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Current CD33-targeted immunotherapies typically recognize
the membrane-distal V-set domain of CD33. Here, we show
that decreasing the distance between T cell and leukemia cell
membrane increases the efficacy of CD33 chimeric antigen re-
ceptor (CAR) T cells.We therefore generated and optimized sec-
ond-generation CAR constructs containing single-chain variable
fragments from antibodies raised against the membrane-prox-
imal C2-set domain, which bind CD33 regardless of whether
the V-set domain is present (CD33PAN antibodies). CD33PAN

CAR T cells resulted in efficient tumor clearance and improved
survival of immunodeficient mice bearing human AML cell
xenografts and, in anAMLmodel with limited CD33 expression,
forced escape of CD33neg leukemia. Compared to CD33V-set

CAR T cells, CD33PAN CAR T cells showed greater in vitro
and in vivo efficacy against several human AML cell lines
with differing levels of CD33 without increased expression of
exhaustionmarkers. CD33PANmoieties were detected at a higher
frequency on human leukemic stem cells, and CD33PAN CAR
T cells had greater in vitro efficacy against primary human
AML cells. Together, our studies demonstrate improved efficacy
with CAR T cells binding CD33 close to the cell membrane,
providing the rationale to investigate CD33PAN CAR T cells
further toward possible clinical application.

INTRODUCTION
CD33 (sialic acid-binding immunoglobulin-like lectin-3 [SIGLEC-3])
is physiologically expressed on maturing and mature myeloid cells,
monocytes, macrophages, and dendritic cells. This glycoprotein of
elusive function is also displayed on some subsets of B cells and acti-
vated T as well as natural killer cells, whereas there is controversy as to
whether CD33 is expressed on normal pluripotent hematopoietic
stem cells.1–6 Consistent with a myeloid differentiation antigen,
almost all patients with acute myeloid leukemia (AML) have at least
some CD33+ leukemia cells and on underlying leukemic stem/pro-
genitor cells in some, although the proportion of positive cells and
the CD33 antigen density per cell varies widely between and within
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patients.2–5,7–13 Because of this expression pattern, CD33 has long
served as a therapeutic target in AML.2,4,8–13 Improved survival in
some patients with the CD33 antibody-drug conjugate gemtuzumab
ozogamicin (GO) validates CD33 as a drug target5,14 and has sparked
interest in exploiting CD33-directed therapies for other diseases.15

Still, CD33 is a difficult target: several investigational drugs have failed
clinically, and many patients with CD33+ AML do not benefit from
GO.5 Therefore, efforts are ongoing to develop more potent therapeu-
tics such as chimeric antigen receptor (CAR)-modified T cells.16–23

However, results in CD33-directed CAR T trials have so far been
underwhelming, with no reported durable responses in patients
with AML receiving such therapies.16,20

As one limitation, GO and almost all investigational CD33-directed
therapeutics recognize the membrane-distal V-set domain of CD33
(Figure 1A).17 For immune effector cell-engaging therapies, this may
result in the formation of a less efficient immunological synapse rela-
tive to membrane-proximal antigen binding.24–30 In proof-of-concept
studies primarily using CD33/CD3 bispecific antibodies (BiAbs), we
indeed showed that binding closer to the cell membrane enhances
their cytolytic activity.31 Limited data suggested that this principle
might extend to CAR T cells.31 We therefore raised monoclonal anti-
bodies (mAbs) against the membrane-proximal C2-set domain of
CD33 that binds CD33 regardless of whether the V-set domain is pre-
sent (i.e., have properties of CD33PAN mAbs).31 Here, we examined
how the distance between the CD33+ leukemia cell and the T cell
impacts CD33 CAR T cell efficacy. In our studies, we assessed the
impact of two variables, namely the distance between CD33 binding
epitope and cell membrane and the length of the linker between the
single-chain variable fragment (scFv) and the transmembrane domain
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Figure 1. Optimization of CD33V-set CAR My96

(A) Schematic of different types of CD33 antibodies binding full-length CD33 (CD33FL), a naturally occurring isoform lacking the exon 2-encoded V-set domain (CD33DE2), and

an artificial CD33molecule with deletion of exons 3 and 4 that results in membrane proximal relocation of the V-set domain (CD33DE3-4). (B) Schematic of CAR constructs with

short, intermediate, and long extracellular spacers. Note the mutated CH2 domain to prevent Fc binding. Illustrations created with BioRender.com. (C) Human myeloid

CD33+ ML-1, K562, or ML-1 CD33KO (by CRISPR-Cas9) cells were incubated with primary human T cells transduced with a CD33V-set My96-based CAR construct with

either a short, intermediate, or long spacer at various E:T cell ratios as indicated. After 4 h, cytotoxicity was assessed by chromium-51 release. (D) Geometric mean fluo-

rescence intensity of transduction marker tCD19 expression by flow cytometry. Experiments performed in technical triplicates. Shown are mean ± SEM in triplicate from two

representative experiments from different healthy donors. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns (not significant) by two-way ANOVA with post-hoc Tukey

correction.
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of the CAR. Increasing evidence indicates the optimal spacer length
must be determined empirically as it depends on the position of the
target epitope and the level of steric hindrance.32 Demonstrating
higher efficacy with binding closer to the cell membrane, we then opti-
mized CARs built with scFvs from CD33PAN mAbs and characterized
their properties in vitro and in vivo in models of human AML.

RESULTS
Membrane-proximal binding enhances CD33 CAR T cell efficacy

We previously demonstrated that binding closer to the cell membrane
increases the efficacy of CD33V-set/CD3 BiAbs.31 Very limited data
2 Molecular Therapy: Oncology Vol. 32 September 2024
suggested this principle might apply to CD33V-set CAR T cells.31 To
study this relationship further, we generated CD33V-set CAR T cells
with two different scFvs (My96 and A33) for testing in models of
CD33+ AML. In our approach, we wanted to ensure that the CD33-
directed scFvs themselves did not give rise to non-specific killing.
Controlling for the latter is important yet challenging in preclinical
models of CAR T cell therapy. Non-specific cell killing when a
CARmolecule is transduced into a T cell can arise from both intrinsic
activity of the T cell and tonic signaling effects of the CAR, which may
lead to the production of effector molecules and non-specific cell
death. To account for both possibilities, we generally used isogenic
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Figure 2. Effect of membrane proximity of the target

epitope on the anti-tumor efficacy of CD33-directed

CAR T cells

(A) ML-1 cells with CRISPR-Cas9-mediated deletion of

the endogenous CD33 locus and parental CD33� RS4;11

cells were engineered to overexpress either CD33FL or

CD33DE3-4. Relative expression of the target proteins was

flow cytometrically assessed with Quantibrite-PE via a

CD33V-set antibody (P67.6). (B and C) Primary human CD8+

or CD4+ T cells expressing either (B) an My96-based CAR

construct or (C) an A33-based CAR construct were

incubated with different target cells at an E:T cell ratio

of 1:2, 1:4, or 1:8 for 16 h before flow cytometric

assessment of cytotoxicity by subtracting absolute number

of live tumor cells from CD33KO ML-1 (7.29 � 106 ±

8.67 � 105) or parental RS4;11 (7.77 � 104 ± 2.03 � 104)

cells. Shown are mean ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001; ns (not significant) by two-way

ANOVA with post-hoc Tukey correction. Shown are

technical triplicates of one representative out of two

separate experiments.
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cell lines lacking CD33 (either endogenously or via CRISPR-Cas9
gene editing) as our control of non-specific killing. In settings where
such sublines were not available (most notably, immunodeficient
mouse models and primary human AML cell samples), we used either
CD19-directed CAR T cells or non-transduced T cells as controls. To
account for the broad range of CD33 expression on the surface of hu-
man AML cells,2,4,5 we used multiple cell lines with varying expres-
sion of CD33 (Figure S1).

For My96, a CAR we focused on because of the clinical exploration of
its scFv, we tested three different spacer lengths comparatively in vitro
(Figure 1B). In these studies, the long spacer decreased the efficacy of
My96 CAR T cells against CD33+ target cells, while CAR T cells with
intermediate and short spacers were similarly effective (Figure 1C).
The truncated (t)CD19marker was expressed at similar levels in these
CAR T cell products (Figure 1D), indicating that efficacy differences
Molecula
between long spacer and intermediate or short
spacer were not due to differences in CAR expres-
sion levels. Therefore, for subsequent experi-
ments, CAR constructs with short spacers were
used. Of note, consistent with CD33-specific cyto-
toxicity, My96 CAR T cells were completely inef-
fective against CD33KO ML-1 cells (Figure 1C).

To test the relationship between CAR T cell effi-
cacy and location of the CD33 binding epitope,
we used ML-1 cells with CRISPR-Cas9-mediated
deletion of endogenous CD33 loci and RS4;11 cells
(CD33� human B-ALL cell line) as target cells for
short-term in vitro cytotoxicity assays. In both cell
lines, we expressed CD33FL or an artificial variant
of CD33 in which the C2-set domain was removed
and the V-set domain was placed at the membrane-proximal position
(CD33DE3-4; Figure 1A). Engineered sublines of both cell lines showed
stable expression of wild-type and shortened CD33 constructs over
time, and we selected sublines with relatively similar CD33 levels for
further study (Figure 2A). CD33CART cells were generallymore effec-
tive against CD33+ RS4;11 cells than CD33+ ML-1 cells, perhaps partly
because of substantially higher CD33 expression on RS4;11 cells. While
CD33V-set CAR T cells were ineffective against CD33KO ML-1 cells or
parental RS4;11 cells (Figure S2A), CD33V-set CD4+ My96 CAR T cells
yielded greater cytotoxicity at high, intermediate, and low effector:
target (E:T) ratios against ML-1 cells displaying CD33DE3-4 than
ML-1 cells displaying CD33FL; this was despite slightly higher CD33
expression on CD33FL cells. Statistically significantly increased cytotox-
icity was also seen at an E:T ratio of 1:2 in the case of My96 CD4+ CAR
T against RS4;11 cells displaying CD33DE3-4 relative to cells displaying
CD33FL. In the case of A33 CD4+ CAR T, statistically significantly
r Therapy: Oncology Vol. 32 September 2024 3
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Figure 3. Effect of membrane proximity of the targeted

CD33 epitope on TNF-a expression in CD8+ and CD4+

CAR T cells

(A) CD8+ or (B) CD4+ primary human T cells expressing either

an My96-based CAR construct or an A33-based CAR

construct were incubated with ML-1 or K562 cells with

CRISPR-Cas9-mediated deletion of the endogenous CD33

locus (C33KO) or sublines engineered to overexpress

CD33FL or CD33DE3-4 at various E:T cell ratios as indicated.

After 12 h, the percentage of CAR T cells positive for

TNF-a was assessed flow cytometrically by intracellular

cytokine staining. Shown are mean ± SEM from technical

triplicates. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001; ns (not significant) by two-way ANOVA with

post hoc Tukey correction.
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increased cytotoxicity was seen at E:T cell ratios of 1:4 and 1:8 against
ML-1 CD33DE3-4 and RS4;11 CD33DE3-4 cells, respectively. A smaller
increase was also seen with CD8+ CAR T cells, particularly with A33
CAR T cells (which we generated with the intermediate linker) and
ML-1 cells but also, at low E:T cell ratios, CD33-expressing RS4;11 cells
(Figures 2B, 2C, and S2B). Statistically significantly increased tumor
necrosis factor a (TNF-a) expression was measured in CD4+ and, to
a lesser extent, CD8+ CAR T cells with ML-1 and K562 cells displaying
CD33DE3-4 compared to cells displaying CD33FL (Figure 3). In contrast,
the percentage of CD4+ or CD8+ CAR T cells expressing CD107a,
interferon g (IFN-g), or interleukin-2 (IL-2) was similar with
CD33FL and CD33DE3-4 cells (Figure S3). Together, these observations
indicated superior functionality of CAR T cells when binding CD33
proximally and provided the rationale to explore CAR T cells targeting
CD33 via the C2-set domain.

Development and optimization of CD33PAN CAR T cells

Among themAbs we raised against the C2-set domain of CD33, several
bind CD33 whether or not the V-set domain is present (CD33PAN

mAbs; Figure 1A).31 The latter is important considering the existence
of a splice variant of CD33 that expresses only the C2-set but not the
V-set.5,33,34 Using an scFv from one of these CD33PAN mAbs (CD33-
1H7), we confirmed that CD33PAN CAR T cells exerted cytotoxic
effects against ML-1 cells displaying CD33FL but not CD33DE3-4 or
CD33-deleted ML-1 cells, consistent with these effects being specific
to C2-set domain targeting (Figure 4A). This was unlike the effects
seen with CD33V-set CAR T cells (A33 and My96), which eliminated
4 Molecular Therapy: Oncology Vol. 32 September 2024
AML cells expressing CD33DE3-4 more efficiently
than they eliminated AML cells expressing
CD33FL (Figure 4A). We then performed experi-
ments to maximize the anti-leukemic efficacy of
CD33PAN CAR T cells, focusing on different spacer
lengths. In these experiments, CD8+ and CD4+

T cells expressing a 1H7 CAR with the long linker
yielded significantly less cytotoxic effects and poly-
functional effector molecule expression (intracel-
lular granzyme B, TNF-a, IFN-g, and IL-2 com-
bined; for gating, see Figure S4A) than cells
expressing the CAR construct with the intermediate and short spacer
(Figures 4B–4D). T cells expressing a CARwith the intermediate spacer
induced slightly lower cytotoxic effects at some E:T cell ratios but
equivalent effector molecule polyfunctionality/expression compared
to cells with a CAR containing the short spacer (Figures 4B–4D and
S4B). There were slight differences in cytokine secretion profiles be-
tween CD8+ and CD4+ CAR T cells and target cells. Specifically,
CD8+ cells showed increased expression of TNF-a, IFN-g, and IL-2
with the short spacer, whereas release of perforin, granzyme A, and
granzyme B was higher in cells with the intermediate spacer against
bothML-1 and K562 cells. In contrast, in CD4+ CAR T cells, increased
TNF-a, perforin, and granzyme A and B were seen in CD4+ cells with
the short spacer against ML-1 cells but not K562 cells, whereas higher
IFN-g and IL-2 expression was found in cells with the intermediate
spacer (Figure S5). While expression of the short spacer transgene
was higher, expression of the intermediate and long spacer transgenes
was equivalent (Figure S6), implying an effect on cytotoxicity and func-
tion independent of transgene expression.

CD33PAN CAR T cells show effective leukemic cell clearance in

mice bearing human AML cell xenografts

We next examined CD33PAN CAR T cells in vivo using three firefly
luciferase-expressing AML cell lines—HL-60, KG-1a, and MOLM-
14—that we demonstrated to be lysed by 1H7 CD33PAN CAR
T cells in vitro (Figures 4A, 4B, and S7) and are known to reliably
engraft in immunodeficient NOD.scid IL-2rg�/� (NSG) mice without
radiation35; the latter is important considering radiationmay enhance



(legend on next page)
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CAR T cell reactivity and obscure the comparison of CAR con-
structs.36 NSG mice were injected with 1 � 106 GFP+ HL-60 cells
via tail vein. One to two weeks later, mice received 1 � 106–
1 � 107 combined CD4+ and CD8+ 1H7 CAR T cells in a 1:1 ratio
bearing either the short or intermediate spacer (cell doses similar
to those used in other mouse studies testing CAR T cell thera-
pies37–41), control CD19-directed CAR T cells (FMC63) if AML cells
expressed CD19,42 or PBS control. As shown in Figure 5A, CD33PAN

CAR T cells prolonged survival in a dose-dependent manner, with no
deaths from AML recorded within 100 days post-tumor transfer in
mice that received 1 � 107 1H7 CAR T cells. CD33PAN CAR T cells
also prolonged survival in mice that received 1 � 106 HL-60 cells
and a low of dose of 1 � 106 CAR T cells when compared to control
CD19-directed (FMC63) CAR T cells that displayed equivalent me-
dian overall survival to PBS control (Figures 5A–5C). As demon-
strated in Figure 5C, CD33PAN CAR T cells harboring the intermedi-
ate spacer showed a statistically non-significant difference in survival
to animals that received CAR T cells with the short spacer.

Antigenic heterogeneity presents a major challenge to therapeutic
success in AML.18,19 Thus, we sought to assess the efficacy of
CD33PAN CAR T cells to clear CD33+ cells in mice bearing KG-1a
cells, which, in vivo, lack CD33 on a subset (16%) of cells. In this
study, NSG mice received 2 � 106 combined CD4+ and CD8+ 1H7
CAR T cells in a 1:1 ratio 2 weeks after tail vein injection of KG-1a
cells, and were then bled weekly to serially assess CD33 expression
on circulating human leukemia cells. A lower dose of CAR T cells
was used in this experiment to circumvent potential xenogeneic
graft-versus-host disease (GVHD) in this model of less proliferative
AML. Supporting the notion of potent target-specific activity of
CD33PAN CAR T cells against AML cells expressing CD33, clearance
of CD33+ cells was seen in the peripheral blood of mice that received
1H7 CAR T cells but not in the blood of control mice, with mice even-
tually dying with an increasing burden of CD33� leukemia cells
(Figures 5D–5F; CD33� cells gated by fluorescence-minus-one
[FMO] as per Figure S9). We then chose to compare CD33PAN

(1H7) CAR T cells to CD33V-set (A33) CAR T cells (both bearing in-
termediate spacers in their CARs) in a model of aggressive AML. The
1H7 CD8+ CAR T cells showed increased in vitro cytotoxicity against
MOLM-14 cells when compared to A33 CD8+ CAR T cells at most
E:T ratios (Figure 5G). We explored this difference further in NSG
mice xenotransplanted with MOLM-14 cells, which have previously
been shown to reproducibly lead to animals’ deaths from leukemia
Figure 4. Specific targeting of different CD33 proteins with linker-optimized C

(A) CD8+ CD33PAN (1H7) or CD33V-set (A33 and My96) CAR T cells were co-cultured wi

(CD33KO) or sublines engineered to overexpress CD33FL or CD33DE3-4 at various E:T ce

Shown are mean ± SEM from technical triplicates. (B) CD8+ or (C) CD4+ CD33PAN (1H7

cultured with ML-1 cells with CRISPR-Cas9-mediated deletion of the endogenous CD

cytotoxicity by chromium-51 release 4 h later. Shown are mean ± SEM from technical tr

CAR T cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns (not significant) by two

for granzyme B, IL-2, TNF-a, and/or IFN-g as assessed by intracellular staining and mu

long extracellular spacer following 24-h co-culture with parental CD33+ AML cell line

technical triplicates repeated in two separate experiments.

6 Molecular Therapy: Oncology Vol. 32 September 2024
within a median of 3 weeks.35 NSG mice were injected with
5 � 105 leukemia cells via tail vein, and 1 week later, mice received
5 � 106 1H7 or A33 CAR T cells in a CD4:CD8 ratio of 1:1 or PBS
control and were then sequentially imaged for bioluminescent expres-
sion to dynamically assess tumor burdens.35 As shown in Figure 5H,
1H7 CAR T cells prolonged survival relative to A33 CAR T cells, with
mice eventually succumbing to high tumor burden (Figure S8E). In all
cases, 1H7 CAR T cells extended the survival of mice bearing xeno-
grafts without evidence of weight loss at later time points when
compared with control or A33 CAR T cell-treated mice (Figure S10).

CD33PAN CAR T cells show superior cytotoxicity compared to

CD33V-set CAR T cells without evidence of exhaustion

The data from the mouse model withMOLM-14 cells depicted in Fig-
ure 5H were consistent with the hypothesis that the shorter mem-
brane-to-membrane synaptic distance leads to enhanced cytotoxicity
of CD33PAN compared to CD33V-set CAR T cells. To test this notion
in more detail, we conducted a series of comparative in vitro studies
between CD33PAN and CD33V-set CAR T cells. In these studies, done
with CD8+ cells, 1H7 CD33PAN CAR T cells displayed greater cyto-
toxicity than My96 CD33V-set CAR T cells against several human
acute leukemia cell lines spanning a range of CD33 expression
(Figures 6A and 6B). My96 transgene expression was higher in these
CD8+ CAR T cells compared to 1H7 CART cells (Figure S11). Impor-
tantly, CD33PAN CAR T cells showed no increase in coincident
expression of exhaustion markers (PD-1, TIM-3, LAG-3; Figure 6C)
relative to CD33V-set CAR T cells, neither without CD33 nor when
stimulated with CD33+ cells for 3 days.

To further study the cytotoxic properties of CD33PAN CAR T cells, we
generated CAR constructs like the optimized 1H7 construct using
scFvs from two additional CD33PAN mAbs that we previously raised
(CD33-9G2 and CD33-3A5). As shown in Figures 7A–7C, 9G2 and
1H7 CAR T cells expressed similar numbers of transduction marker
molecules/cells and showed equivalent cytotoxicity in CD4+ and
CD8+ T cell fractions, whereas reduced cytotoxicity (and reduced
CAR-containing transgene expression) was observed with 3A5
CD8+ CAR T cells and, to a lesser extent, with CD4+ CAR T cells.

CD33PAN CAR T cells show superior in vitro activity against

primary human AML cells compared to CD33V-set CAR T cells

In a final series of studies, we assessed the anti-leukemic activity
of CD33PAN CAR T cells against primary human AML cells. As first
D33PAN and CD33V-set CAR T cells

th ML-1 cells with CRISPR-Cas9-mediated deletion of the endogenous CD33 locus

ll ratios as indicated and assessed for cytotoxicity by chromium-51 release 4 h later.

) CAR T cells expressing a short, intermediate, or long extracellular spacer were co-

33 locus (CD33KO) or parental CD33+ AML cell lines as indicated and assessed for

iplicates of one representative out of two separate experiments for CD4+ and CD8+

-way ANOVA with post hoc Tukey correction. (D) Percentage of CAR T cells positive

ltiparameter flow cytometry of 1H7 CAR T cells expressing a short, intermediate, or

s as indicated. Shown are average intracellular expression levels in concatenated



Figure 5. In vivo activity of 1H7 CD33PAN CAR T cells

Immunodeficient NSG mice were injected with GFP-ex-

pressing HL-60 (A–C), KG-1a (D), or MOLM-14 (E) cells. (A)

Survival of mice bearing HL-60 cells that received either

2 � 106 1H7.int, 1 � 107 1H7.int, or vehicle (PBS) control

2 weeks after transplantation of 2 � 106 HL-60 cells (n = 5

per HL-60 group, n = 4 in PBS group). (B) Survival of mice

bearing HL-60 cells that received either 1 � 106 1H7.int or

1� 106 FMC63 CAR T cells 1 week after receiving 1 � 106

HL-60 cells (n = 5 per group). (C) Survival of mice bearing

HL-60 cells that received either 2 � 106 1H7.int, 2 � 106

1H7.sh, or 2 � 106 FMC63 CAR T cells 2 weeks after

receiving 2 � 106 HL-60 cells (n = 5 per group). (D) Survival

of mice bearing KG-1a cells having received either 2 � 106

CAR T cells or vehicle control 2 weeks following transfer of

2 � 106 KG-1a cells (n = 5 in KG-1a group, n = 3 in PBS

group). (E) CD33 expression on GFP+ KG-1a AML cells in

peripheral blood as measured by flow cytometry in mice

that received 2 � 106 1H7 CAR T cells or (F) PBS control.

(G) CD8+ CD33PAN (1H7.int) or CD33V-set (A33.int) CAR

T cells were co-cultured with MOLM-14 cells at various

E:T cell ratios as indicated and assessed for cytotoxicity

by chromium-51 release 4 h later. Shown are mean ±

SEM from technical triplicates. **p < 0.01; ****p < 0.0001;

ns (not significant) by two-way ANOVA with post hoc

Tukey correction. (H) Survival of NSG mice injected with

5 � 105 firefly luciferase-expressing MOLM-14 that then

received CD33PAN (1H7.int) or CD33V-set (A33.int) 5 � 106

CAR T cells in a 1:1 ratio of CD4:CD8 T cells 1 week later

by tail vein injection (n = 5 per group). Shown are mean ±

SEM. **p < 0.01; ns (not significant) by log rank test.
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step, we quantified surface expression of CD33 with both a CD33V-set-
binding mAb (P67.6) and a CD33PAN-binding mAb (9G2) in a set of
10 biospecimens from patients with relapsed/refractory AML cells on
bulk cells (gated on CD45 vs. side scatter), leukemic progenitor/stem
cells (gated on CD34+CD38�), and other leukemic cells (gated on
CD34+CD38+; see Figure S12 for gating strategy). As shown in
Figure 8A, P67.6 and 9G2 detected similar numbers of CD33 mole-
cules on the surface of bulk cells and CD34+/CD38+ blasts. However,
a higher number of CD33 molecules was measured with 9G2 relative
to P67.6 on CD34+/CD38� cells. In a different set of 14 samples from
patients with identifiable AML blasts spanning a range of CD33
expression levels (Figure 8B), we then assessed the relative cytotoxic
properties of CD33V-set (My96) and CD33PAN (1H7 and 9G2) CAR
T cells. Given our results above showing decreasing membrane-mem-
Molecular
brane distance improved cytotoxicity in CD4+

CAR T cells (Figure 2), we assessed both CD8+

and CD4+ CAR T cells in these experiments
with primary human AML samples. As summa-
rized in Figures 8C and 8D, all three CAR
T cell products induced CD33-specific cytotox-
icity in an E:T cell ratio-dependent manner
compared to non-transduced T cells and non-
targeting CAR T cells (13R4). CD33PAN CAR
T cells showed statistically significantly greater
cytotoxicity than CD33V-set (My96) CAR T cells at higher E:T cell ra-
tios in both CD8+ and CD4+ T cell fractions.

DISCUSSION
Limited clinical efficacy of current CD33 CAR T cells prompted us to
identify novel ways of how such adoptive cellular therapies could be
optimized.We primarily focused on the location of the binding epitope
on CD33 because we previously found that engaging CD33 close to the
membrane enhances the efficacyofCD33/CD3BiAbs,31 consistentwith
data from other cell surface antigens showing enhanced activity of
mAbs, BiAbs, or CAR T cells with membrane proximal targeting.24–29

Our results support three main conclusions: (1) decreasing the distance
from the T cell to the leukemia cell membrane by targeting the CD33
membrane proximally and by shortening the spacer between the scFv
Therapy: Oncology Vol. 32 September 2024 7
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Figure 6. Comparative analysis of in vitro cytotoxicity

of 1H7 CD33PAN and My96 CD33V-set CAR T cells

against target cells expressing various levels of CD33

(A) Quantibrite-PE assessment of cell surface expression of

CD33 on human leukemia cell lines. Shown are mean ±

SEM from technical triplicates. (B) CD8+ CD33PAN (1H7)

or CD8+ CD33V-set (My96) CAR T cells were co-cultured

with either ML-1 cells with CRISPR-Cas9-mediated

deletion of the endogenous CD33 locus (CD33KO) or

parental CD33+ AML cell lines as indicated and assessed

for cytotoxicity by chromium-51 release assay 4 h later.

Shown are mean ± SEM from technical triplicates of one

representative out of three separate experiments. (C)

Percentage of CAR T cells positive for PD-1, LAG-3, and

TIM-3 following 3 days of co-culture of CD8+ CD33PAN

(1H7) or CD33V-set (My96) CAR T cells with cell lines or

media as indicated. Shown are concatenated values from

technical triplicates. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001; ns (not significant) by two-way ANOVA

with post hoc Tukey correction).
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and the transmembrane domain of the CAR enhances the cytolytic ac-
tivity and TNF-a production of CAR T cells; (2) spacer-optimized
CD33PAN CAR T cells (i.e., cells targeting the membrane-proximal
C2-set domain of CD33) are highly potent in vivo and in vitro against
CD33+ human acute leukemia cells, including cells with a very limited
display of CD33; and (3) CD33PAN CAR T cells have superior in vitro
and in vivo efficacy compared toCD33V-set CART cells. Together, these
data provide a compelling rationale to study CD33PAN CAR T cells
further toward possible clinical testing. Such testing will need to include
careful examination of the relative effects of CD33PAN CAR T cells to-
ward normal and neoplastic CD33+ cells.

In our studies with conventional CD33V-set CAR T cells, we deter-
mined the optimal distance from the T cell membrane to the leukemia
cell membrane via two strategies. In the first strategy, we engineered
CARs using different spacer lengths separating the scFv from the
transmembrane domain of the CAR construct to identify the spacer
that provides optimal CAR T cell activity. Relative to T cells express-
8 Molecular Therapy: Oncology Vol. 32 September 2024
ing a CD33V-set-directed CAR with a long spacer,
those with a short spacer showed enhanced
cytolytic activity. Thus, shortening the mem-
brane-membrane distance via a short spacer is
one strategy to maximize CD33 CAR T cell effi-
cacy, suggesting that there is no significant steric
hindrance—in other words, the target antigen on
CD33 remains accessible to engineered T cells
despite limited flexibility within the extracellular
region of the CAR.

In the second strategy, we diminished the dis-
tance between the binding epitope on CD33
and the membrane of the leukemia cell by using
an artificial CD33 protein in which the V-set
domain was brought adjacent to the cell membrane. We did not
find any evidence of steric hindrance when short-spacer CD33V-set

CAR T cells were used against human leukemia cells expressing the
targeted domain of CD33 immediately adjacent to the cell membrane.
In fact, such CAR T cells yielded greater cytotoxicity and produced
more TNF-a with these target cells than cells expressing full-length
CD33, again indicating minimizing the cell-cell distance enhances
the efficacy of CD33 CAR T cells. Increased TNF-a production
may be an important feature of efficacy-optimized CAR T cells,
considering TNF-a expression has been associated with enhanced re-
sponses with CD19 CAR T cell therapy.43 In our studies, we observed
improved cytotoxicity when membrane-membrane distances were
minimized, not only with CD8+ but also with CD4+ CAR T cells.
The latter is significant in light of data associating cytotoxic CD4+

CAR T cells with prolonged remissions in patients following CAR
T cell therapy.44 Thus, enhancing cytotoxicity of CD4+ CAR T cells
by optimizing the membrane-membrane synaptic distance might in-
crease the likelihood of success with CD33 CAR T cells.



(legend on next page)
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Developing CAR T cells recognizing the membrane-proximal C2-set
domain of CD33 logically follows our findings. Our experiments with
CD33PAN CAR T cells demonstrate the effectiveness of this approach
against multiple human leukemia cell lines and primary human AML
cell samples displaying a range of CD33 expression levels. Because the
C2-set domain of CD33 is expressed in all known CD33 variants,5,33

targeting the C2-set domain of CD33 via CD33PAN-directed CARs of-
fers the advantage over CD33V-set CAR T cells of targeting all known
isoforms of CD33, potentially limiting CD33 escape variants. Our im-
munophenotyping studies of a limited series of biospecimens from
patients with AML also suggested the possibility that some AML
cell fractions might indeed display CD33 molecules expressing only
the C2-set, not the V-set domain—such cells would only be targetable
with CD33PAN but not CD33V-set CAR T cells—although further
studies in larger series of samples will be necessary to test this idea
further. Notably, even in the setting of CD33PAN CAR T cells, short
spacer CAR constructs yielded the greatest cytolytic activity.

As a central finding of our studies, careful comparative analyses be-
tween spacer-optimized CD33PAN and spacer-optimized CD33V-set

CAR T cells showed greater cytolytic activity of CD33PAN CAR
T cells in vitro against human leukemia cells expressing low, inter-
mediate, or high levels of CD33, as well as against primary human
AML cells. CD33PAN CAR T cells also resulted in better leukemia
control and longer survival of mice bearing human AML cell xeno-
grafts relative to CD33V-set CAR T cells. In a model of human AML,
in which a subset of cells lacked CD33, CD33PAN CAR T cells
improved the survival of mice, which ultimately succumbed to
CD33� leukemia, highlighting the pressure of these engineered
cells to force target antigen-negative escape. Importantly, while
CD33PAN CAR T cells showed better in vitro and in vivo efficacy
than CD33V-set CAR T cells, we did not observe increased expression
of PD-1, LAG-3, and/or TIM-3—markers of exhausted CAR
T cells45—on CD33PAN CAR T cells.

Together, by showing that decreased membrane-membrane distance
improves CAR T cell efficacy, our findings highlight the importance
of epitope selection for optimized CD33 CAR T cell therapy. Demon-
stration of improved efficacy of CAR T cells when directed against
membrane-proximal epitopes of CD33 charts a new course for highly
effective CD33-targeted immunotherapy that is based on binding se-
quences from C2-set domain-recognizing CD33PAN mAbs.

MATERIALS AND METHODS
Transgene expression of CD33

pRRLsin.cPPT.MSCV lentivirus constructs containing an internal
ribosome entry site-EGFP cassette for expression of full-length
Figure 7. Comparative analysis of in vitro cytotoxicity of CD33PAN CAR T cells

(A) CD8+ or (B) CD4+ CD33PAN (1H7, 9G2, and 3A5) CAR T cells were co-cultured with

(CD33KO) or parental CD33+ AML cells and assessed for cytotoxicity by flow cytometry

cell death from background cell death in non-T cell-containing wells. (C) Surface tCD19

triplicates of one representative out of two separate experiments. *p < 0.05; **p < 0.01;

Tukey correction.
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CD33 (CD33FL) or CD33 lacking the exon 3/4-encoded C2-set
domain (CD33DE3-4; Figure 1A) have been described.31,33,34,46,47

Parental and engineered human leukemia cell lines

Human myeloid K562, KG-1a, ML-1, and OCI-AML3 cells and hu-
man lymphoid RS4;11 cells were cultured as described.31,34,48

MOLM-14 cells were cultured in RPMI-1640 with 10% fetal bovine
serum (FBS; HyClone, Thermo Fisher Scientific,Waltham,MA). Len-
tivirally transduced sublines were generated at MOIs of 0.25–50, and
EGFP+ cells were isolated by fluorescence-activated cell sorting
(FACS).31,33,34,46,47,49 Cell lines were routinely tested for mycoplasma
contamination and authenticated using standard short tandem repeat
combined DNA index system typing.

Primary AML patient specimens

Frozen aliquots of primary AML patient specimens were obtained
from an institutional repository under protocol 10,142 approved by
the Fred Hutchinson Cancer Center (FHCC) institutional review
board and cultured as described.31 All patients provided written
informed consent for sample collection and use for research.

CAR T cell vectors

An epHIV7 lentiviral backbone encoding the CD28-transmembrane
domain, the CD3zeta and 4-1BB intracellular signaling domains, and
tCD19 as a transduction marker was used for all CAR constructs (Fig-
ure 1B).50,51 Due to non-specific staining, we were unable to directly
quantify CD33 CAR expression; however, we have previously shown
transduction marker expression to correlate with CAR expression
with this CAR construct.52 Codon optimized nucleic acid sequences
for scFvs of CD33 mAbs in heavy-chain/Gly-Ser linker/light-chain
orientation were integrated together with the following spacers: short,
hinge region of human immunoglobulin G4 (IgG4) (12 amino acids
[aa]); intermediate, short spacer plus the CH3 domain of human IgG4
(combined, 119 aa); and long, intermediate spacer plus the CH2
domain of human IgG4 (combined, 228 aa). For V-set domain target-
ing of CD33, two CAR constructs were built from published scFvs:
My96 (US patent 9,777,061, sequence ID: 146), and A33 (US patent
10,933,132, sequence ID: 227). For C2-set domain targeting, scFvs
were generated from three CD33PAN mAbs we previously raised
(CD33-1H7, CD33-9G2, and CD33-3A5).31

CAR T cell generation

CAR T cells were generated through the transduction of negatively
selected CD8+ or CD4+ T cells from healthy donors as described.50

tCD19-expressing CD8+ and CD4+ cells were expanded in IL-7 and
IL-15 (10 ng/mL; Peprotech, Rocky Hill, NJ) each for 12–14 days,
with media and cytokine changes every other day.
ML-1 cells with CRISPR-Cas9-mediated deletion of the endogenous CD33 locus

after overnight co-culture. Percent cell death was calculated by subtracting percent

expression as measured by Quantibrite-PE. Shown are mean ± SEM from technical

***p < 0.001; ****p < 0.0001; ns (not significant) by two-way ANOVA with post hoc



Figure 8. Targeting of primary human AML cells with

CD33PAN and CD33V-set CAR T cells

(A) Bonemarrow specimens from 10 patients with relapsed/

refractory AML were stained with PE-conjugated CD33V-set

(P67.6) and CD33PAN antibody (9G2). Cells were gated on

all AML cells (CD45 vs. SCC), AML blasts (CD34+/

CD38+), and AML progenitor/stem cells (CD34+/CD38�).
Peripheral blood AML samples from a separate cohort of

patients was assessed for expression of CD33 by P67.6

(B) and cell death when co-cultured with CD8+ (C) and

CD4+ (D) engineered T cells expressing CD33PAN CAR

(9G2 and 1H7), CD33V-set CAR (My96), or a non-binding

CAR (13R4) or untransduced T cells. Percent cell death

was calculated by subtracting percent cell death from

background cell death in non-T cell-containing wells. Bar

graphs show mean ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001 by paired two-way ANOVA with Tukey post

hoc correction.

www.moleculartherapy.org
Genetic deletion of CD33

CRISPR-Cas9 editing of CD33 was carried out as described.31,34,53

CD33� single cells were isolated via FACS and genomic DNA from
individual clones sequenced to confirm disruption or frameshift mu-
tation at all CD33 alleles.

Quantification of CD33 expression

Expression of CD33 and variants was quantified flow cytometrically
using a directly labeled CD33 mAb (clone P67.6; BD Biosciences,
San Jose, CA) or unlabeled P67.6 followed by APC-conjugated or
phycoerythrin (PE)-conjugated goat anti-mouse Ig (Thermo Fisher
Scientific). In some experiments, expression of CD33 was quantitated
with Quantibrite-PE beads (BD Biosciences). To identify non-viable
cells, samples were stained with DAPI or live-dead fixable violet stain
(Thermo Fisher Scientific). Around 10,000–20,000 events were ac-
quired flow cytometrically. CD33 expression on cryopreserved bone
marrow aspirates and peripheral blood was measured with PE-conju-
Molecula
gated mAbs P67.6 (BD Biosciences) and in-house
PE-conjugated 9G2.

Quantification of in vitro cytokine

expression/secretion andCARTcell-induced

cytotoxicity

Cytokine production was measured by co-
culturing CAR T cells with GFP+ target cells or
target cells labeled with CellVue Jade or Bur-
gundy (Polysciences, Warrington, PA). After
12–20 h, cells were cultured with monensin (BD
Biosciences) and a CD107a mAb for 4 h, followed
by staining with live-dead fixable blue stain
(Thermo Fisher Scientific) and mAbs against
CD4, CD8, and CD3, fixation/permeabilization
with the FoxP3 intracellular staining or Cytofix/
Cytoperm Fixation/Permeabilization Kit (both
BD Biosciences), and staining for TNF-a,
IFN-g, IL-2, and granzyme B. The percentage of marker-positive cells
was calculated relative to an FMO control. Expression of markers and
absolute target cell counts were flow cytometrically determined, col-
lecting at least 10,000 events. Cell surface expression of PD-1,
LAG-3, and TIM-3 was quantified by flow cytometry, with the per-
centage of marker-positive cells calculated relative to an FMO control.
Secretion of soluble effector molecules (TNF-a, IFN-g, IL-2, perforin,
granzyme A, and granzyme B) was measured in duplicate with a
custom LegendPlex Cytokine Bead Array (BioLegend, San Diego,
CA). In early experiments, CAR T cell cytotoxicity was assessed
following incubation with chromium-51-labeled target cells for 4 h
as described.51 CAR T cell cytotoxicity by chromium-51 release assay
was quantitated using the formula: (scintillation count experimental
condition � scintillation count spontaneous wells)/(scintillation
count maximum lysis by detergent� scintillation count spontaneous
wells). Because of reagent unavailability related to the COVID-19
pandemic, CAR T cell cytotoxicity was quantified flow cytometrically
r Therapy: Oncology Vol. 32 September 2024 11
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18–24 h after co-culture with tumor targets in later experiments, with
cytotoxicity calculated relative to an antigen-negative, parental cell
line or a no-T cell control, with dead cell identification by live-dead
fixable blue or violet stain.54,55

In vivo testing of CAR T cells

All animal experiments were approved by the FHCC Institutional An-
imal Care and Use Committee (IACUC). NSG mice, 6–8 weeks old,
randomly assigned to individual treatment groups, were intravenously
injectedwithGFP-expressing and firefly luciferase-expressingAML cell
lines. Between 1 and 2 weeks later, animals were injected with CAR
T cells and monitored for tumor growth and survival as described.56

To quantitate circulating AML cells, mice were bled weekly by alter-
nating retro-orbital bleeds, followed by ACK lysis and flow cytometric
quantitation of CD33+ and CD33� populations within mCD45�/
huCD45+ GFP+ cells. To minimize potential confounding by xenoge-
neic GVHD, animalswere followed for only 100 days after tumor trans-
fer. Following local IACUC requirements, mice were euthanized if they
lost >20% body weight, showed abnormal behavior or appearance, or
developed tumors that compromised normal function.

Statistical analysis

All in vitro and in vivo data were analyzed with Prism version 9.5.1
(GraphPad, San Diego, CA). All flow cytometry data were analyzed
with FlowJo version 10 (BD Biosciences). Hypothesis tests of signifi-
cance and significance levels were performed as indicated.
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