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ABSTRACT
Background  CD33 is a tractable target in acute myeloid 
leukemia (AML) for chimeric antigen receptor (CAR) T cell 
therapy, but clinical success is lacking.
Methods  We developed 3P14HLh28Z, a novel CD33-
directed CD28/CD3Z-based CAR T cell derived from a 
high-affinity binder obtained through membrane-proximal 
fragment immunization in humanized mice.
Results  We found that immunization exclusively with 
the membrane-proximal domain of CD33 is necessary for 
identification of membrane-proximal binders in humanized 
mice. Compared with clinically validated lintuzumab-based 
CAR T cells targeting distal CD33 epitopes, 3P14HLh28Z 
showed enhanced in vitro functionality as well as superior 
tumor control and increased overall survival in both low 
antigen density and clinically relevant patient-derived 
xenograft models. Increased activation and enhanced 
polyfunctionality led to enhanced efficacy.
Conclusions  Showing for the first time that a membrane-
proximal CAR is superior to a membrane-distal one in the 
setting of CD33 targeting, our results demonstrate the 
rationale for targeting membrane-proximal epitopes with 
high-affinity binders. We also demonstrate the importance 
of optimizing CAR T cells for functionality in settings of 
both low antigen density and clinically relevant patient-
derived models.

INTRODUCTION
Acute myeloid leukemia (AML) is the most 
common and lethal form of acute leukemia 
in adults. Despite the addition of novel 
agents to the intensive chemotherapeutic 
backbone and consolidative allogeneic stem 
cell transplantation therapy, long-term clin-
ical outcomes are relatively poor, particularly 
after disease relapse.1 Hence, novel thera-
peutics are needed to improve these dismal 
outcomes.

Chimeric antigen receptor (CAR) T cells 
are the most potent form of adoptive immu-
notherapy and have revolutionized the treat-
ment of B-cell acute and chronic malignancies. 
However, CAR T cells do not lead to durable 
disease control in a majority of patients.2 3 
CAR T cell rejection has been associated with 

non-human-derived sequences of targeting 
motifs, impaired effector cell proliferation, 
reduced polyfunctionality, and inability to 
eliminate low-antigen-density tumor subpop-
ulations, leading to suboptimal outcomes.4–8 
In a recent phase I trial of autologous CD33-
directed 4-1BB/CD3Z CAR T cells for the 
treatment of relapsed/refractory (R/R) 
AML, low T cell numbers at apheresis and 
high, progressive tumor burden were major 
challenges to clinical deployment of the 
manufactured product.9 Hence, for CAR T 
cell therapies to be successful in AML, CAR 
design must address these major roadblocks.

Unlike with CD19 in B-cell malignancies, 
there is no single tumor-associated antigen 
defining AML cells. Many AML-associated 
antigens are present on non-malignant 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ CD33-directed chimeric antigen receptor (CAR) T 
cell preclinical evaluation to-date has determined 
that the combination of a targeting motif derived 
from lintuzumab (HuM195, SGN-33; an antibody 
that targets the distal CD33-IgV domain) linked to 
CD28/CD3Z provides the best-in-class CAR con-
struct, which has since moved into the clinic; how-
ever, clinical efficacy has been limited.

WHAT THIS STUDY ADDS
	⇒ We developed a fully human-derived CAR T cell that 
targets the membrane-proximal IgC domain of CD33 
(CD33-IgC) and improves preclinical CAR T cell effi-
cacy compared with clinically validated lintuzumab-
based CAR T cells targeting distal CD33 epitopes.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our data support targeting CD33-IgC to markedly 
enhance the efficacy of CAR T cells for acute my-
eloid leukemia treatment.

	⇒ Our promising preclinical data warrant rapid trans-
lation of membrane-proximal CD33-targeting CAR T 
cells to the clinic.
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myeloid cell populations, making myelosuppres-
sion obligatory.10 CD33, a sialoadhesin consisting of 
membrane-distal immunoglobulin variable (IgV) and 
membrane-proximal immunoglobulin constant (IgC) 
domains, has emerged as a tractable target given its near 
ubiquitous expression on AML cells. Importantly, CD33 
is also present on progenitor/mature myeloid and hema-
topoietic stem cells (HSCs) but not required for human 
myeloid development and function,11 12 allowing for strat-
egies that ablate both the entire CD33-positive malignant 
and normal hematopoietic compartment, followed by 
hematopoietic rescue using engineered CD33-negative 
HSCs.

Targeting CD33 is further complicated by the 
rs12459419 C>T single nucleotide polymorphism (SNP), 
which is associated with decreased CD33 surface expres-
sion.13 14 Although the clinical relevance of this SNP is 
debatable, >50% of patients possess the CT or TT geno-
type, leading to reduced or absent surface expression 
of CD33.13–16 Hence, CD33 CAR T cells must recog-
nize low-antigen-density AML. Preclinical studies have 
reported CD33 CAR T cells showing potent activity, with 
some employing strategies to limit the duration of this 
activity to allow for rescue with allogeneic stem cell trans-
plantation.17 18 However, whether these CAR T cells can 
function in the presence of high-antigen-density and low-
antigen-density targets, as well as in the context of clini-
cally relevant patient-derived AML models, has not been 
well described.

A recent study describing a rigorous preclinical 
approach to optimize CD33-directed CAR T cells deter-
mined that the combination of a targeting motif derived 
from lintuzumab (HuM195, SGN-33; an antibody that 
targets the distal CD33 IgV domain) linked to CD28/
CD3Z provided the best-in-class CAR construct, which 
has moved to the clinic (NCT03971799).19 20 Here, we 
intended to improve on the lintuzumab-CD28/CD3Z 
(H195HLh28Z) platform by developing a fully human-
derived CAR T cell that targets the membrane-proximal 
IgC domain of CD33 (CD33-IgC), as such proximal 
epitope targeting has been shown to improve CAR T cell 
efficacy.21–24

We demonstrated that raising antibodies to CD33-IgC 
requires immunization of this fragment alone, as full-
length CD33 immunization always led to IgV-specific 
binders in our humanized rodent system. High-affinity 
CD33-IgC-targeting CAR T cells had greater prolifera-
tive capabilities and increased polyfunctionality in vitro 
compared with H195HLh28Z, leading to improved 
survival and tumor control in both low antigen density 
and clinically relevant patient-derived xenograft (PDX) 
models. Interestingly, membrane-proximal CD33-IgC-
targeting CAR T cells demonstrated superior functionality 
compared with membrane-distal-targeting H195HLh28Z. 
Collectively, our data support targeting CD33-IgC to 
markedly enhance the efficacy of CAR T cells for AML 
treatment.

METHODS
Cell lines
Two hundred ninety-three Glv9-packaging cells (cour-
tesy of the Sadelain lab, MSK, New York, New York, USA) 
were maintained in DMEM (Dulbecco’s Modified Eagle 
Medium) with high-glucose supplemented with 10% 
heat-inactivated FBS (fetal bovine serum) non-essential 
amino acids (Atlanta Biological Flowery Branch), 2 mM 
L-glutamine (Invitrogen), and 1% penicillin/strepto-
mycin (Invitrogen). The U937 human acute leukemia 
line (courtesy of the Levine lab, MSK), the OCiAML3 
human acute myeloid leukemia line (courtesy of the 
Bachovin lab, MSK), and the MOLM14 human acute 
myeloid leukemia line (courtesy of the Kung lab, MSK) 
were modified to express green fluorescent protein-
firefly luciferase (gfpLuc) to detect tumor in vitro and 
in vivo by luminescence. All tumor cell lines were main-
tained in RPMI-1640 medium supplemented with 10% 
heat-inactivated FBS non-essential amino acids (Atlanta 
Biological Flowery Branch), 10 mM HEPES (hydroxyethyl 
piperazineethanesulfonic acid, Invitrogen), 2 mM L-glu-
tamine (Invitrogen), 1% penicillin/streptomycin (Invit-
rogen), and 11 mM glucose (Invitrogen). Cell lines were 
routinely tested for potential mycoplasma contamination.

Selection of single-chain variable fragment (scFv)
Antibody generation and characterization studies 
were carried out by the Tri-Institutional Therapeutics 
Discovery Institute (TriI-TDI) using AlivaMab transgenic 
mice (Ablexis) with the extracellular domain of CD33 
recombinant proteins either sourced commercially or 
produced in-house. Recombinant human CD33 protein 
was sourced commercially from R&D Systems and Acro 
Biosystems. Mouse and cynomolgus monkey CD33 
proteins were purchased from Sino Biological. In addi-
tion, human CD33-IgC domain (residue 140–259) with 
a terminal mouse IgG1 Fc or 6xHis tag was produced 
in-house. Immunizations and screenings were carried 
out at LakePharma (Belmont, California, USA). Multiple 
cohorts of AlivaMab mice were immunized with recom-
binant proteins, with one cohort receiving CD33-IgC. 
Serum was collected on days 17, 24, 28, and 31, and the 
immune response was analyzed by ELISA using recombi-
nant human full-length CD33-6xHis and CD33 IgC2-6xHis 
proteins. Hybridomas were generated by electrofusion, 
and the supernatants were screened by ELISA on recom-
binant proteins as well as by flow cytometry on 3T3 cells 
overexpressing either full-length CD33 or CD33-IgC 
alone and AML cell lines with endogenous CD33 expres-
sion. Subcloning was performed by limited dilution, and 
sequencing of the top 10 lead candidates was carried out 
using standard IgG primers recommended by Ablexis.

Binding selectivity and affinity
Lead and reference antibodies were produced recombi-
nantly with a human IgG1 constant region. Selectivity was 
tested using His tag recombinant human full-length CD33 
or CD33-IgC, mouse full-length CD33, and cynomolgus 
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full-length CD33 proteins. Recombinant proteins at 5 µg/
mL were captured by pre-blocked Ni-NTA plates. Candi-
date antibodies were added at 10 µg/mL in triplicate 
and detected using horseradish peroxidase-conjugated 
anti-human Fc antibody. To assess the binding to cell-
surface-bound CD33, 3T3 cells overexpressing CD33, as 
well as the U937 AML cell line, were used. U937 CD33-
knockout (CD33KO) or 3T3 wild-type cells were included 
as negative controls. U937 CD33+ and CD33KO cells were 
blocked with human IgG Fc for 20 min on ice. The recom-
binant antibodies were then serially diluted starting at 
100 µg/mL concentration and added for 30 min on ice. 
Alexa Fluor 647-conjugated goat anti-human F(ab’)2 was 
added to cells for 30 min on ice, washed and analyzed by 
flow cytometry, and normalized to secondary-only staining 
(mean fluorescence intensity (MFI) ratio). EC50 values 
were determined by non-linear regression. The binding 
affinity and epitope binning to human CD33 protein was 
measured by biolayer interferometry (BLI) using an Octet 
Red96e. All experiments were carried out using kinetic 
buffer (Phosphate-buffered saline (PBS) pH 7.4, 0.01% 
BSA, 0.002% Tween-20). For affinity measurements, the 
antibodies were captured by an anti-huFc biosensor, and 
a 7-point, twofold dilution series of huCD33-His was used 
as analyte. The data were processed by double reference 
subtraction, and response curves were globally fit to a 1:1 
Langmuir binding model.

Generation of retroviral constructs
Constructs were cloned into the SFG gammaretro-
viral vector with human signaling domains. Retroviral 
producer cell lines were generated by using CaPO4 
(Promega) according to the manufacturer’s instructions 
to transiently transfect gpg29 fibroblasts (H29) with retro-
viral constructs encoding the CAR. Supernatant from the 
H29 cells was used to transduce 293Glv9 to produce stable 
retroviral producer cell lines. Final constructs produced 
were 3P14HLh28Z, 4B2AHLh28Z, and H195h28Z, as 
well as H195DEL, which served as a non-signaling control 
and was generated by deletion of the cytosolic domains 
encoding CD28 and CD3Z.

T cell isolation and retroviral transduction
Briefly, peripheral blood mononuclear cells (PBMCs) 
were isolated from healthy donor peripheral blood 
or leukopaks (New York Blood Center). Following 
red blood cell lysis with ACK (ammonium-chloride-
potassium) Lysing Buffer (Lonza), human T cells were 
isolated from PBMCs (StemCell Technologies) and 
subsequently activated with 100 IU/mL of IL-2 and 
Dynabeads Human T-Activator CD3/CD28 at a bead:cell 
ratio of 1:5 (Thermo Fisher Scientific). Forty-eight hours 
after initial expansion, T cells were spinoculated with 
viral supernatant collected from 293Glv9 packaging 
cells on RetroNectin-coated plates on 2 consecutive days 
(Takara Clontech). All experiments were normalized for 
CAR+ viable cells.

Flow cytometry
Flow cytometric analyses were performed using 10-color 
Gallios B43618 (Beckman Coulter, Indianapolis, Indiana, 
USA) and 14-color Attune NxT (Thermo Fisher Scientific) 
instruments. Data were analyzed using FlowJo (Tree Star) 
V.10.8.0. Flow cytometry was used to determine transduc-
tion efficiency of transduced cells following staining with 
phycoerythrin (PE)-conjugated cetuximab antibody and 
Myc-tag (9B11, Alexa Fluor 647, Cell Signaling). DAPI 
(0.5 mg/mL, Sigma Aldrich) or 7-amino-actinomycin D 
(0.05 mg/mL, BioLegend) and PO-PRO-1 Iodine (Invi-
trogen) staining were used to exclude dead cells in all 
experiments. Antibodies are listed in online supplemental 
table 1. All antibodies were purchased from BioLegend, 
BD Biosciences, Invitrogen or eBioscience.

Cytotoxicity assays
The cytolytic capacity of CAR-modified human T cells was 
assessed through a luciferase-killing assay. CAR T cells 
were co-cultured with 1×104 target cells, U937-CD33high 
or OCiAML3-CD33low tumor cells, at various effector-
to-target ratios in quadruplicate in white-walled 96-well 
plates (Thermo Scientific) in a total volume of 200 µL of 
cell media. Target cells were plated with non-signaling 
control CAR T cells (H195DEL) at the same cell densities 
to determine maximal luciferase expression as a refer-
ence (max signal). Twenty-four hours or 96 hours later, 
15 µg D-Luciferin (Gold Biotechnology) dissolved in 
50 µL PBS was added to each well. Emitted luminescence 
of each sample (sample signal) was detected in a Spark 
plate reader (Tecan) and measured using SparkControl 
software (Tecan). Percent lysis was determined as: 100 − 
[(sample signal/average max signal)×100].

Proliferation assays
CAR T cells were co-cultured with U937-CD33high tumor 
cells at 1:2.5 or 1:10 CAR T:tumor cell ratio. After 7 days, 
flow cytometry was used to detect tumor and T cells after 
staining with fluorescently labeled cetuximab. CAR T cells 
were re-stimulated with fresh tumor cells at the same 1:2.5 
or 1:10 CAR T:tumor cell ratio. The procedure above was 
repeated weekly for 21 days after initial stimulation.

In vitro cytokine secretion analysis
To measure in vitro T cell cytokine production, CAR T 
cells were co-cultured in a 1:1 ratio for 24 hours with 
antigen-positive tumor cells or antigen-negative tumor 
cells in a 96-well round-bottom plate. Twenty-four hours 
later, the supernatant fluid was collected and analyzed 
for cytokines on a Luminex IS100 instrument. Luminex 
FlexMap3D system, Luminex xPONENT 4.2, and 12-plex 
Human panel (Millipore) were used to detect cytokines.

Intracellular flow cytometry for polyfunctionality
To measure intracellular T cell cytokine and granzyme B 
production, CAR T cells were co-cultured at a 1:5 with 
U937-CD33high tumor cells. Approximately 16 hours later, 
a 500X Protein Transport Inhibitor cocktail was added 
to the cell culture (eBiosciences), and 6 hours later, cells 

https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013


4 Freeman R, et al. J Immunother Cancer 2024;12:e009013. doi:10.1136/jitc-2024-009013

Open access�

were collected, stained with Fixable Yellow Dead stain 
(ThermoFisher Scientific), and fixed and permeabilized 
with BD Cytofix/Cytoperm Fixation and Permeabiliza-
tion Solution (BD Biosciences) as per the manufacturer’s 
suggested protocol. Cells were counted and stained with 
the following human antibodies: cetuximab-conjugated 
in-house with PE, anti-CD4 (RPA-T4), anti-CD8 (SK1), 
anti-IL-2 (MQ1-17H12), anti-TNF-alpha (MAb11), anti-
IFN-gamma (4S.B3), and anti-granzyme B (QA16A02).

Multiparametric flow cytometric analysis
Cells were washed with PBS, resuspended in PBS at a 
concentration of 3.0×106/mL, and incubated with Human 
TruStain FcX Fc receptor blocking solution (BioLegend) 
and Live/DEAD Fixable Blue Dead Cell Stain (Invitrogen) 
according to the manufacturers’ specifications for 20 min 
at room temperature, protected from light. The cells 
were then washed once in Flow Wash Buffer (FWB; RPMI 
1640, no phenol red+4% FBS+0.01% sodium-azide). Cells 
were incubated with the antibody mix for 20 min at room 
temperature in the dark in 100 µL staining volume in the 
presence of Super Bright Staining Buffer (eBiosciences), 
washed twice in FWB, resuspended in 0.5% paraformal-
dehyde/PBS, and immediately acquired using a Cytek 
Aurora 5L flow cytometer (Cytek). Antibodies are listed 
in online supplemental table 1.

Animal models
All experiments were performed in accordance with the 
Memorial Sloan Kettering Cancer Center (MSK) Insti-
tutional Animal Care and Use Committee (IACUC) 
approved guidelines (MSK #00-05-065). For xenogeneic 
studies, NOD-Prkdcem26Cd52Il2rgem26CD22/NjuCrl, Coisogenic 
Immunodeficient (NCG) mice were purchased from 
Charles River and subsequently bred and housed under 
specific-pathogen-free conditions in the animal facility of 
MSK. For all experiments, mice 6–12 weeks old were used. 
Male and female mice were used with equal outcomes. 
Animal users were not blinded.

In vivo experiments
For CD33-high tumor studies, 5×104 U937 or 1×106 
MOLM14 AML cells expressing gfpLuc were inoculated 
on day 0. For CD33-low tumor studies, 5×105 OCiAML3 
AML cells expressing gfpLuc were inoculated on day 0. 
In both models, mice were treated with varying doses of 
CAR T cells via tail vein 3 days after tumor inoculation. 
All tumor cells produced very even tumor burdens and 
no mice were excluded prior to treatment. Day 0 biolu-
minescence was assigned to be 1×107. Tumor burden was 
measured weekly using bioluminescence imaging using 
the Xenogen IVIS Imaging system (Xenogen) with Living 
Image software (Xenogen).

For the AML60B pPDX model, viably cryopreserved 
primary AML specimens were obtained via an Insti-
tutional Review Board–approved research protocol 
(MSKCC IRB 17-268). NCG mice were inoculated with 
1×106 cells on day 0. On day 10, mice were randomized 

into different treatment cohorts and subsequently treated 
with 1×106 CAR T cells via tail vein. On day 28, bone 
marrow aspirations were performed, and tumor cells 
were quantified by flow cytometry.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism software (GraphPad). Data points represent 
biological replicates and are shown as the mean±SEM as 
indicated in the figure legends. Statistical significance 
was determined by paired t-test, one-way analysis of vari-
ance (ANOVA), or two-way ANOVA as indicated in the 
figure legends. The log-rank (Mantel-Cox) test was used 
to determine statistical significance for overall survival in 
mouse survival experiments. Significance was indicated 
with *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

RESULTS
CD33-IgC immunization is necessary for discovery of site-
specific binders
To generate CD33-IgC-specific antibodies, we immunized 
Ablexis’ AlivaMab mice with either full-length CD33 or 
CD33-IgC recombinant proteins, as it was unknown 
whether the distal IgV domain would be critical to retain 
an IgC conformation necessary for immunological recog-
nition. Hybridomas were generated and 53 hits were iden-
tified by ELISA using recombinant human CD33. On-cell 
binding was assessed by flow cytometry on 3T3 cells 
(mouse fibroblast cell line) expressing either full-length 
CD33 or CD33-IgC, as well as U937 (AML cell line) with 
endogenous CD33 expression (figure 1A). The specificity 
of binders was tested by screening U937, a cell line that 
naturally expresses CD33 in which CD33 was knocked-out 
using CRISPR/Cas9, and 3T3, a murine cell line that does 
not express CD33 in which CD33 was knocked-in using 
CRISPR/Cas9 (online supplemental figure 1A,B). Inter-
estingly, all CD33-IgC domain-specific antibodies exhib-
iting consistent binding to various cell lines were derived 
from the CD33-IgC immunized cohort only. From this 
group, three hybridomas were selected and sequenced, 
resulting in the identification of two unique clones, 3P14 
and 4B2A.

Next, we confirmed the binding specificity and affinity 
of 3P14, 4B2A, and a reference CD33-IgV-specific mono-
clonal antibody (mAb), lintuzumab (H195). Antibodies 
were recombinantly expressed as human IgG1 subclass. 
All mAbs bound full-length human CD33, but not cyno-
molgus or mouse orthologs, and as expected only 3P14 
and 4B2A bound human CD33-IgC (online supplemental 
figure 1C). Using BLI, all mAbs had similar binding affin-
ities for recombinant full-length CD33, with similar disso-
ciation constants (KD) and on-rates, but with a log lower 
off-rate for H195 compared with 3P14 and 4B2A (online 
supplemental figure 1D). Given that mAbs could have 
varying affinities for soluble versus cell-bound antigen, we 
measured their binding to cell-surface CD33, using 3T3 
cells overexpressing the antigen (3T3-CD33) as well as a 
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Figure 1  Identification of a membrane-proximal CD33 antibody. (A) Heatmap showing relative binding of selected antibodies 
to human full-length CD33, CD33-IgC, and U937 CD33-expressing tumor lines. (B) Schematic representation of retroviral vector 
encoding 5′ and 3′ long terminal repeats sequence (LTR), truncated EGFR, linked with a T2A element to a fully human CD33-
targeted single-chain variable fragment, human CD28 hinge, transmembrane, and intracellular domains (CD28), and human zeta 
chain signaling domain (z chain). A Myc-tag is included for detection of the chimeric antigen receptor (CAR). (C) Summary data 
of retroviral transduction efficiency of CAR constructs as determined by flow cytometry using cetuximab. P values determined 
by repeated measures one-way analysis of variance. Data are a mean±SEM of three biological replicates conducted in three 
independent experiments; ns, non-significant. (D) Representative flow cytometry plot demonstrating CAR expression following 
human T cell transduction, detected with fluorescently labeled Cetuximab and Myc-Tag-specific antibodies. MFI, mean 
fluorescence intensity.
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relevant AML tumor cell line, U937, which has endoge-
nous expression of CD33. The hierarchy of affinity, from 
highest to lowest, was H195>3P14>4B2A, with the most 
pronounced differences noted for U937 cells (online 
supplemental figure 1D,E).

Next, we used epitope binning with immobilized CD33 
to determine if 3P14 and 4B2A bound to similar epitopes, 
and if their differing affinities influenced binding of one 
antibody over another (online supplemental methods). 
We observed that, when 3P14 was the saturating mAb, 
4B2A was unable to demonstrate binding (0%), and 
when 4B2A was the saturating mAb, 3P14 was able to bind 
(68%); no binding competition was observed between 
H195 and either 3P14 or 4B2A (online supplemental 
figure 1F), indicating that while 3P14 and 4B2A may have 
overlapping epitopes, both differed from membrane-
distal H195.

Next, we generated scFvs of H195, 3P14, and 4B2A 
in both the VH-VL (HL) and VL-VH (LH) orientations 
and cloned these into a bicistronic vector containing a 
truncated epidermal growth factor receptor tag (EGFRt) 
and a Myc-tag in line with human CD28/CD3Z (h28Z) 
signaling motifs (figure  1B). For consistency, transduc-
tion was assessed by EGFR positivity, which was similar 
across all constructs (figure 1C). We stained for the Myc-
tag and found that the HL formats more reliably demon-
strated cell-surface CAR expression (figure 1D).

These data show that CD33-IgC immunization is crit-
ical for raising binders to this domain in humanized 
rodent systems, and that 3P14 binds with a higher affinity 
to CD33-IgC and likely recognizes a similar epitope to 
4B2A, given the capacity of the former to displace the 
latter during epitope binning. These data also suggest 
that, because the HL scFv orientation more consistently 
demonstrates CAR surface expression of our candidate 
binders, it is the preferred format for preclinical testing.

CAR T cells targeting CD33-IgC demonstrate enhanced 
functionality in vitro
Low surface antigen density and excessive tumor 
burden are major mechanisms of resistance and treat-
ment failure, leading to impaired tumor control and 
reduced effector expansion of CAR T cells for specific 
CAR T products and specific diseases that have been 
evaluated to-date.4 5 25 The CT or TT genotypes of the 
rs12459419 C>T SNP are present in ~50% of patients 
with AML, resulting in low CD33 surface expression 
on malignant cells. Using flow cytometry, we deter-
mined CD33 expression levels on three cell lines with 
s12459419 C>T SNP genotype reported: MOLM14 
(CC), U937 (CT), and OCiAML3 (TT).19 21 MOLM14 
and U937 cell lines expressed equivalent CD33 
expression, so we selected these to characterize high-
expressing CD33 models, whereas OCiAML3 cell line 
demonstrated lower CD33 expression in compar-
ison (figure  2A,B, online supplemental table 2). 
Target cell lines were transduced with a gfpLuc to 
generate U937-CD33highgfpLuc+ (U937-CD33high), 

MOLM14-CD33highgfpLuc+ (MOLM14-CD33high), and 
OCiAML3-CD33lowgfpLuc+ (OCiAML3-CD33low) for in 
vitro and in vivo tracking (data not shown).

Next, we determined the capacity of CD33-IgC-specific 
CAR T cells to kill tumor cells with high and low CD33 
antigen density. In 24-hour killing assays at varying effector-
to-target (E:T) ratios (1:1 to 1:128), 3P14HLh28Z and 
4B2AHLh28Z showed increased dose-dependent killing 
of U937-CD33high and MOLM14-CD33high at low E:T ratios 
compared with H195HLh28Z, but 3P14HLh28Z demon-
strated enhanced cytotoxicity against OCiAML3-CD33low 
cells at slightly higher ratios (figure  2C). In 96-hour 
long-term killing assays using the same E:T ratios (1:1 to 
1:128), 3P14HLh28Z and 4B2AHLh28Z showed supe-
rior tumor control of all tumor cell lines compared with 
H195HLh28Z especially at higher E:T ratios (figure 2D). 
Percent CAR positivity is shown in online supplemental 
figure 2.

To validate CD33-IgC specificity of 3P14HLh28Z and 
4B2AHLh28Z, we transduced U937-CD33KO cells with 
a retroviral vector encoding a modified FLAG-tagged 
CD33-IgC, and surface expression was confirmed by flow 
cytometry (online supplemental figure 3A and online 
supplemental table 2). Compared with H195HLh28Z, 
both 3P14HLh28Z and 4B2AHLh28Z lysed CD33-IgC-
expressing target cells in a dose-dependent manner 
(online supplemental figure 3B). Importantly, no CAR 
T cell lysed the negative control U937-CD33KO (online 
supplemental figure 3C). Given the reported expres-
sion of low levels of CD33 on HSCs, we utilized a colony-
forming unit (CFU) assay to determine if 3P14HLh28Z 
and 4B2AHLh28Z could detect and eliminate these cells 
(online supplemental methods). We observed complete 
ablation of colonies with only 3P14HLh28Z and high-
dose gemtuzumab ozogamicin (GO), which served as 
a positive control, and incomplete ablation of colonies 
with either 4B2AHLh28Z or H195HLh28Z CAR T cells 
(online supplemental figure 3D).

Given the relevance of CAR T cell expansion to clin-
ical efficacy, we tested the proliferative capacity of 
3P14HLh28Z and 4B2AHLh28Z in the context of recur-
sive stimulation with high CD33 antigen density targets. 
3P14HLh28Z had increased expansion and persistence 
compared with other CAR T cells when co-cultured with 
U937-CD33high at two different E:T ratios (figure 2E).

In summary, our data show that high-affinity CD33-
IgC-specific 3P14HLh28Z is superior functionally to low-
affinity CD33-IgC-specific 4B2AHLh28Z and high-affinity 
CD33-IgV-specific H195HLh28Z in the setting of high-
tumor burden, as assessed by recursive stimulation or low-
antigen-density encounters. Furthermore, low-affinity, 
membrane-proximal 4B2HLh28Z exhibited superior 
CAR T activity compared with high-affinity, membrane-
distal H195HLh28Z, underscoring the importance of 
antigen target proximity in the context of CD33 CAR T 
cells.

https://dx.doi.org/10.1136/jitc-2024-009013
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https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
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CAR T cells targeting CD33-IgC with high affinity are 
polyfunctional
To identify the mechanism of enhanced functionality 
of 3P14HLh28Z, we assessed the 24-hour in vitro cyto-
kine production by co-culturing CAR T cells with U937-
CD33high or OCiAML3-CD33low. 3P14HLh28Z secreted 
elevated levels of Tc1/Th1 cytokines in a target-specific 
manner as compared with both 4B2AHLh28Z and 

H195HLh28Z (figure  3A and online supplemental 
figure 4). Given the higher cumulative cytokine produc-
tion by 3P14HLh28Z, we determined the role of poly-
functionality, which has been associated with enhanced 
clinical responses.6 After 24 hours of CAR T cell and 
U937-CD33high co-culture, at an E:T ratio of 1:5, intra-
cellular flow cytometry showed increased levels of IFN-γ, 
IL-2, Granzyme B, and TNF-α with 3P14HLh28Z versus 

Figure 2  Membrane-proximal targeting chimeric antigen receptor (CAR) T cells demonstrate enhanced functionality and 
proliferative capacity in vitro. (A) Flow cytometry histograms of CD33 expression on acute myeloid leukemia (AML) cells 
detected with isotype control or fluorescently labeled CD33-specific antibody. (B) Quantitative geometric mean fluorescence 
intensity (MFI) of CD33 expression on AML cells detected with either isotype control or fluorescently labeled CD33-specific 
antibody. (C) 24-hour D-luciferin assay demonstrating lysis of CD33-expressing tumor cells (n=4 biological replicates; 
****p<0.0001; ***p<0.001; **p<0.01; *p<0.05 by two-way analysis of variance (ANOVA)). Data are a mean±SEM of four biological 
replicates. (D) 96-hour D-luciferin assay demonstrating lysis of CD33 expressing tumor cells (n=4 biological replicates; 
****p<0.0001; ***p<0.001; **p<0.01; *p<0.05 by two-way ANOVA). Data are a mean±SEM of four biological replicates. (E) 
Quantification of flow cytometric analysis demonstrating enhanced proliferation by membrane-proximal CD33 targeting CAR T 
cell in the presence of U937-CD33high tumor cells at E:T ratios of 1:2.5 (left) or 1:10 (right) (n=3 biological replicates; ****p<0.0001 
by two-way ANOVA at day 21). Arrows indicate when additional target cells were added. Data are a mean±SEM of three 
biological replicates.

https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
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H195HLh28Z (figure  3B). Furthermore, 3P14HLh28Z 
had fewer non-secreting CD4+ cells and more CD4+ and 
CD8+ cells secreting at least two factors as compared with 
H195HLh28Z. Conversely, 4B2AHLh28Z showed a secre-
tion pattern in between 3P14HLh28Z and H195HLh28Z 
(figure 3C–E). Given our prior observation of CAR T cell 

proliferation at 7 days after U937-CD33high encounter 
(figure 2E), we further characterized these CAR T cells 
at this timepoint using multiparametric flow cytometry. 
We observed an increased number of 3P14HLh28Z cells 
showing an immunophenotype consistent with activation, 
based on CD69 and HLA-DR (DR) positivity (figure 3F,G).

Figure 3  Membrane-proximal targeting chimeric antigen receptor (CAR) T cells are characterized by a unique activation profile 
in vitro. (A) 24-hour cytokine secretion profile of Tc1/Th1 cytokines when co-cultured with U937-CD33high, OCiAML3-CD33low, 
U937-CD33IgC, and U937-CD33KO tumor as detected by human 12-plex Luminex panel (n=3; ****p<0.0001; *p<0.05 by Dunnett’s 
multiple comparison tests against H195DEL control). Data are a mean±SEM of three biological replicates conducted in three 
independent experiments. (B) Quantification of flow cytometric analysis showing CAR T cell intracellular production of Tc1/
Th1 activation cytokines when cultured with U937-CD33high tumor (n=4; ****p<0.0001; **p<0.01; *p<0.05 by two-way analysis 
of variance (ANOVA); ns, non-significant). Data are a mean±SEM of four biological replicates conducted in three independent 
experiments. (C) Qualitative representation of CD4+CAR+ and CD8+CAR+ Tc1/Th1 activation cytokines secretion. Cytokines 
evaluated were IFN-γ, IL-2, granzyme B, and TNF-α. (D) Quantification of flow cytometric analysis showing CD4+ CAR T cell 
intracellular production of Tc1/Th1 activation cytokines when cultured with U937-CD33high tumor (n=4; ****p<0.0001, *p<0.05 by 
two-way ANOVA). Data are a mean±SEM of four biological replicates conducted in three independent experiments. Cytokines 
evaluated were IFN-γ, IL-2, granzyme B, and TNF-α. (E) Quantification of flow cytometric analysis showing CD8+ CAR T cell 
intracellular production of Tc1/Th1 activation cytokines when cultured with U937-CD33high tumor (n=4; ***p<0.001; **p<0.01; 
*p<0.05 by two-way ANOVA). Data are a mean±SEM of four biological replicates conducted in three independent experiments. 
Cytokines evaluated were IFN-γ, IL-2, granzyme B, and TNF-α. (F) Quantification of flow cytometric analysis demonstrating CAR 
T cell activation status 7 days post-antigen stimulation with U937-CD33high tumor (n=4; ****p<0.0001 by two-way ANOVA). Data 
are a mean±SEM of four biological replicates conducted in three independent experiments. (G) Qualitative representation of flow 
cytometric analysis comparing CAR T cell activation profiles. Data are pooled from four biological replicates conducted in three 
independent experiments.
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Collectively, these data suggest that 3P14HLh28Z cells 
display a polyfunctional soluble factor secreting profile 
on antigen encounter and demonstrate high levels of acti-
vation after antigen encounter.

CAR T cells targeting CD33-IgC are effective in xenograft 
models of AML
CD33-directed CAR T cells must demonstrate efficacy 
at low cell numbers and in the setting of low-antigen-
density AML. To determine whether 3P14HLh28Z and 
4B2AHLh28Z could control disease in these settings, we 
inoculated NCG mice with U937-CD33high and treated 
with varying doses of CAR T cells (5×105, 2.5×105, 1×105, 
and 5×104) 3 days later using a “CAR stress test” model,26 
tracking bioluminescence (BLI) and survival (figure 4A). 
CD33-IgC-directed CAR T cells demonstrated superior 
tumor control and improved survival in a dose-dependent 
manner as compared with H195HLh28Z, while 
3P14HLh28Z demonstrated rapid tumor control and 
prolonged tumor-free states, leading to improved survival 
at 2.5×105 and 5×105 CAR T cell dose levels (figure 4B–D, 
online supplemental figure 5A–C). At higher doses of CAR 
T cells (2.5×106 and 1×106), H195HLh28Z also controlled 
tumor and improved survival in NCG mice inoculated 
with U937-CD33high in a dose-dependent manner (online 
supplemental figure 5D–F). To confirm our findings in 
another previously published CD33high model,19 we inoc-
ulated NCG mice with MOLM14-CD33high and treated 
with 1×106 CAR T cells 3 days later (online supplemental 
figure 5G). Results again demonstrated superior tumor 
control and improved survival of CD33-IgC-directed CAR 
T cells as compared with H195HLh28Z (online supple-
mental figure 5H–J).

We subsequently assessed the capacity of these CAR T 
cells to control tumor growth in the setting of low-antigen-
density tumor, using NCG mice engrafted with OCiAML3-
CD33low (figure 4E). In this setting, 3P14HLh28Z again 
demonstrated superior tumor control and improved 
survival as compared with 4B2AHLh28Z, which in 
turn showed improved survival over H195HLh28Z 
(figure 4F–H).

Collectively, these data suggest that 3P14HLh28Z CAR 
T cells have enhanced functionality in both high-antigen-
density and low-antigen-density xenograft models, 
allowing for long-term survival.

CAR T cells targeting CD33-IgC are effective in a clinically 
relevant AML PDX model
To demonstrate translational relevance, we established an 
in vivo model using peripheral blasts from a patient with 
R/R CD33+ AML (AML60B; figure 5A,B, online supple-
mental table 3). AML60B can engraft without condi-
tioning irradiation, allowing for increased tumor burden 
over time and delayed CAR T cell treatment. Ten days 
after NCG mice were inoculated, they were randomized 
and treated with allogeneic H195h28Z, 3P14HLh28Z, or 
4B2AHLh28Z CAR T cells (figure  5C). Compared with 
H195HLh28Z, 3P14HLh28Z and 4B2AHLh28Z conferred 

superior tumor control as evaluated on day 28 bone 
marrow aspiration (figure  5D), with only 3P14HLh28Z-
treated mice achieving long-term survival in half of the 
cohort (figure 5E).

Taken together, these data demonstrate that 
3P14HLh28Z provides superior tumor control, leading to 
long-term survival in vivo in the setting of a clinically rele-
vant tumor model established from R/R primary AML.

DISCUSSION
Despite the introduction of novel agents to the AML 
therapeutic armamentarium, this myeloid malignancy 
continues to have a poor prognosis; there is a critical 
need for potent interventions such as adoptive T cell 
therapy. CAR T cells have revolutionized the treatment 
of B-cell malignancies but have yet to show efficacy in 
myeloid disease.

Recently, Tambaro et al described a phase I trial 
(NCT03126864) using autologous CD33-directed 4-1BB/
CD3Z CAR T cells for the treatment of adult patients 
with R/R AML.9 The CAR T cell product was success-
fully manufactured and administered to only 3 out of 
10 enrolled patients, in part due to lymphopenia and 
inadequate numbers of starting T cells obtained at the 
apheresis step. None of these three treated patients had 
observable anti-leukemia response at the first dose level. 
This study showed that AML-directed CAR T cells must 
be capable of robust proliferation and killing at low 
effector-to-tumor ratios, as many patients with R/R AML 
have lymphopenia and high disease burden of circu-
lating peripheral blasts. Qin et al recently described an 
extensive preclinical screen of CD33 IgV-directed CAR T 
cells derived from lintuzumab (H195) and gemtuzumab, 
integrating either CD28/CD3Z or 4-1BB/CD3Z costim-
ulatory domains.19 This study reported the lintuzumab 
(H195)-CD28/CD3Z platform as the best-in-class CAR 
for the treatment of AML. A multicenter phase I/II clin-
ical trial (NCT03971799) is currently underway using the 
lintuzumab-CD28/CD3Z platform to generate autolo-
gous CAR T cells (CD33CART) in children, adolescents, 
and young adults with R/R AML.20 Despite wide inter-
patient heterogeneity of apheresis products, centralized 
manufacturing of CD33CART was successful in 23 out of 
24 patients.27 Complete remission (CR) was only seen at 
dose level 4 (1×107/kg) and achieved in two out of six 
subjects treated. We hypothesize that the efficacy of CD33-
directed CAR T cells could be improved by targeting the 
membrane-proximal IgC domain of CD33, allowing for 
more robust T cell functionality and improved tumor 
control in patients.

In this study, we demonstrated that the potency of CD33 
CAR T cells can be markedly increased by using scFvs that 
target CD33-IgC with high affinity. Interestingly, raising 
human binders to membrane-proximal epitopes was 
dependent on IgC immunization, as full-length CD33 
immunization always led to the generation of IgV-specific 
antibodies, suggesting that IgV is an immunodominant 

https://dx.doi.org/10.1136/jitc-2024-009013
https://dx.doi.org/10.1136/jitc-2024-009013
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epitope in rodents. Importantly, the increased efficacy of 
high-affinity, membrane-proximal binding CAR T cells 
depended on their increased capacity for activation and 
polyfunctionality on antigen encounter, which improved 
their functionality against tumors with low CD33 antigen 
density and clinically relevant AML PDXs. H195HL28z 
proved unsuccessful in effectively controlling this very 

aggressive PDX tumor model; we think it is unlikely that 
AML60B PDX carries the rs12459419 genotype because 
the CD33 expression level was high (figure  5A). These 
data suggest that selecting scFvs derived from antibodies 
targeting membrane-proximal CD33 epitopes with high 
affinity via domain-specific immunization significantly 
enhances CAR T cells’ efficacy against a CD33-expressing 

Figure 4  Membrane-proximal CD33-targeting chimeric antigen receptor (CAR) T cells provide enhanced survival in xenograft 
mouse model. (A) Schematic diagram of in vivo experimental setup. NCG mice were inoculated with U937-CD33high tumor 
and subsequently treated with CAR T cells. (B) Survival of NCG mice bearing U937-CD33high tumors and treated with titrated 
doses of CAR T cells (n=5; **p<0.01, *p<0.05). P values for survival determined by log-rank Mantel-Cox test, with 95% CI. (C) 
Tumor regression of NCG mice inoculated with U937-CD33high tumor and subsequently treated with 5.0×105 of CAR T cells. 
(D) Bioluminescence over time of U937-CD33high in tumor-bearing NCG mice treated with 5.0×105 CAR T cells. (E) Schematic 
diagram of in vivo experimental setup. NCG mice were inoculated with OCiAML3-CD33low tumor and subsequently treated with 
CAR T cells. (F) Survival of NCG mice inoculated with OCiAML3-CD33low tumors and treated with 5.0×105 CAR T cells (n=5; 
*p<0.05). P values for survival determined by log-rank Mantel-Cox test, with 95% CI. (G) Tumor regression of NCG mice bearing 
OCiAML3-CD33low tumors and treated with 5.0×105 CAR T cells. (H) Bioluminescence over time of OCiAML3-CD33low in tumor-
bearing NCG mice treated with 5.0×105 CAR T cells.
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target compared with scFvs derived from low-affinity 
membrane proximal and high-affinity membrane distal 
binders.

Further investigation into the mechanism of improved 
efficacy of the high-affinity membrane-proximal CAR T 
cells is warranted. For example, testing a variety of hinge 
lengths is a key step in further optimization of this CAR 
construct, especially as preparation for clinical translation 
of this CAR product. Additionally, further investigation 
into mechanisms of tumor escape after initial control in 
vivo is also warranted. For the mice who had initial tumor 
control and then relapsed, although it is possible that 
CD33 downregulation was a mediator of disease escape, 
in this “CAR stress test” model our dose of CAR T cells 
was suboptimal and could explain why disease relapse 
occurred. However, mechanisms of escape are of great 
interest in translating this product to clinic, and efforts to 
establish PDX models with CD33-low patient tumors are 
currently underway.

Although the clinical relevance of the CD33 rs12459419 
C>T SNP, which is associated with decreased/absent 
CD33 surface expression,13 14 remains controversial, we 
see robustly in all three of our CD33-expressing AML 
models (CC, CT, and TT) that the membrane-proximal 
binders outperform the membrane-distal binders, and 
so it is unlikely that our membrane-proximal binders’ 

efficacy is due to isoform variability alone. Furthermore, 
there is conflicting data on the relevance of the SNP in 
clinical outcomes, and it remains controversial whether 
the TT polymorphism results in an isoform that lacks the 
IgV domain completely15 or rather decreases the amount 
of wild-type CD33.28 However, based on our data, it seems 
that the TT genotype (OCIAML3) still has some level of 
wild-type CD33, which is why it is sensitive to killing by 
H195HL28z.

Our findings align with others demonstrating the advan-
tage of targeting membrane-proximal epitopes through 
CAR T cells and T-cell-dependent bispecifics. Godwin et al 
demonstrated that, compared with targeting full-length 
CD33, ectopic expression of C33-IgV in a membrane-
proximal position led to improved IgV-directed CAR 
T cell function.21 However, the role of scFv affinity in 
enhancing CAR T cell efficacy is less clear, as both low-
affinity and high-affinity CAR T cells have relatively 
increased efficacy.29 30 Although both the high-affinity and 
low-affinity membrane-proximal binders had similar in 
vitro cytotoxicity profiles, significant differences in 3P14 
versus 4B2A proliferation were likely due to affinity of the 
3p14 scFv for CD33, and 3P14 enacts a more potent stim-
ulatory signal. Killing and proliferation (although both T 
cell effector function readouts) are not necessarily always 
concordant, and this potentially explains why we see such 

Figure 5  Membrane-proximal CD33-targeting chimeric antigen receptor (CAR) T cells decrease tumor burden in patient-
derived acute myeloid leukemia (AML) xenograft model. (A) Flow cytometry histograms of CD33 expression on AML60B 
patient sample detected with isotype control or fluorescently labeled CD33-spcific antibody. (B) Quantitative geometric mean 
fluorescence intensity (MFI) of CD33 expression on AML60B patient sample detected with either isotype control or fluorescently 
labeled CD33-specific antibody. (C) Schematic diagram of experimental setup of a patient-derived xenograft model. NCG mice 
were inoculated with patient-derived AML blasts and treated with allogeneic CAR T cells. Bone marrow aspirates were analyzed 
28 days post tumor inoculation. (D) Quantification of flow cytometric analysis demonstrating decreased tumor burden in mice 
treated with membrane-proximal CD33-targeting CAR T cells (n=6; *p<0.05 by unpaired t-test). (E) Survival of NCG mice-
bearing AML60B patient-derived tumor and treated with membrane-distal or membrane-proximal CAR T cells (n=6; **p<0.01; 
*p<0.05). P values for survival determined by log-rank Mantel-Cox test, with 95% CI.



12 Freeman R, et al. J Immunother Cancer 2024;12:e009013. doi:10.1136/jitc-2024-009013

Open access�

robust differences between killing and proliferation. Our 
results suggest that whether affinity enhances CAR T cell 
efficacy may depend on the nature of the target as well 
as the location of the epitope, with more potent activity 
of high-affinity scFvs to membrane-proximal epitopes on 
immunoglobulin-like targets.

HSC ablation is an important consideration when 
targeting CD33, which is also expressed on these non-
malignant cells. Our high-affinity, membrane-proximal 
CAR T cells completely ablated umbilical cord blood–
derived colony formation, while our low-affinity, 
membrane-proximal and lintuzumab-derived CAR T cells 
did not. H195HLh28z did not eradicate CFUs while GO 
did because H195HLh28z is likely not killing low antigen 
density HSCs.31 32 Furthermore, although GO was used 
as a positive control in this experiment, it is difficult to 
titrate/compare antibody-drug conjugates to CARs. 
Therefore, it is very likely that the concentration of GO 
used was able to eradicate more CFUs. Additionally, there 
is a strong possibility of bystander killing with antibody-
drug conjugates, which might further confound these 
results.33 Importantly, only our high-affinity, membrane-
proximal CAR T cells provided complete disease control 
in both low antigen density and clinically relevant patient-
derived xenograft models. Of great clinical relevance, 
this suggests that there might be no feasible therapeutic 
window for targeting CD33, because reduced antigen 
recognition by CAR T cells while sparing HSCs would 
allow for escape of low-antigen-density malignant subpop-
ulations that have been implicated as critical mediators 
of clinical failure of CAR T cell therapy. Strategies to 
address the myeloablative capacity of our high-affinity, 
membrane-proximal CAR T cells include: (1) use of the 
CD28/CD3Z costimulatory domain, which allows for 
rapid tumor clearance with limited T cell persistence,34 
(2) integration of an elimination switch to allow for CAR 
T cell elimination,35 (3) rescue allogeneic stem cell trans-
plantation, or (4) reconstitution of hematopoiesis with 
HSCs in which CD33 has been deleted. Future research 
will address the potential of these interventions to mini-
mize the hematopoietic toxicity of our novel CAR T cell 
platform.

In summary, our results demonstrate that the efficacy 
of CD33-targeted CAR T cells can be markedly improved 
through membrane-proximal targeting with a high-
affinity scFv raised through epitope-specific immuniza-
tion. These CAR T cells have improved activation and 
polyfunctionality as well as enhanced capacity to elimi-
nate disease with low antigen density or clinically relevant 
PDX models.
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