of 5 mice survived until
study endpoint at day 112, whereas median survival of mice treated
with unmodifiedT cells was 56 days (P¼ 0.003;Fig. 3F, right). Activity
of MSLN CAR T cells in vivo was target specific, as they did not limit
the progression of Kasumi-1 parental cells in NSG mice (Fig. 3G).
Consistent with enhanced antitumor activity, T cells expanded rapidly
in the peripheral blood of CAR-T cell–treated Nomo-1 and Kasumi-1
MSLNþ leukemia-bearing mice, with >80% of CD4 and >60% of CD8
T cells expressing the tCD19 transductionmarker at day 12 post T-cell
injection (Supplementary Fig. S3).

MSLN-directed CAR T cells demonstrate preclinical efficacy
against primary MSLN-positive AML cells

To investigate whether MSLN CAR T cells can effectively eliminate
primary AML cells, we tested their cytolytic activity on 5 MSLN-
positive patient samples (same samples that were described in Fig. 1)
and 1 MSLN-negative patient sample in vitro. The 5 MSLN-positive
patient samples expressed different levels of MSLN (Fig. 4A) but all
were sensitive to the cytolytic activity ofMSLNCART cells; viability of
the MSLN-negative patient sample was unaffected following 4-hour
coincubation with MSLN CAR T cells as compared with coincubation
with unmodified control T cells (Fig. 4B). Furthermore,MSLNCART
cells produced increased levels of IL2, IFNg, and TNFa proinflam-
matory cytokines compared to unmodified control T cells in the
presence of MSLN-positive samples but not the MSLN-negative
sample (Fig. 4C). Thus, MSLN CAR T cells exhibit target-specific
reactivity against primary AML cells in vitro.

To determine whether MSLN CAR T cells exhibit in vivo
efficacy against primary AML cells, we developed a PDX model using
bone marrow cells from patient 5 (KMT2A-rearranged positive;
see Table 1). These cells provided a robust model system to evaluate
the in vivo activity of MSLN CAR T cells, as they produced an
aggressive leukemia in humanized NSG-SGM3 mice with median
survival of 42, 28, and 27 days in primary, secondary, and tertiary
transplants, respectively, accompanied by significant infiltration into
the bonemarrow, liver, and spleen (Supplementary Fig. S4A and S4B).
Leukemic cells harvested from the bone marrow, liver, spleen, and
peripheral blood following the development of symptomatic leukemia
in primary, secondary, and tertiary transplants showed high level and
almost uniform expression of MSLN, comparable with that of cells
from a freshly thawed aliquot (Supplementary Fig. S4C and S4D). The
leukemic burden of PDX NSG-SGM3 mice was assessed by flow
cytometric analysis of AML cells in the peripheral blood and bone
marrow aspirates following treatment with unmodified control or
MSLN CAR T cells at 1� 107 T cells per mouse (Fig. 4D). The CAR T
cells, but not unmodified T cells, expanded by day 7 and then subsided
by day 14 following T-cell injection, as evident by the fraction of donor
T cells in the peripheral blood (Fig. 4E). Remarkably, by day 14
following T-cell injection, AML cells were undetectable in the periph-
eral blood of mice treated with CAR T cells, whereas significant
engraftment had occurred in mice treated with unmodified control
T cells that progressed until mice developed symptomatic leukemia
following 28–30 days post T-cell injection (Fig. 4F). At necropsy of
control mice, enlarged spleens were observed (Fig. 4G). Further
consistent with the anti-leukemia activity of MSLN CAR T cells, no
detectable engraftment of AML cells was evident in the bone marrow,
liver, and spleen 30 days post T-cell injection from mice treated with
CAR T cells, whereas significant engraftment in these tissues had

occurred in mice treated with unmodified T cells following develop-
ment of symptomatic leukemia (Fig. 4H). Leukemia cells that infil-
trated the bone marrow, spleen, and liver of control mice had uniform
expression of MSLN (Fig. 4I). Importantly, the MSLN CAR T cells
enhanced the survival of the PDX mice (P ¼ 0.001; Fig. 4J).

To determine whether MSLN CAR T cells were effective at a lower
dose, we treated the PDX mice with 5 � 106 T cells per mouse
(Supplementary Fig. S5A). Similar leukemia clearance was observed
as in the experiment with the higher T-cell dose (Supplementary
Fig. S5B–S5D); however, the median survival of PDX mice only
increased from 21 to 59 days following treatment with MSLN CAR
T cells (P ¼ 0.025; Supplementary Fig. S5E). MSLN was expressed in
the AML cells harvested from the tissues at necropsy in unmodified
T-cell–treated mice as well as CAR T-cell–treated mice that had
relapsed (Supplementary Fig. S5F and S5G). Of note, chloromas (solid
extramedullary tumors, EMD) were detected in CAR T-cell–treated
mice that relapsed (Supplementary Fig. S5F and S5G). Donor T cells
were not detected in the unmodified T-cell–treated mice at necropsy
and in the CAR T-cell–treated mice at relapse (Supplementary
Fig. S5H). Collectively, these results demonstrate the lytic activity of
MSLN CAR T cells in eradicating primary AML cells both in vitro and
in vivo.

MSLN-directed CAR T cells effectively eliminate MSLN-positive
CD34þCD38� cells without impacting the viability of normal
HSCs

Given that MSLN is expressed on AML CD34þCD38� cells but not
normal HSPCs, we hypothesized that the MSLN CAR T cells would
exhibit cytolytic activity against MSLN-positive LSCs, but not normal
HSPCs. We tested this by comparing the cytolysis of CD34þCD38�

cells from patients 1–3 (see Fig. 1 for MSLN expression) and normal
marrow HSPCs from 3 healthy donors. After 4 hours of coculture,
MSLNCART cells demonstrated comparable cytolytic activity against
CD34þCD38� cells and bulk AML from all 3 patients (Fig. 5A;
Supplementary Figs. S6 and S7) and eliminated almost the entire
MSLN-positive cells within the bulk and LSC-enriched populations
(Fig. 5B; Supplementary Fig. S7B), suggesting highly potent activity.
No cytolytic activity was detected against normal HSCs, MPPs, MLPs,
CLPs, MEPs, CMPs, and GMPs at 4 hours (Fig. 5A) and against
CD34þ cells at 4 and 24 hours (Supplementary Fig. S8). Moreover,
MSLN CAR T cells did not affect the self-renewal and multilineage
differentiation capacity of normal HSPCs as compared with unmod-
ified control T cells (Fig. 5C). Together, these results suggest that
MSLN CAR T cells can eradicate LSCs without compromising normal
HSPCs.

Modulating MSLN shedding improves the efficacy of MSLN-
directed CAR T cells

MSLN is actively cleaved from the cellmembrane (shedding), which
contributes to a pool of solubleMSLN circulating in the blood andmay
hinder antibody-based therapies (19–21). Shedding reduces antigen
site density andmay promote the dissociation of CAR bound toMSLN
from the cell surface (22). Soluble antigen can also limit CAR T-cell
functionality by competing for the antigen binding domain of the CAR
as observed with BCMA CAR T cells (23). The well-characterized
“sheddase” ADAM17 (TACE), which is responsible for the release of
many membrane-bound proteins (24), is implicated in chemotherapy
resistance (25, 26). MSLN is a target of ADAM17 cleavage, and
inhibiting ADAM17 activity with the pan-metalloproteinase inhibitor
GM6001 (20, 21) or by mutating the ADAM17 cleavage site (19) leads
to increased MSLN, cell surface density, decreased production of
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soluble MSLN, and enhanced cytotoxicity of anti-MSLN–targeted
therapies. We therefore asked whether modulating MSLN shedding
can improve the efficacy of MSLN CAR T cells. Treatment of Nomo-1
cells with GM6001 increased the level of cell surface MSLN (Fig. 6A)
and caused a corresponding reduction in soluble MSLN in the
culture supernatant (Fig. 6B), suggesting that GM6001 treatment
stabilizes MSLN on the cell surface. Furthermore, GM6001 treatment
of Nomo-1 cells enhanced the cytolytic activity and cytokine produc-
tion ofMSLNCART cells (Fig. 6C–E), but did not significantly impact
cell viability after 48 hours of exposure (Supplementary Fig. S9) or alter
the cytolytic activity of unmodified T cells (Fig. 6C). These results
demonstrate the utility of inhibiting MSLN shedding to improve CAR
T-cell functionality.

We attempted to extend our in vitro analysis of the effect of GM6001
on MSLN expression and CAR T-cell efficacy to an in vivomodel. We
found that administration of GM6001 intraperitoneally once a day for
3–7 days did not result in detectably increased levels of surface
expression of MSLN on Nomo-1 cells in the mice (Fig. 6F–H), and
therefore did not pursue this further. GM6001 is known to be quickly
degraded in vivo (half-life < 15 minutes; ref. 14; see also Material and
Methods), which probably explains the difference between its effects in
cell culture and a physiologic model system. The in vitro results do

suggest that it may be possible to increase CAR T-cell efficacy by
increasing MSLN antigen density using other strategies.

Discussion
The identification of AML-specific antigens for therapeutic target-

ing with CAR T cells has been elusive due to genomic and phenotypic
heterogeneity as well as overlapping cell surface expression with
normal hematopoiesis.We have addressed this obstacle by conducting
a comprehensive discovery effort in AML thus far that enabled us to
define a library of CAR targets that are silent in normal hematopoiesis
but highly expressed in AML, providing an opportunity to devise
highly specific immunotherapies that will uniquely target leukemic
cells without impacting normal hematopoiesis. In this study, we
prioritized one of these targets for therapeutic development in AML,
MSLN. We previously demonstrated the expression of MSLN in
pediatric and adult AML as well as therapeutic targeting with anti-
body–drug conjugates (7). Here, we report MSLN expression in LSCs
and the preclinical efficacy of MSLN CAR T cells in eradicating AML
cells in vitro and in vivo without any cytotoxicity against normal
HSPCs. Furthermore, CAR T-cell functionality can be improved by
inhibiting MSLN shedding and stabilizing MSLN on the cell surface.

Figure 5.

MSLNCAR T cells effectively eliminate AMLCD34þCD38� cells but exhibit no cytolytic activity against normal HSCs.A,Quantification of percent specific lysis in AML
bulk population and LSCs across threeAML samples (Patients 1–3) andHSPC subsets from threeCD34-enriched bonemarrow samples fromhealthydonors following
4-hour incubation with unmodified or MSLN CAR T cells at 2:1 E:T ratio. B, Percent MSLNþ cells among surviving AML bulk and LSCs (FVD�) after coincubation for
4 hours with unmodified or MSLN CAR T cells at 2:1 E:T ratio. Data are presented as mean� SEM from 3 samples (A and B). See Supplementary Fig. S6 for the flow
cytometric analysis. Experiment shown in A and B was repeated with T cells from another healthy donor and similar results were obtained (Supplementary Fig. S7).
Statistical significance was determined by unpaired Student t test, assuming unequal variances. P < 0.05 (�), P < 0.005 (��), P < 0.0005 (���). C, After 4 hours,
cocultures of healthy donor CD34þ cells with either unmodified or MSLN CAR T cells at 2:1 E:T ratio were transferred tomethylcellulose with cytokines for CFC assay.
Colonies derived from erythroid (E), granulocyte-macrophage (G, M, and GM) and multipotential granulocyte, erythroid, macrophage, megakaryocyte (GEMM)
progenitorswere scored andenumerated after 7–10 days.Data are presented asmean�SD from three technical replicates for eachdonor. No significant difference in
the total number of colonies was detected between cocultures with unmodified T cells versus MSLN CAR T cells as determined by unpaired Student t test, assuming
unequal variances.
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Thus, MSLN is a viable target for immunotherapeutic targeting with
CAR T-cell therapy in AML.

MSLN represents a promising target in AML as both transcript and
flow cytometry data show high expression in a subset of AML but
no expression in normal HSPCs. Given that it is expressed in

limited number of tissues (mesothelial cells lining the pleura, peri-
cardium, and peritoneum; ref. 27), initial clinical trials with
MSLN CAR T cells tested for solid tumors showed very minimal
toxicity without cytokine release syndrome (28–31). Relevant to our
work, three phase I clinical trials (University of Pennsylvania:

Figure 6.

Inhibiting ADAM17-mediated MSLN shedding enhances activity of CAR T cells.A and B,Quantification of flow cytometry analysis of cell surface MSLN levels (A) and
ELISA analysis of soluble MSLN in culture supernatant (B) of Nomo-1 cells incubatedwith GM6001 (50 mmol/L) or DMSO for 48 hours. Data presented are the average
� SEM from three independent experiments.C,Cytolytic activity of CD8MSLNCART cells againstNomo-1 in the presence ofGM6001 (50mmol/L) orDMSO. Shown is
the mean leukemia specific lysis � standard deviation from three technical replicates at each E:T ratio. D, Experiment shown in C was repeated twice, each using
T cells from a different donor. Shown is themean leukemia specific lysis� SEM from three independent experiments at 5:1 E:T ratio. E, Concentration of secreted IL2,
IFNg, andTNFa in the supernatant following 10hours ofCD8MSLNCART-cell/Nomo-1 andCD4MSLNCART-cell/Nomo-1 coculture at 10:1 E:T ratio in thepresence of
GM6001 (50 mmol/L) or DMSO as measured by ELISA. Data presented are representative of 2 donors with mean� SD from three technical replicates. C–E, Nomo-1
cellswas pretreatedwith eitherGM6001 (50mmol/L) orDMSO for 48 hours prior to coincubationwith T cells.A–E,Statistical significancewasdeterminedbyunpaired
Student t test, assuming unequal variances. P < 0.05 (�), P < 0.005 (��), P < 0.0005 (���). F–H, GM6001 did not affect surface expression of MSLN on Nomo-1 cells
in vivo. Top, experimental schema showing injection of Nomo-1 cells into NSGmice followedby treatment of transplantedmicewithGM6001 (100mg/kg i.p. injection
once a day) at various dosing regimens. Bottom, surface expression of MSLN on Nomo-1 cells post GM6001 treatment was assessed by flow cytometric analysis of
peripheral blood drawn by retro-orbital bleeds. Statistical significance was determined by unpaired Student t test, assuming unequal variances.
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NCT01355965, NCT01897415, NCT02159716) used CD3zeta/41-BB-
based CAR with scFv derived from SS1P and demonstrated that the
MSLN-directed CAR T cells were well tolerated without pericarditis,
pleuritis, and peritonitis (28–30). To assess potential impact on normal
hematopoiesis, we evaluated the cytolytic activity of MSLN CAR T cells
against normal HSCs and found that the viability of HSCs and early
progenitors remain intact when they are coincubated with CAR T cells.
Furthermore, MSLN CAR T cells did not compromise the self-renewal
and multilineage differentiation capacity of HSPCs. This finding is
anticipated given thatMSLN isnot expressed in theHSPCcompartment
and further supports the hypothesis that targeting MSLN in AML with
CAR T cells may be safe and well tolerated.

Targeting LSCs is considered the “holy grail” of antileukemia
treatment as these cells resist chemotherapy and can reinitiate disease
after treatment (32). Here, we show that MSLN is expressed on LSC-
enrichedCD34þCD38� subset and that these cells can be eradicated by
MSLN CAR T cells. Although samples with low/intermediate MSLN
expression (patients 1 and 2) elicited similar cytotoxicity compared to
samples with high MSLN expression, cytokine production of CAR T
cells was only moderately induced in these samples (Fig. 4C), suggest-
ing a threshold level of MSLN expression is required for efficient CAR
T-cell activity. If antigen density proves to impact CAR efficacy and
signaling, strategies to enhance MSLN expression in LSCs would
further improve CAR T-cell recognition of these cells. We have
previously reported that MSLN expression in AML is associated with
promoter hypomethylation (7), as it is in solid tumors (33–35). Thus,
treatment with epigenetic-modifying agents may improve CAR T-cell
efficacy, and the ability of these agents to enhanceMSLN expression in
LCSs should be evaluated. In addition, inhibiting MSLN shedding by
blocking ADAM17 metalloprotease can also increase the cell surface
density of MSLN. Finally, modifying CAR elements including scFv
binding and signaling components (i.e., CD28z) can increase antileu-
kemic sensitivity and efficacy (36), especially against LSCs with low
antigen density.

In this study, we demonstrate potent, target-dependent cytotoxicity
of MSLN CAR T cells against a variety of AML cell lines and patient
samples characterized by various levels of MSLN expression. Impor-
tantly, we show that MSLN CAR T cells were effective in eradicating
the leukemia as evident in the KMT2A-rearranged–positive PDX
model after injecting 1 � 107 T cells per mouse. However, the mice
that received a lower T-cell dose of 5� 106 cells per mouse eventually
relapsed with extramedullary disease (chloromas), a clinical feature
that is prevalent in KMT2A-rearranged leukemias and poses a sub-
stantial therapeutic challenge (37).Wehave previously demonstrated a
significant correlation betweenMSLN expression and EMD (7). Given
that MSLN is implicated in mediating cell adhesion (38), we hypoth-
esize that MSLN expression promotes chloroma formation, which in
turn enables CAR T-cell evasion and reinitiation of the disease.
Although CAR T-cell therapy has shown efficacy against extramedul-
lary acute lymphoid leukemia (39), its activity against EMD in the
setting of AML has not been fully investigated. Additional work is
required to understand the role of MSLN in AML pathobiology,
specifically in EMD, and define strategies to eliminate EMD and
enhance CAR T-cell efficacy.

Another potential barrier to effective CAR T-cell therapeutic tar-
geting of MSLN in AML is that MSLN is shed from the cell surface.
Although soluble MSLN (the product of shedding) can be used as a
biomarker for detection and diagnosis (40–43), with demonstrated
utility for disease monitoring in AML (7), shedding can compromise
CAR T-cell efficacy by reducing antigen site density and possibly
promoting dissociation of CAR T/leukemia cell interaction as similar

inhibitory effects of shedding were observed with MSLN-targeting
SS1P immunotoxin (19–21). In addition, soluble antigenmay abrogate
CART-cell function by blocking their antigen-binding domain. This is
documented for BCMACAR T cells for multiple myeloma where high
concentrations of soluble BCMA (333–1,000 ng/mL) impair CAR T-
cell recognition and cytolytic activity (44). Of note, however, clinical
trials of BCMA CAR T cells show absence of correlation between
soluble BCMAconcentrations and extent of response (45–47), perhaps
due to different BCMACARTcells directed to distinct epitopes. In this
study, we demonstrated that the inhibitory effects of shedding can be
overcome by treatment with GM6001, which inhibits the ADAM17
metalloprotease responsible for MSLN shedding. GM6001 treatment
resulted in an increased level of cell surface MSLN, a decreased level
of soluble MSLN, and enhanced leukemia killing capacity of CAR T
cells. Although GM6001 was active in vitro, it did not significantly
increase the surface expression of MSLN in vivo, possibly due to
short systemic half-life of GM6001 (<15 minutes; ref. 14; see also
Materials and Methods). Nonetheless, these results suggest that
inhibition of ADAM17 may be an effective strategy to improve
efficacy of MSLN-directed CAR T cells. While ADAM17 inhibitors
are not currently in use in the clinic, a new small molecule
INCB7839, which inhibits both ADAM10 and ADAM17 proteases,
has demonstrated preclinical and clinical efficacy in combination
with trastuzumab in metastatic HER2 breast cancer (48, 49) and is
currently under clinical investigation for children with recurrent or
progressive high-grade gliomas (NCT04295759). It will be useful to
evaluate potential synergy between INCB7839 and MSLN CAR T
cells in AML. Alternatively, selection of scFvs that bind to the
extracellular region of MSLN that remains after cleavage would
circumvent the inhibitory effects of shedding.

Although mature clinical data have yet to be published, several case
studies report feasibility, but suboptimal response with CAR T cells
targeting lineage markers CD33 and CD123 in AML. As such lineage-
directed CAR T cells cannot differentiate between leukemic and
normal myeloid cells, effective targeting of these markers would lead
to prolonged myelosuppression or myeloablation, requiring elimina-
tion of the CAR T cells and/or stem cell transplant to restore
hematopoiesis within short few weeks after CAR T cells, which would
limit surveillance and as a result its efficacy. AsMSLN is not expressed
in normal hematopoiesis, it would permit long-term persistence of the
CART cells and enhanced efficacy. In addition,MSLNCART cells can
be used as postchemotherapy or posttransplant maintenance to min-
imize relapse. The results presented here have successfully addressed a
fundamental impediment to effective immunotherapy in AML by
defining and validating MSLN as an AML-restricted target for CAR
T-cell development. The ability ofMSLNCAR T cells to effectively kill
AML cells without impacting the viability of normal HPSCs provides
the preclinical foundation for further evaluation of MSLN-directed
CAR T cells in clinical trials for AML.
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