iIScience
Tunable universal OR-gated CAR T cells for AML

Graphical abstract Authors
Menna Y. Siddiqui, Jingyao Chen,
Marcela Guzman Ayala,
CD33D Tumor Nicholas W. Frankel, Wilson W. Wong
FLT3 Killing
Correspondence

wilwong@bu.edu

In brief

cellular therapy; immunology; cancer
FLT3 CD33

ZipFv ZipFv

anti-FLT:_| I_:lnti-CDBS
) €

zipCAR

Highlights
® SUPRA OR gate CAR targets multiple AML antigens, such as
FLT3 and CD33, simultaneously

@ Conveniently tunable CAR activity through variable dosing of
the adapter

@ Identify a dose range that can discriminate tumor cells from
hematopoietic stem cells

) Siddiqui et al., 2026, iScience 29, 117008
e August 21, 2026 © 2026 The Author(s). Published by Elsevier Inc. o)
https://doi.org/10.1016/j.isci.2026.117008 ¢ CellPress


mailto:wilwong@bu.edu
https://doi.org/10.1016/j.isci.2026.117008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2026.117008&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

Tunable universal OR-gated CAR T cells for AML

Menna Y. Siddiqui,” Jingyao Chen,' Joey Zhuoying Huang,' Madeline Loffredo,? Seunghee Lee," Han Deng,?
Yongshuai Li,® Nelia Leemans,® Tim Lu,® Brian S. Garrison,® Marcela Guzman Ayala,® Nicholas W. Frankel,?

and Wilson W. Wong'-4*

1Department of Biomedical Engineering and Biological Design Center, Boston University, Boston, MA, USA
2Department of Materials Science and Engineering, Boston University, Boston, MA, USA

3Senti Biosciences, South San Francisco, CA, USA
4Lead contact

*Correspondence: wilwong@bu.edu
https://doi.org/10.1016/j.isci.2026.117008

SUMMARY

Acute myeloid leukemia (AML) is characterized by antigen heterogeneity and poor prognosis. Here, to tackle
the heterogeneity of AML, we combined FLT3 with CD33 in a combinatorial OR-gate approach using our split,
universal, programmable (SUPRA) chimeric antigen receptor (CAR) platform. The split platform affords
tunability over activation levels and multiplexed targeting. We characterized the specificity and sensitivity
of different SUPRA CAR adapters for each target across a panel of target cell lines. Our results demonstrate
that this CAR system can effectively target two antigens with equivalent efficacy to conventional CARs while
reducing the engineering burden of designing CAR T cells against multiple antigens. Furthermore, we can
characterize an effective dose range where off-target cytotoxicity against hematopoietic stem and progenitor
cells is minimized. Our SUPRA OR gate has the potential to provide an effective and safer solution to treating

AML.

INTRODUCTION

Acute myeloid leukemia (AML) is a subset of leukemia that be-
gins in the blood-forming cells of the bone marrow, and has a
particularly poor prognosis, with a 5-year survival rate of just
over 30%." Despite advances in conventional treatments
such as chemotherapy and stem cell transplantation,”® there
is a significant unmet need for new and effective therapies for
AML patients.®'® Immunotherapy using T cells engineered to
target cancer-specific surface antigens has emerged as a prom-
ising approach for cancer treatment. Chimeric antigen receptor
(CAR) T cell therapy has demonstrated remarkable efficacy
against certain hematological malignancies, with six FDA
approved clinical products targeting CD19 in B-cell malig-
nancies and BCMA in multiple myeloma.''~'® Additionally, there
are over 500 clinical trials currently underway investigating CAR
T cell treatment for other diseases, including AML."""8

CAR T therapy involves genetically modifying a patient’s own
T cells to express a CAR that recognizes and binds to a specific
antigen present on cancer cells. Once the CAR T cells are
infused back into the patient, they can selectively target and
kill cancer cells, leading to durable and potentially curative re-
sponses. However, CAR T therapy for AML has been challenging
due to the heterogeneity of this disease —it is characterized by a
wide spectrum of mutations that influence the phenotype and
disease progression for each individual patient (Figure 1A)."9>"
In addition to clonal heterogeneity, many of the surface antigens
shown to be overexpressed in AML are also expressed on

healthy hematopoietic stem cells (HSCs), which has made it diffi-
cult to find a suitable antigen target for therapy (Figure 1B).??

Current CAR T therapies, including many of those in clinical tri-
als, use conventional CAR designs consisting of a fixed, antigen-
specific scFv targeting a single cancer antigen coupled with
intracellular signaling domains for T cell activation. For B-cell
malignancies, CD19 has proven to be an ideal target antigen
due to its restricted expression on B-cell lineages and not on
other hematopoietic lineages. Since no such single antigen has
been identified for AML, conventional CAR designs have shown
severe on-target, off-tumor toxicity.”> Moreover, the heteroge-
neity of AML makes it difficult for a single-target strategy to
achieve a complete response without the risk of refractory
disease.

Combinatorial antigen-targeting presents a potentially effec-
tive strategy for addressing heterogeneity and off-tumor toxicity.
Our group and others have implemented engineered Boolean
logic gates, such as “OR,” “AND,” and “NOT,” to advance the
targeting capabilities of CAR T cells.?*** In particular, OR gate
logic can target multiple antigens to prevent antigen escape
and subsequent disease relapse due to AML heterogeneity
(Figure 1C). Furthermore, by decoupling the antigen-targeting
modality from the CAR design, a split CAR design could add
an additional layer of safety and tunability not available within
other approaches.®

To achieve this, we have previously developed a split, univer-
sal, and programmable (SUPRA) CAR system composed of a
universal chimeric receptor expressed on the T cell, zipCAR,

iScience 29, 117008, August 21, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wilwong@bu.edu
https://doi.org/10.1016/j.isci.2026.117008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2026.117008&domain=pdf

¢? CellPress

OPEN ACCESS

Challenges in AML CAR-T Cell Therapy
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coupled with a soluble antigen-binding adapter, zipFv, that con-
tains a leucine zipper and scFv.*® The SUPRA system enables OR
gate logic and a tunable T cell response that corresponds to the
concentration of each zipFv supplied to the system. We leverage
this design to target two AML-associated antigens, CD33 and
FLT3, which have been identified as therapeutic targets and are
currently being explored in single-target conventional CAR T clin-
ical trials.?**%" Over 80% of AML cases are CD33", and the first
targeted AML therapy introduced was gemtuzumab ozogamicin,
amonoclonal anti-CD33 antibody conjugated with an anti-tumor
drug.*®*° However, fatal adverse events such as infection and
acute respiratory distress syndrome led to its temporary with-
drawal for 7 years before re-approval,*® and it remains effica-
cious mainly in patients with very high expression of CD33.
Recently, bispecific T cell engagers (BiTEs) and anti-CD33 CAR

ZipFv dose control
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Figure 1. SUPRA can address common
challenges in AML CAR-T cell therapy

(A) AML heterogeneity poses a challenge for
conventional CAR T therapy against a single
target, leading to antigen escape.

(B) Healthy hematopoietic stem cells express
many of the same antigens as AML, leading to
myeloablation.

(C) By targeting multiple antigens using a SUPRA
OR-gate configuration, we can combat antigen
escape and approach a complete response.

(D) By optimizing the dosing of zipFv, we can
identify a therapeutic dose that spares HSCs while
eliminating AML cells.

Antigen escape

T designs have been explored in phase |
clinical trials,*"** with mixed results due
to rapid disease progression and the
manufacturing challenges of these mo-
dalities. Similarly, the FMS-like tyrosine
kinase-3 (FLT3) is one of the most
frequently mutated genes in AML, ac-
counting for approximately 30% of AML
cases.>?>%%% The two main mutation
types are an internal tandem duplication
(ITD), accounting for approximately 25%
A ) of all AML cases, or point mutations in
\7‘ the tyrosine kinase domain (TKD), with a
> lower incidence of approximately 7%-—
' 10% of all cases.”® The FLT3-ITD muta-
tion has been hypothesized to confer a
growth advantage and become the domi-
nant clone at relapse for patients with this
mutation present at diagnosis. This muta-
tion has thus been correlated with poor
outcomes, and there remains to be an
FDA-approved targeted therapy against
this antigen. CAR-T designs against
N 4 FLT3 are being actively explored,*°
making it a suitable candidate for our pro-
posed combinatorial approach. Addition-
ally, FLT3-ITD mutations have been
correlated with increasingly elevated
expression of CD33, especially in certain subtypes of AML such
as KMT2A-mutated infant AML, adding to the potential impact
of a combinatorial targeting approach.®**® By decoupling the
targeting modality from the CAR T design, we anticipate that
our SUPRA system can alleviate some of the manufacturing
challenges of validating new CAR-T therapies while allowing
for control over dosing schedules to obtain optimal efficacy
for each patient. We show that the relative affinity of each
scFv to its target antigen has significant effects on the efficacy
of combinatorial dosing, which we have characterized to identify
an optimal dose for each target antigen. Additionally, we
demonstrate how zipFv dose control can identify a therapeutic
window that effectively eliminates tumor cells with varying
antigen expression levels while sparing most healthy HSCs
(Figure 1D).
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FLT3 and CD33 scFv design and expression in Jurkat T Cells
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Figure 2. SUPRA CAR OR-Gate against FLT3 and CD33 design and
initial activity screening

(A) Four zipFv variations were designed as a fusion of an EE leucine zipper to
FLT3 or CD33 scFv clones and paired with a 3™ generation RR CAR containing
both CD28 and 4-1BB costimulatory domains in addition to the CD3z activa-
tion domain.

(B) RR CAR was transduced into NFAT-GFP Jurkat T cells with a transduction
efficiency of 95%.

(C) FLT3+ K562 cells were co-cultured with RR CAR in the presence of either
FLT3 zipFv to assess on-target activity or CD33 zipFv to assess off-target
activity.

(D) CD33* K562 cells were co-cultured with RR CAR in the presence of either
CD383 zipFv to assess on-target activity or FLT3 zipFv to assess off-target
activity.

(E) Double+ CD33*/FLT3+ K562 were co-cultured with RR CAR in the pres-
ence of each zipFv variation to assess on-target activity. In all co-culture
conditions, an E:T ratio of 1:1 was used, and 50 ng of the corresponding zipFv
was added. CAR-T activation is reported as the expression of GFP transcribed
downstream of the NFAT reporter. Values shown are the means of technical
triplicate samples with error bars indicating +1 standard deviation. Statistical
analysis using unpaired two-tailed t test was performed. Not significant
p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001.
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RESULTS

Design and characterization of SUPRA CAR against
target antigens FLT3 and CD33

The SUPRA system comprises a universal zipper CAR (zipCAR)
and a recombinant protein combining a leucine zipper and an
scFv (zipFv). To design zipFvs targeting FLT3 and CD33, we
chose two clonal variations of each targeting antibody fragments
used in the scFv design: anti-FLT3 (NC7), anti-FLT3 (D4-3), anti-
CD33 humanized monoclonal 195 (hu-195), and anti-CD33 My-
lotarg (mylo) (Figure 2A). These were fused with an EE zipper
through a GS linker and paired with a third-generation RR-CAR
in various configurations (Figure S1A). It is important to note
that the FLT3 mutations characteristic of FLT+ AML are in inter-
nal domains with no reported effect on the extracellular protein
structure and binding affinity to scFvs. To characterize the func-
tion of these zipFvs, we screened all zipFvs with RR-CAR trans-
duced NFAT-GFP Jurkat T cells (Figure 2B) against engineered
CD33*, FLT3+, and FLT3+CD33* K562 CML target cell lines in
in vitro co-culture activation assays. Briefly, RR-CAR transduced
NFAT GFP cells were co-cultured with target cells at a 1:1
effector to target (E:T) ratio with or without 50 ng of adapter
zipFv, and NFAT transcriptional activity was measured via the
T cell activation NFAT-GFP transcription reporter expression to
assess on-target and off-target activity. This initial testing in Ju-
rkat cells allowed us to quickly screen for binder activity and test
a variety of designs in an easy to transduce and maintain cell line.
The FT3 NC7 zipFv variant showed significantly higher activation
than the D4-3 variant, while both showed higher activation levels
than the off-target CD33 zipFvs when targeting FLT3+ K562
(Figure 2C). In contrast, both CD33 zipFv variants had high on-
target activity against CD33" K562 that was significantly higher
than off-target activity by FLT3 zipFv variants (Figure 2D). Similar
to the results against single positive K562 targets, FLT3 NC7
variant showed significantly higher activity compared to D4-3
against CD33*FLT3+ K562 (Figure 2E). Although the CD33
mylo variant showed slightly higher activity than the hu195
variant against the double+ target cells, the protein production
yield of CD33 hu195 zipFv was higher (Figure S1B), leading us
to favor this variant over the CD33 mylo zipFv.

In addition to the EE-RR zipper SUPRA design, we also char-
acterized the activity of the SUPRA system generated with FOS
leucine zippers, pairing with a JunD zipCAR transduced into
NFAT-GFP Jurkat cells (Figure S2A). However, both FLT3 FOS
zipFvs show reduced on-target activity that was not significantly
higher than the off-target signal (Figure S2B). In contrast, the
CD33 FOS zipFv variants showed similarly high on-target activity
compared to their EE counterparts (Figure S2C). We additionally
designed conventional single-target CAR constructs for each
scFv variant (Figure S1A). We transduced these constructs into
NFAT-GFP Jurkat T cells to compare their activity against our
SUPRA system (Figure S3A). While the activation trends were
similar, all conventional designs exhibited lower maximum acti-
vation levels against their corresponding single+ targets, result-
ing in a lower fold change between on-target and off-target
states (Figures S3B and S3C). Based on results of these NFAT
Jurkat activation assays, the clonal variation FLT3 NC7 outper-
formed the FLT3 D4-3 clone, and the EE-RR leucine zipper
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Figure 3. Primary CD3* SUPRA CAR T cell activity and cytotoxicity against AML target cell lines

(A) RR zipCAR was transduced into primary CD3* human T cells with a transduction efficiency of ~80%.

(B) MESF quantitative fluorescence kit from Bangs Laboratories was used to quantify the antibody binding capacity against FLT3 and CD33 antigens on en-
gineered K562 cell lines and MV4-11, THP-1, and MOLM-13 cell lines. The QuickCal pre-formatted template was used to plot the standard curve and determine
the detection threshold. Results are plotted as the mean of three technical replicates with error bars indicating +1 standard deviation. Colored bands represent

surface expression range in primary human AML samples
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system outperformed the FOS-JUN leucine zipper pairs for FLT3
targeting. Importantly, protein production yield varied between
clonal variations, with FLT3 NC7 and CD33 hu-195 yielding
more zipFv protein (Figures S1B and S1C). Thus, we decided
to move forward with these two zipFvs and the EE-RR leucine
zipper pairs for further characterization of the OR gate.

Primary CD3* CAR T cell cytotoxicity against AML target
cell lines

To assess specific lysis of CD33 and FLT3 expressing target
cells, RR-CAR was transduced into primary CD3" T cells with a
transduction efficiency of over 80% for use in in vitro co-culture
cytotoxicity assays (Figure 3A). As a model for antigen expres-
sion heterogeneity, we characterized the antigen expression
levels of the engineered K562 CML cell lines, as well as the
MV4-11 human AML cell line, MOLM-13 human AML cell line
carrying the FLT3-ITD, and THP-1 acute monocytic leukemia
cell line, using a standardized fluorochrome-conjugated MESF
(molecules of equivalent soluble fluorochrome) bead kit to deter-
mine antibody binding capacity against FLT3 and CD33
(Figure 3B). This assay compares fluorescence intensity of the
target cell lines stained with a saturating amount of labeled anti-
body against a mixture of labeled beads with a known quantity of
conjugated fluorochrome via flow cytometry to extrapolate the
quantity of surface protein. This value is divided by the fluoro-
phore to protein ratio of the staining antibody to determine the
specific antibody binding capacity per cell. Prior analyses of pri-
mary human AML samples have demonstrated that surface FLT3
expression can range from ~100 to 3000 molecules per cell, with
distributions comparable to those observed across commonly
used AML cell lines, supporting the clinical relevance of these
models.*” Similarly, CD33 expression has been shown to vary
widely in primary AML bone marrow blasts, ranging from ~700
to 60,000 molecules/cell with an average of ~10,000 mole-
cules/cell.®® These expression ranges are depicted by the
colored bands in Figure 3B. Given the range of expression levels
observed in our MESF analysis, we determined these cell lines
provide an acceptable model to test the functionality of the OR
gate, with the engineered K562 cell lines serving as a model of
overexpression and the WT K562 cell line serving as a low-
expression negative control.

A key feature of the SUPRA system is zipFv dose-dependent
activity, which allows us to choose an optimal dose for maximum
T cell activation. To identify this dose for each zipFv, primary
CD3* RR-CAR T cells were co-cultured with K562 target cell
lines in a 2:1 E:T ratio with varying amounts of zipFv for 24 h, fol-
lowed by the collection of the supernatant to measure IFNy
secretion as an indication of T cell activity. The FLT3 zipFv
reached maximum activity at a dose of 100 ng in a 200 pL cocul-
ture, with minimal off-target activity against CD33* and WT K562
cells (Figure 3C). In contrast, the CD33 zipFv saturated activity at
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a lower dose of 25 ng and exhibited the Hook effect at higher
doses against the CD33" K562 target (Figure 3C). The Hook ef-
fect occurs at high concentrations when the excess analyte, in
this case the CD33 zipFv, saturates binding on both the target
cells and effector. The likelihood of this behavior increases
with increased binding affinity of the scFvs against their target
antigen, which we further characterize below.

The cytotoxicity against the K562 target cell lines at different
E:T ratios was characterized through in vitro co-culture cyto-
toxic assays using a FLT3 zipFv dose of 125 ng and a CD33
zipFv dose of 25 ng in all conditions to ensure that the presence
of both zipFvs did not interfere with the lysis of single positive
targets. To calculate lysis, target cells were pre-stained with
CellTrace Violet to differentiate them from CAR T cells in the
downstream flow cytometry analysis (Figure S4). Both FLT3
and CD833 zipFvs can induce high SUPRA CAR T cell cytotox-
icity when combined with single FLT3+ K562 and CD33* K562
in an E:T dependent manner, respectively (Figure 3D). Impor-
tantly, at our optimized dosages, we observed significantly
higher IFNy secretion from the SUPRA system in on-target con-
ditions when compared to conventional CARs co-cultured at the
same E:T ratio (Figures S5A and S5B). This indicates that our
dose optimization can also maximize CAR activation compared
to constitutively active CAR designs. In addition, to confirm that
the FLT3 and CD33 SUPRA CAR system can function as an OR
gate against two single positive populations of target cells
simultaneously, we pre-stained FLT3+ K562 with Cell Trace Vi-
olet and mixed them with the CD33" K562 targets, which ex-
press GFP, in a 1:1 ratio as half the total target cell number
with the addition of the both targeting zipFvs, and observed
that the zipFvs could successfully trigger SUPRA CAR T cells
cytotoxicity against their corresponding target in the mixed
target coculture (Figure 3D). This additional condition confirms
effective targeting of our system against two cell populations
with distinct expression profiles of our target antigens simulta-
neously, in contrast to one cell population expressing both an-
tigens at uniform levels.

We further tested this system against the cell line MV4-11, an
AML cell line derived from the blast cells of a 10-year-old male
with biphenotypic B-myelomonocytic leukemia that carries the
FLT3-ITD mutation, MOLM-13, an AML cell line derived from
the peripheral blood of a 20-year-old male with relapsed AML
containing the FLT3-ITD mutation, and THP-1, a human mono-
cytic leukemia cell line. All three cell lines have high CD33
expression and detectable amounts of FLT3 antigen expression,
and thus are expected to induce cytotoxicity for FLT3 and CD33
SUPRA systems (Figure 3B). MV4-11, MOLM-13 or THP-1 cells
were mixed with FLT3, or CD33 zipFv alone or together, and co-
cultured with SUPRA CAR T cells for 24 h under different E:T ra-
tios. As expected, SUPRA CAR T cells showed high target cell
killing efficiency when either or both zipFvs were present that

(C) To determine the optimal zipFv dose for each target, RR CAR and target cells were co-cultured at an E:T of 2:1 with varied doses of zipFv, followed by an IFNy
ELISA of the supernatant collected 24 h later. A dose of >100 ng of FLT3 zipFv and 25 ng of CD33 zipFv resulted in maximal activation.

(D) Using 125 ng of FLT3 zipFv and 25 ng of CD33 zipFv, cytotoxicity against each single positive K562 target as well as an equal mix of both targets, was
determined across a range of E:T ratios to confirm effective killing at these doses.

(E) Cytotoxicity against AML cell lines MV4-11, THP-1, and MOLM-13 was also determined using the same zipFv doses across a range of E:T ratios. Values shown
are the means of technical triplicate samples with error bars indicating +1 standard deviation.
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Competitive binding effects of multi-zipFv targeting in SUPRA
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Figure 4. Characterization of competition
due to differential affinity of FLT3 and
CD33 scFvs to their cognate antigen

(A) Schematic of potential competitive effect be-
tween zipFvs when both are present in the system.
(B) A dose competition assay was conducted by
measuring IFNy secretion of zipCAR primary
T cells when varying amounts of interfering zipFv
were added to co-culture with single positive K562
targets. A decrease in activity against the FLT3+
K562 target is observed in the presence of
increasing amounts of CD33 zipFv. This is not
observed against CD33" K562 targeting, although
a Hook effect is observable at CD33 zipFv
amounts over 25 ng.

(C) Biolayer interferometry of zipFv association
and dissociation of tips coated in cognate antigen
over a range of zipFv concentrations shows dif-
ferential affinity of each zipFv.

(D) Direct comparison of BLI response at maximum
zipFv dose shows a significantly higher associa-
tion of CD33 zipFv compared to FLT3 zipFv.

(E) Plotting BLI response at equilibrium against the
concentration of zipFv was used to calculate the
IC50 of each protein, resulting in a CD33 IC5, of
41.0 nM and an FLT3 ICsq of 247.2 nM.

either target (Figure 4A). In this experi-
ment, we created a dose-response ma-
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increased in an E:T dependent manner (Figure 3E), as well as sig-
nificant IFNy secretion over no zipFv conditions (Figures S5C
and S5D). We repeated these experiments across different
donor-derived SUPRA CAR-T cells, and observed some
donor-to-donor variability, specifically in the basal cytotoxicity
without zipFv (Figure S6A). These background levels were similar
to basal activity of donor-matched mock transduced CD3* T cell
controls, and similar variability was observed in conventional
CD33 and FLT3 CAR activity against the AML cell lines
(Figure S6B).

Characterization of differential binding affinity of CD33
and FLT3 zipFvs

Given the observed difference in dose-dependent activity of the
FLT3 and CD33 zipFvs, we sought to investigate any potential
competition or interference between them when both are pre-
sent in the SUPRA system that could limit the efficacy against
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(Figure 4B). In contrast, the addition of
FLT3 zipFv in the system targeting
CD33* K562 with CD33 zipFv does not
show the same degree of decreased
IFNy production, but we do observe a marked Hook effect at
concentrations of CD33 zipFv above 25 ng (Figure 4B). Since
the leucine zipper side of the zipFv protein is identical in both de-
signs and previously characterized by our group to not homodi-
merize,*® this indicates that this behavior likely results from dif-
ferences in the affinity of the FLT3 and CD33 scFvs to their
cognate antigen in addition to the different expression levels of
each antigen on the target cell lines. If the FLT3 antibody frag-
ment has lower affinity to the FLT3 target antigen, the probability
of an effective binding event between the FLT3 zipFv and both
the target antigen and zipCAR T cell decreases and is likely to
be more sensitive to interference from excess, non-targeting
CD33 zipFv in the culture. Conversely, if the affinity of the
CD833 antibody fragment is high enough to be favored over the
affinity of the leucine zipper portion of the zipFv to the zipCAR,
this increases the probability of CD33 zipFv saturating the avail-
able antigen binding sites on the target cell, while excess free
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Figure 5. In vivo validation of SUPRA OR gate in a xenograft Nalmé mouse model
(A) Dosing schedule of NOD SCID mice with Nalmé cells followed by CAR T or mock transduced T cells along with corresponding zipFv.

(B) To independently image FLT3"9" and CD33"9" Nalm6 tumor burden, the administration of D-luciferin and FFz were 24 h apart to ensure residual substrate had
cleared.

(legend continued on next page)
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zipFv in the coculture binds to the zipCAR. In this scenario, the
target cell is presenting the cognate leucine zipper half of the
bound zipFv, while the CAR-T cell is presenting the scFv portion
of the zipFv resulting in an observable Hook effect when the total
concentration of zipFv in the co-culture is high enough.

To further characterize potential differences between our
zipFvs, we performed bio-layer interferometry (BLI) assays to
characterize the affinity of each zipFv to its target FLT3 or
CDa33 antigen. Biotinylated CD33 and FLT3 proteins were immo-
bilized onto streptavidin tips to characterize the association and
dissociation of FLT3-NC7 and CD33-hu195 zipFv at various con-
centrations (Figure 4C). Based on the results, we clearly see a
difference in affinity to their cognate antigen, with CD33 zipFv
having a more rapid association (K, = 1.81 x 10* M~'s™")
compared to the FLT3 zipFv (K, = 1.32 x 10* M~ 's™)
(Figure 4D). This difference is also highlighted by plotting BLI
response at equilibrium against the concentration of zipFv to
determine IC5so via non-linear regression, resulting in a CD33
ICs0 0f 41.0 nM and a FLT3 ICsq of 247.2 nM (Figure 4E). The mo-
lecular weight of the FLT3 zipFv is 40.7 kDa and the molecular
weight of the CD33 zipFv is 40.9 kDa. In the context of the
maximum quantities used in our interference experiment,
600 ng FLT3 zipFv per 200 pL co-culture is a molar concentration
of approximately 74 nM and 300 ng of CD33 zipFv is a molar con-
centration of 37 nM. Notably, the molar concentrations of CD33
in our interference assay align closely with the ICsq value
measured by BLI — 100 ng of CD33 zipFv (~12.5 nM) is within
the dynamic range of its IC50 of 41.0 nM, and 300 ng (~37 nM)
approaches saturation. At these concentrations, we observe
the emergence of a Hook effect that is subtle at 100 ng and pro-
nounced at 300 ng, consistent with a scenario in which excess
CD33 zipFv saturates available antigen on the target cells while
unbound zipFv engages the CAR, preventing effective synapse
formation.

Taken together, these data indicate that the observed inter-
ference and Hook effects in co-culture are consistent with the
relative affinities of each zipFv for their target antigens. The
higher affinity and lower 1G5y of the CD33 zipFv allows it to
more efficiently engage both the target antige4n and zipCAR
even at lower molecular concentrations, contributing to its
dominance in mixed-zipFv conditions and its susceptibility to
Hook-like inhibition at higher doses. In contrast, the weaker
binding of the FLT3 zipFv makes it more vulnerable to compet-
itive displacement or masking effects from excess CD33 zipFv.
These results underscore the importance of interrogating the
dynamics of multiplexed targeting systems as well as highlight
the importance of identifying optimal combinatorial dosing of
all adapters in a split CAR system to achieve robust multi-anti-
gen engagement.
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In vivo validation of OR gate functionality in a xenograft
mouse model

To test the OR gate in vivo, we first sought to establish a cancer
cell line with a single positive target expression. The Nalm6 B-cell
precursor ALL cell line was characterized to have moderate
expression of CD33 antigen, and low expression of FLT3, desig-
nated as CD33"9" Nalmé (Figure S7A). While Nalmé is not an
AML cell line, it is a well-characterized in vivo blood cancer
model that is relatively easy to engineer to express our target an-
tigens and enables initial in vivo validation of our system. To
generate a FLT3+ line, Nalm6 cells were transduced to express
human FLT3 antigen under antibiotic selection and designated
as FLT3M9" Nalmé (Figure S7A). We then validated that these
cell lines can be effectively killed by our SUPRA system in vitro
at the previously identified doses of 100 ng FLT3 zipFv and
25 ng CD383 zipFv in 24-h co-culture cytotoxicity experiments
at various E:T ratios as previously described (Figure S7B). Lastly,
to visualize both cell lines in vivo simultaneously, the FLT3"9"
Nalm6 cells were transduced to express Firefly luciferase while
the CD33"9" Nalm6é were transduced to express the orthogonal
Antares luciferase (Figure S7C).

We have shown previously that our SUPRA system has in vivo
activity with zipFv dose ranges between 0.4 mg/kg and 5 mg/kg.
Given the extensive dose range characterization we performed
in vitro, we anticipated that some dose optimization would be
needed in vivo as well, especially concerning the potential
Hook effect with the high-affinity CD33 zipFv. To estimate the
effective dose range, we calculated a rough scaling of the
in vitro dose of 25 ng CD33 zipFv to an in vivo dose of
0.3 mg/kg given a total mouse blood volume of 2 mLs
(Figure S8). To cover a range across this dose and capture a
high dose, we chose 0.15 mg/kg, 0.6 mg/kg, and 3 mg/kg of
CD33 zipFv as an initial dosing trial against CD33"9" Nalmé
with two mice per group following the dosing schedule shown
in Figure 5A. Based on this initial trial, the 0.6 mg/kg and
0.15 mg/kg doses proved more effective at reducing tumor
burden than the 3 mg/kg group and control groups containing
zipCAR only or mock transduced T cells (Figure S9A). For FLT3
zipFv dosing, we chose a higher range of 0.75 mg/kg, 1.5 mg/
kg, and 3 mg/kg given its lower affinity than the CD33 zipFv. As
expected, our initial dosing trials did not show a marked Hook ef-
fect for the FLT3 zipFv targeting FLT3M9" Nalm6, with the higher
doses of 3 mg/kg and 1.5 mg/kg outperforming the lower dose of
0.75 mg/kg in controlling tumor burden (Figure S9B). Given these
initial trial results, we chose a dose of 0.6 mg/kg CD33 zipFv and
1.5 mg/kg FLT3 zipFv for our dual target model.

To test the system against eliminating both CD33"9" and
FLT3"9" Nalm6 cell lines simultaneously, each NOD SCID NSG
mouse was injected i.v. with a 1:1 mix of both lines on day

(C) Mice given both FLT3 and CD33 zipFv had significantly decreased tumor burden of both cell lines at week 3 compared to those with no zipFv or either zipFv

alone.

(D) Mice given both FLT3 and CD33 zipFv had significantly increased survival rate than those given no zipFv or only FLT3 zipFv.

(E) Monitoring of FLT3"9" Nalm6 growth via Firefly luciferase luminescence shows that FLT3 only zipFv administration was insufficient to control the tumor
burden, while the group given both zipFvs had a significant reduction in tumor burden across the monitoring period leading to a substantial delay in tumor growth.
Monitoring of CD33"9" Nalmé growth via Antares luciferase luminescence also shows that only the group given both CD33 and FLT3 zipFvs has a significant
decrease in tumor growth rate across the treatment and sustained reduction in CD33"9" Nalmé cells. Statistical analysis using unpaired two-tailed t test was

performed. Not significant p > 0.05, *p < 0.05, *p < 0.01, ***p < 0.001.
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0 (250k each) followed by T cell injection of either zipCAR only,
zipCAR incubated with the first dose of zipFv, or mock trans-
duced CD3* T cells on day 3. Of the three groups that received
the full SUPRA system, one group only received FLT3 zipFv,
one group received only CD33 zipFv, while the complete OR
gate group received both CD33 and FLT3 zipFvs and showed
increased survival compared to the remaining groups
(Figure 5D). Growth of the FLT3"9" Nalm6-Firefly luciferase cells
was monitored via IVIS imaging of the luciferase signal following
i.p injection of D-Luciferin (Figure 5B), and while the FLT3 zipFv
only group showed some delay in tumor growth as seen in the
week 2 luminescence images, only the group given both zipFvs
showed a significant reduction in FLT3"'9" tumor burden over the
entire treatment period (Figures 5C and 5E). Growth of the
CD33"9" Nalm6-Antares luciferase cells was similarly monitored
via IVIS imaging following the i.p injection of fluorofurimazine.
Similarly, only the group given both FLT3 and CD33 zipFvs
showed an effective reduction in tumor growth rate that per-
sisted after the last dose was administered (Figures 5C and
5E). These studies indicate preliminary in vivo efficacy of dosing
both zipFvs as an OR gate in a mixed target model and serve to
highlight the importance of dose optimization in the development
of effective therapies.

We then sought to further test the activity of the system in vivo
against an AML model. To that end, we engineered the MOLM-
13 cell line to express Firefly luciferase under antibiotic selection
to ensure stable expression. To evaluate the growth kinetics of
this tumor model in vivo, we injected NOD SCID mice with
250k MOLM-13 cells and observed aggressive tumor progres-
sion resulting in physiological endpoint between 16 and
18 days post injection. Importantly, a control condition with
both MOLM-13 cells and zipFV dosed every other day without
CAR T-cells showed no impact on tumor burden, indicating the
zipFv lacks in vivo activity on its own (Figure 6C). Based on these
growth kinetics, we chose to inject both MOLM-13 and either
zipCAR-T cells incubated with the first dose of both zipFvs, or
conventional CD33 CAR T cells on day 0 followed by zipFv
dosing every other day for a total of eight doses (Figure 6A). Tu-
mor burden was imaged via D-Luciferin injection each week until
day 21 or physiological endpoint (Figure 6B). Despite the limited
group size, the mice that received the complete OR Gate had
minimal inter-mouse variability, and the magnitude of differences
in tumor burden resulted in an unpaired t test p value of <0.001,
emphasizing the consistency of the observed control of tumor
burden compared to zipCAR only (Figure 6D). While the conven-
tional CD33 CAR initially slowed tumor growth, tumor burden
gradually increased over time to approach control levels by
day 16. In contrast, the zipFv system maintained durable control
over the tumor, resulting in substantially lower overall tumor
burden (Figure 6D). This small-scale trial further supports the
therapeutic potential of targeting both FLT3 and CD33 as a
more effective method of eliminating AML tumor cells compared
to a single target conventional CAR.

HSPC sparing and identification of a potentially effective
dose range

As a preliminary indication of the safety profile of our SUPRA sys-
tem, we sought to identify a therapeutic window of activity in vitro
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that spares primary human hematopoietic stem and progenitor
cells (HSPCs) from ablation while retaining cytotoxic activity
against cancer cell lines. We obtained bone marrow or cord
blood derived CD34" enriched human HSPCs (StemCell) and
characterized their expression of the target antigens CD33 and
FLT3 using the same antibody binding capacity assay previously
described (Figure 7A). The bulk CD34* population of both stem
and progenitor cells showed moderate CD33 expression and
low FLT3 expression (Figure 7B). CD90 has been identified as
a marker that differentiates HSCs from multipotent, erythro-
myeloid, and lympho-myeloid progenitors.*® By gating for the
CD34*CD90* subset, we quantified the expression of CD33
and FLT3 within this population and found it to be slightly en-
riched in FLT3 and lower in CD33 expression (Figures 7A and
7C). Given the limited number of this HSC-enriched population,
we chose one E:T ratio of 2:1 to test the dose-dependent cyto-
toxic activity of the SUPRA system against these cells in a
24-h co-culture. To assess cytotoxicity, HSPCs were isolated
from T cells as CD3 CD34* followed by further gating of a
CD90*CD45RA- HSC-enriched subset (Figure 7D). Compared
to the cytotoxic activity against our in vivo model Nalm6 cell
lines, we observed minimal toxicity when targeting FLT3 that
was slightly higher in the HSC-enriched subset, and a maximum
of ~30% toxicity when targeting CD33 at our highest dosage
(Figure 7E). Given our utilized therapeutic dosages of 100-
125 ng of FLT3 zipFv and 25 ng of CD33 zipFv, there is minimal
toxicity against the HSPCs at these doses, indicating the exis-
tence of a therapeutic dose window for effective specific lysis
of cancer cells with minimal off-tumor activity.

DISCUSSION

CAR T cell therapies have proven to be a remarkable break-
through and exciting area of progress in immunotherapy with
long-term proven efficacy.*® Currently implemented CAR de-
signs suffer from fixed antigen targeting capabilities, allowing
for antigen escape, as well as high levels of on-target, off-tumor
toxicity due to their non-tunability.*°~>° To overcome these limi-
tations, we have previously introduced our SUPRA CAR platform
as a tunable, multiplexed targeting platform. In this study, we
adapted SUPRA toward treating AML, a heterogeneous disease
with a very poor prognosis that has proven difficult to address
with conventional CAR T designs. Among the many antigen
markers that have been characterized for AML, we focused on
CD33, a myeloid marker shown to be expressed on over 85%
of AML cases, and FLT3, a common mutation in AML that has
been tied to poor disease progression. We show that we can
dose two zipFv adapters simultaneously to achieve combinato-
rial SUPRA targeting that eliminates target AML cell lines with
varying expression levels of CD33 and FLT3. Additionally, we
characterized the potential competition present in this system
to identify concentrations of each adapter that limit inhibition
and account for the variable affinity of each scFv to their target
antigen. Interestingly, this translated to in vivo dose optimization
of FLT3 and CD33 zipFvs, further emphasizing the importance of
adapter characterization in split systems. Within our working
dose range, we confirmed minimal toxicity against bone marrow
or cord blood derived CD34" HSPCs as well as the smaller
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In-vivo Molm13 murine model dosing schedule
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Figure 6. In vivo validation of SUPRA OR Gate in a xenograft MOLM-13 mouse model
(A) Dosing schedule of NOD SCID mice injected with MOLM-13 cells engineered to express Firefly luciferase along with CAR-T and corresponding zipFv with

additional zipFv dosing every other day for a total of eight doses.

(B) D-luciferin was injected intraperitoneally to visualize tumor burden 3x during experiment duration.
(C) Mice injected with MOLM-13 cells only or MOLM-13 cells along with zipFv only without corresponding zipCAR showed aggressive progression of tumor

burden.

(D) Mice injected with zipCAR plus both CD33 and FLT3 zipFvs showed significant (***p < 0.001) control of tumor burden compared to those injected with zipCAR
only. Conventional CD33 CAR mice showed some initial control of tumor burden that then progressed by week 3

CD90*CD45RA- HSC-enriched subset, demonstrating the po-
tential of SUPRA as a treatment strategy that overcomes the
high toxicity of conventional CAR treatment.

In our in vitro screening experiments, we consistently saw
lower basal activation of the zipCAR compared to conventional
CAR designs—a direct consequence of the SUPRA system’s
split configuration, which keeps the CAR in an off state until the
zipFv adapter is introduced. This built-in control mechanism en-
hances safety by uncoupling CAR T cell activation from mere
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presence in circulation. While this architecture might raise ques-
tions about therapeutic potency, our data demonstrate that the
SUPRA system can, in fact, elicit stronger functional responses
than conventional CARs at optimized doses. Specifically, we
observed higher levels of cytokine secretion at optimized zipFv
doses, as well as improved tumor control in vivo using our
MOLM-13 xenograft model. Moreover, the modularity of the
SUPRA system allows for fine-tuning of the therapeutic response
by adjusting zipFv dosing, enabling scalable activation that can
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Figure 7. Identification of a therapeutic zipFv dose window that spares healthy HSPCs in vitro

(A) CD34 enriched HSPCs were obtained as cryopreserved vials from StemCell and stained for antigen expression. MESF quantification of total CD34* HSPC
expression of the target antigens shows a moderate expression of CD33 and low expression of FLT3 while the CD90* stem-like subset had lower CD33 and higher
FLT3 expression.

(B) HSPCs were gated for CD34 expression along with either antigen of interest.

(C) The subpopulation of CD90™" cells makes up 10%-15% of the total HSPC population with varying levels of antigen expression.

(legend continued on next page)
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be tailored for maximal efficacy or minimized for safety depend-
ing on the clinical context. In early 2020, AbbVie and Calibr initi-
ated the first clinical trial of a “switchable” anti-CD19 CAR design
composed of an antibody switch as the adapter to the CAR, moti-
vated by the need to develop safer and more controllable CAR
designs.®® Initial results shared in late 2022 showed that 6 out
of 9 patients with relapsed/refractory B cell malignancies treated
with CLBR001+SWI019 had a complete response with only one
dose CAR-T (CLBRO001) and cognate antibody switch
(SWI019).%” Additionally, these patients experienced lower levels
of CRS toxicity, if at all. Like SUPRA, the CLBR0O01+SWI019 sys-
tem relies on a biologically derived fusion protein adapter, there-
fore these preliminary results are an exciting demonstration of the
potential of such split CAR designs to combat conventional CAR
T treatment toxicity while retaining therapeutic efficacy.

In this study, we focused on just two target antigens, CD33
and FLT3, to demonstrate the feasibility of a SUPRA OR gate
against AML. FLT3, and CD33 are well-established AML-associ-
ated antigens with distinct but overlapping expression patterns
across disease stages. CD33 is broadly expressed in over
80% of AML cases and tends to be retained even at relapse,
although its surface density can vary between patients and dis-
ease subtypes. FLT3, in contrast, is mutated in approximately
25% of AML patients, and these clones frequently expand at
relapse, contributing to poor prognosis. Notably, FLT3-ITD+
AML has been correlated with elevated CD33 expression, mak-
ing dual targeting of these antigens a rational strategy to address
both disease heterogeneity and clonal evolution. Current tar-
geted therapies such as gilteritinib (FLT3 inhibitor) and gemtuzu-
mab ozogamicin (anti-CD33 ADC) are approved for subsets of
patients but are limited by issues such as resistance, off-tumor
toxicity, and transient responses.’®*° In contrast, our SUPRA
OR-gate design enables combinatorial targeting of both FLT3
and CD33 with a single, modular CAR T platform. This approach
offers enhanced potency while preserving safety, and, most
importantly, introduces a level of dosing flexibility not possible
with conventional CARs. Additionally, the flexibility of the
SUPRA system offers the potential to switch or add additional
antigen targets depending on the individual patient’s disease
phenotype, making SUPRA particularly well suited for managing
relapsed/refractory AML where antigen profiles are dynamic. We
have also demonstrated both “AND” and “NOT” logic in SUPRA
previously, which can be coupled with this OR gate design to
further increase the specificity of the circuit against cancer target
cells. Given the characterization we have done here, it will be
important to explore the interaction between adapter binding af-
finity and the relative abundance of each target to design effec-
tive combinatorial targeting strategies as we increase the
complexity of these systems.
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This study demonstrates proof-of-concept efficacy of our
SUPRA platform for combinatorial targeting against complex
disease indications, and there are several directions that could
be explored to further strengthen the SUPRA platform and
advance its clinical readiness. For example, while our library of
orthogonal leucine zippers spans a range of affinities that can
be leveraged to tune response strength, further optimization of
affinity and pharmacokinetic properties can be explored to bal-
ance the scFv antigen binding affinities and increase the adapter
half-life. Advances in computational protein design and Al-assis-
ted optimization can provide new avenues to revisit historical
design constraints, such as the extracellular spacing of the
leucine zipper domains, or identify novel positions for protein
modifications (PEGylation or glycoengineering) that increase
the half-life of the scFv and reduce the requirement for repeat
dosing. Ongoing studies in murine models are currently evalu-
ating zipFv pharmacokinetics to better define exposure profiles
and optimal dosing schedules for future translation into clinical
models. Finally, an additional advantage of the SUPRA platform
is its enhanced safety profile given emerging strategies for in vivo
induction of CAR T cells. Recent clinical trials assessing the
feasibility of in vivo generation of CAR T have had serious safety
concerns, with the majority of patients experiencing grade 3 or
higher SAEs.® In principle, SUPRA could mitigate these toxic-
ities as the zipCAR-expressing cells generated in vivo would
remain inert until zipFv administration. Furthermore, zipFv could
be dosed on an incremental schedule to add an additional
layer of control against severe CRS. Future studies evalu-
ating this approach in clinically relevant in vivo CAR delivery sys-
tems and toxicity models will be important for determining the
translational feasibility and readiness for early phase clinical
evaluation.

Limitations of the study

It is necessary to acknowledge several limitations of this study.
First, the cytotoxicity experiments were conducted using estab-
lished or engineered cell lines as targets rather than primary pa-
tient AML samples, which can exhibit greater heterogeneity in
antigen expression and clonal composition that may influence
efficacy in a clinical setting. Second, while the in vitro HSPC
sparing assay provides a useful preliminary safety assessment,
it does not account for the complexity of in vivo hematopoiesis,
including trafficking of stem and progenitor cells between the
bone marrow and periphery, differences in maturation states,
and the potential cumulative effects of repeated zipFv dosing
on long-term hematopoietic reconstitution. Finally, while the
MOLM-13 xenograft model provided encouraging proof-of-
concept in vivo data, it involved a limited number of animals
per group. Larger, adequately powered studies will be necessary

(D) In co-culture conditions with the SUPRA system, HSPCs were first gated as CD3~, CD34" followed by further subclassification of an HSC-enriched subset as

CD45RA- CD90* within the HSPC population.

(E) Primary CD3* T cells expressing RR zipCAR were co-cultured with healthy HSPCs at an E:T of 2:1 for 24 h in the presence of a range of zipFv doses. In the
HSPC CD34* condition, 15,000 target cells and 30,000 CAR T cell were plated, and an average of 16,321 viable target cells were recovered post co-culture in the
target only condition. In the HSC targeted condition, 10,000 target cells and 20,000 CAR T cells were plated, and an average of 7,594 viable target cells were
recovered post coculture in the target only condition. By comparing to the cytotoxic activity against our Nalm6 target cells, we can identify a therapeutic window
of >50% activity against the target cells that has <30% toxicity against the HSPCs for both zipFvs. Data are plotted as the mean of three technical replicates with

error bars indicating +1 standard deviation.
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to fully characterize the therapeutic efficacy and durability of the
SUPRA OR gate in AML.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD33 mouse monoclonal antibody (PE) BioLegend Cat# 303403; RRID: AB_314347
Anti-CD34 mouse monoclonal antibody (PE) BioLegend Cat# 343605; RRID: AB_1732033

CD135 (FLT-3/FLK-2) mouse anti-human Ab (PE)

Fisher Scientific

Cat# BDB558996; RRID: AB_397175

Anti-CD34 mouse monoclonal antibody (FITC) BioLegend Cat# 343503; RRID: AB_1731923
Anti-CD90 (Thy1) mouse monoclonal antibody (BV421) BioLegend Cat# 328121; RRID: AB_10933261
Anti-CD45RA mouse monoclonal antibody (AF700) BioLegend Cat# 304119; RRID: AB_493762
Anti-CD3 mouse monoclonal antibody (AF594) BioLegend Cat# 300446; RRID: AB_2563236
Cell Culture Reagents

X-VIVO 15 Lonza 04-418Q

Human AB serum Innovative Research ISERAB100ML

StemSpan SFEM Il StemCell 19851

2-Mercaptoethanol Thermo Fisher Scientific 21985023

IL-2 NCI BRB Preclinical Repository N/A

Freestyle 293 Expression Medium Fisher Scientific 12-338-026

DMEM Corning 10-013

FBS Thermo Fisher Scientific 10437028

Penicillin/streptomycin Corning 30001Cl

L-glutamine Corning 25005CI

Sodium pyruvate Lonza 13115E

Zeocin Thermo Fisher Scientific R25005

RPMI 1640 Cytvia SH30027.LS

Bacterial and virus strains

5-alpha Competent E. coli NEB C2987

Biological samples

Anonymized whole peripheral blood collars Boston Children’s Blood Donor Center  N/A

Human BM CD34"* StemCell 70002.2

Human CB CD34", Single source StemCell 70008.4

Chemicals, peptides, and recombinant proteins

ImmunoCult™ Human CD3/CD28 T cell Activator STEMCELL 10971

RetroNectin® Recombinant Human Fibronectin Fragment Takara Bio T100B

Human FLT-3/CD135/FLK-2 Protein (His)
Human CD33/Siglec-3 Protein (His)
Human CD33/Siglec-3 Protein (His), Biotinylated

Sino Biological
Sino Biological
Sino Biological

10445-H08H-100
12238-H08H-100
12238-H08H-B-100

IVISbrite D-Luciferin Potassium Salt Bioluminescent Substrate  PerkinElmer 122799
Nano-Glo ® In Vivo Substrate, FFz Promega CS320501
PEG8000 Thermo Fisher Scientific BP233-1
Sodium Chloride Thermo Fisher Scientific AAJ2161836
Dimethyl sulfoxide (DMSO), ACS reagent, >99.9% Sigma-Aldrich 472301-1L
Invitrogen novex NUPAGE Sample Reducing Agent Fisher Scientific NP0009
Invitrogen novex NuPAGE LDS Sample Buffer Fisher Scientific NPO007
Invitrogen novex NuPAGE MOPS SDS Running Buffer Fisher Scientific NPO0001
20X PBS Tween 20 Fisher Scientific 28352
Critical commercial assays

RosetteSep"™ Human T cell Enrichment STEMCELL Technologies 15021
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CellTrace™ Violet Cell Proliferation Kit, for flow cytometry Thermo Fisher Scientific C34557

Human IFN-y ELISA Set BD Biosciences 555142

EZ-Link™ Sulfo-NHS-LC-Biotin, No-Weigh™ Format Fisher Scientific A39257

Octet® Streptavidin (SA) Biosensor Sartorius 18-5019

Experimental models: Cell lines

LENTI-X 293T Takara Bio 632180

CD33" K562 Senti Biosciences N/A

FLT3+ K562 Senti Biosciences N/A

CD33"* FLT3+ K562 Senti Biosciences N/A

WT K562 Senti Biosciences N/A

FLT3+ Nalm6 Senti Biosciences N/A

Nalm6 (CD33 high) ATCC CRL-3273

MV4-11 ATCC CRL-9591

THP-1 ATCC TIB-202

Freestyle 293-F Thermo Scientific R79007

Jurkat T cells Wong Lab -

Experimental models: Organisms/strains

Female NOD SCID NSG mice Jackson Laboratories 005557

Recombinant DNA

pHR-SFFV vector Addgene 79121

pSecTag2A - -

Software and algorithms

SpectraMax M5 Molecular Devices N/A

Flowdo V10 TreeStar N/A

Prism GraphPad N/A

BioRender BioRender N/A

Octet Analysis Studio 13.0 Sartorius N/A

Other

Octet RED384 FortéBio OCTET RED 384

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Source of primary human T cells

Anonymized whole peripheral blood was obtained from the Blood Donor Center at Boston Children’s Hospital (Boston, MA) as
approved by the University Institutional Review Board. Primary CD3* T Cells were isolated from blood using RosetteSep Human
T cell Enrichment Cocktail (STEMCELL Technologies, 15021) according to the manufacturer’s protocol then cryopreserved in
90% human AB serum (Innovative Research) and 10% DMSO.

Bone marrow derived human primary CD34 enriched cell were obtained as cryopreserved vials from STEMCELL Technologies.

Animals

Female NOD.Cg-Prkdscid 112rgtm1Wijl/SzJ (NSG) mice, 6-8 weeks of age, were purchased from Jackson Laboratories (005557) and
housed in the BUMC Animal Science Center for use in in vivo xenograft mouse experiments. All animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC) at Boston University (PROTP201800600). For all experiments,
mice of the same sex were randomly assigned to experimental groups.

METHOD DETAILS
Cell line culture
HEK293T cells were cultured in complete DMEM (Corning) containing 10% FBS (Thermo Fisher), 100 units/mL penicillin (Corning),

100 pg/mL streptomycin (Corning), 1% L-glutamine (Corning), and 1 mM sodium pyruvate (Lonza). Jurkat T cells were cultured in
complete RPMI (Cytvia) containing 5% FBS, 100 units/mL penicillin, 100 pg/mL streptomycin, and 1% L-glutamine. K562 cells,
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MV4-11 cells, THP-1 cells, and Nalm6 cells were all cultured in complete RPMI containing 10% FBS, 100 units/mL penicillin,
100 pg/mL streptomycin, and 1% L-glutamine. Jurkat T cells, HEK293T cells, and K562 cells were not authenticated. Nalm-6,
MV4-11, and THP-1 cell lines were obtained from ATCC, which performs STR profiling for cell line authentication prior to distribution.
MOLM-13 cells were obtained from AddexBio, which also performs STR profiling for cell line authentication prior to distribution. Cells
were used within 20 passages of receipt and were not further authenticated in-house. K562, MV4-11, and THP-1 cells were also as-
sessed for CD33 and FLT3 expression by flow cytometry. All cell lines were regularly tested for mycoplasma contamination and
confirmed mycoplasma-negative prior to use in co-culture assays or in vivo injection.

zipFv and zipCAR construct design

zipFvs were designed by Senti Biosciences as fusions of scFvs from known antibody clones (FLT3 clones NC-7 and D43, CD33

clones Hu195 and Mylotarg) to EE or JUN leucine zippers via a GC linker, followed by a 6X His tag for purification (Figure S1).
zipCARs were designed as previously described in the original SUPRA system as third generation CAR constructs expressed un-

der an SFFV promoter in a lentiviral backbone (Figure S1). For the initial zipFv screening, both RR and JUN zipCARs were evaluated

along with their cognate zipFv pairs. All zipCARs contained a myc tag c-terminal to the leucine zipper and were fused with mCherry

after CD3z to assess expression levels.

Expression and purification of zipFv

For zipFv protein production, Freestyle 293-F cells (Thermo Scientific) were transfected with pSecTag2A mammalian expression vec-
tor based on the supplier’s protocol. Three days post transfection, zipFv was collected from the cell supernatant through centrifu-
gation at 400 x g for 5 min. The collected zipFvs were then purified by the Probond purification system with native conditions.

Western blot and SDS-PAGE gel electrophoresis

To verify the expression of zipFv proteins, western blot was performed based on standard protocol. Purified proteins were first mixed
with NuPAGE LDS sample buffer (Fisher Scientific) and NUPAGE reducing agent (Fisher Scientific), and then heated on a thermocy-
cler at 90°C for 10 min. Denatured samples were then loaded on SDS-PAGE gel in NUPAGE MOPS SDS running buffer (Thermo Sci-
entific) and run at 200V for 30 min iBlot 2 gel transfer device was used to transfer protein to the membrane, which was then blocked by
5% of milk powder (Research Products International) in 1X PBS-Tween 20 (Thermo Scientific). To detect produced zipFvs, the
blocked membrane was incubated overnight with 1:1000 diluted 6x-His Tag Monoclonal Antibody (4E3D10H2/E3) in PBS-Tween
20. Images were captured the next day using Gel Doc EZ imager (Biorad).

Primary human T cell isolation and culture

Primary CD3* T cells were isolated from anonymized whole peripheral blood obtained from Boston Children’s Hospital using the
STEMCELL RosetteSep Human T cell Enrichment Cocktail. After isolation, CD3™ T cells were cryopreserved in 90% human Ab serum
(Innovative Research) and 10% DMSO. For cell culture, complete T cell media consisted of X-VIVO 15 (Lonza) supplemented with 5%
human Ab serum and 55 uM 2-mercaptoethanol. 50 units/mL of IL-2 (NCI BRB Preclinical Repository) was added to the media upon
addition to the T cell culture.

Lentivirus generation and transduction of human T cells
Replication-incompetent lentivirus was packaged using HEK293T Lenti-X cells (Takara) and third generation lentiviral packaging and
envelope plasmids. Briefly, HEK293T cells plated in a 125 mm? culture plate were PEI transfected with the lentiviral and zipCAR plas-
mids at 80-90% confluency. 24 h post transfection, HEK293T culture media was removed and replaced with FreeStyle 293 expres-
sion medium (Gibco) supplemented with 100 pg/mL streptomycin, 100 units/mL penicillin, 1 mM sodium pyruvate, and 5 mM sodium
butyrate. Lentivirus-containing supernatant was collected two times between 48 and 96 h post transfection and replaced with fresh
complete FreeStyle media between collections. The harvested lentivirus was concentrated using a 40% w/v PEG-8000 and 1.2 M
NaCl solution overnight, then spun down for 1 h at 1600xg at 4°C. The supernatant was then poured off, and the viral pellet was re-
suspended in 4 mL cold PBS. Concentrated virus was either used immediately or flash frozen in liquid nitrogen and stored at —80°C.
T cells were thawed 48-72 h before transduction and cultured in complete X-VIVO 15 media for 24 h, then activated with Immunocult
human CD3/CD28 T cell activator (STEMCELL) for up to 48 h. One day before transduction, a non-TC treated 6 or 12-well plate was
coated with 20 pg/mL Retronectin (Takara) in PBS and incubated at 4°C overnight. The Retronectin solution was then removed, and
the plate was blocked with 2% BSA solution for 30 min before adding 2 mL or 1 mL of concentrated virus per well for either a 6-well or
12-well transduction, respectively. This was spun down at 1200xg for 90 min, then removed and activated primary CD3* T cells were
added at a concentration of 250k cells/mL and incubated at 37°C. Transduction efficiency was assessed as mCherry expression via
flow cytometry, and transduced T cells were maintained between 500k and 1 mil cells/mL for 10-14 days for experimental use.

In-vitro NFAT Jurkat activation assay

On the day of transduction, 2 mL NFAT Jurkat cells were mixed with 50 pL of concentrated virus per well for a 6-well plate at a con-
centration of 250k cells/mL. The plate was spun down at 1000xg for 30 min then the virus containing media was replaced with fresh
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Jurkat culture media by spinning down at 400xg for 5 min. Transduction efficiency was assessed by mCherry expression through flow
cytometry 3 days after transduction. Transduced NFAT Jurkat cells were maintained between 250k and 1.5 mil cells/mL.

NFAT Jurkat activation assay was performed by incubating transduced NFAT-GFP Jurkat cells expressing zipCAR with engi-
neered K562 target cells at an E:T ratio of 1:1 (100k NFAT Jurkat cells and 100k target cells) with 25 ng/well of each zipFv for 16—
20 h at 37°C. Activation of NFAT Jurkat cells was assessed by NFAT-GFP expression through flow cytometry.

Antibody binding capacity assay

To quantitatively determine the levels of CD33 and FLT3 expressed on all target cell lines and human primary CD34 enriched cells, the
Quantum MESF PE-conjugated kit from Bangs Laboratories was used. Briefly, the 5 bead populations provided in the kit (blank and 4
bead populations labeled with increasing amounts of PE) were run on the same day, in the same FACS buffer, and at the same fluo-
rescence settings on the Attune NxT Flow Cytometer as triplicate samples of the cell lines stained with saturating quantities of anti-
CD383 or anti-FLT3 PE-conjugated antibodies. Full width, half height gating around the histogram plots of each bead population was
used to determine the mean fluorescence intensity (MFI) of each population. These MFls were then used in the Bangs Laboratories’
quantitative analysis template, QuickCal, to establish a calibration curve and calculate the molecules of equivalent fluorescence of
each stained cell population. This value was divided by the fluorophore to protein ratio of the corresponding antibody to determine
the antibody binding capacity per cell.

In-vitro cytotoxicity assays

Co-culture cytotoxicity assays were initially performed by incubating primary human CD3* T cells expressing zipCAR with engi-
neered K562 target cells at an E:T ratio of 2:1 (50k CAR T cells and 25k target cells) along with a range of zipFv doses from 0 to
625 ng/well for 24 h at 37°C. Based on these initial assays, a dose of 125 ng of FLT3 zipFv and 25 ng of CD33 zipFv was used for
subsequent assays that varied E:T ratio against K562, MV4-11, MOLM-13, and THP-1 cell lines. A similar dose response cytotox-
icity assay method as follows for FLT3"9" and CD33"9" Nalmé cell lines at an E:T ratio of 1:1 (25k CAR T cells and 25k target cells)
with varying amounts of each zipFv from 0 to 325 ng/well. For all E:T variations in K562 cytotoxicity assays, a target cell number of
20k was used with CAR T amounts varying from 20k for a 1:1 ratio to 200k for a 10:1 ratio. For MV4-11, MOLM-13, THP1, and
Nalm6 E:T cytotoxicity assays, a target cell number of 50k was used with CAR T amounts varying from 25k for a 1:2 ratio to 200k
for a 4:1 ratio. Target cells were stained with either eFluor 450 or CellTrace Violet prior to co-culture, and after 24 h, the super-
natant was saved at —80C for ELISA, and the cells were resuspended in FACS buffer to analyze via flow cytometry. Cytotoxicity
was measured as viable target cell count compared to target cell only conditions by gating for eFluor 450+ or CellTrace Violet+
cells. In the mixed single positive K562 co-culture assay, CD33* K562 cells express GFP, allowing for specific gating based on the
GFP signal. To characterize specific lysis, cytotoxicity assays included donor matched, mock transduced T cells incubated with
the corresponding target cells at matched E:T ratios along with both zipFvs added as a negative control in addition to target only
conditions.

Cytokine release assay

Supernatant was collected after co-culture for 24 h from cytotoxicity assays and frozen at —80°C for future analysis using an enzyme-
linked immunosorbent assay (ELISA) to measure IFNy secretion. The BD OptEIA Human IFNy ELISA kit was used along with BD Re-
agent Set B according to the manufacturer’s instructions. Supernatant was diluted at either a 1:50 or 1:100 ratio in assay diluent to
ensure cytokine amounts were within the detection limits of the kit.

zipFv competition assay

To evaluate the potential competition between FLT3 and CD33 zipFvs when dosed simultaneously, co-culture assays were per-
formed as previously described at an E:T ratio of 1:1 in a dose response matrix. Briefly, CAR T cells were cultured with one target
cell type, either WT K562, FLT3"9" K562, or CD33"9" K562, along with varying doses of “targeting” and “non-targeting” zipFv
from 0 to 625 ng/well such that at each dose of targeting zipFv, a range of non-targeting zipFv doses was added to evaluate inter-
ference. After 24 h of co-culture at 37°C, the supernatant was saved and analyzed via ELISA to measure IFNy secretion as previously
described.

Biolayer interferometry assay

CD33-biotin was purchased from Sino Biological, and FLT3-His was purchased (Sino Biological) and then biotinylated in-house using
the EZ-Link Biotinylation kit (Fisher Scientific). After equilibrating tips in BLI buffer (1X PBS +0.05% Tween 20) and establishing a
baseline, the streptavidin (SA) coated biosensor tips were dipped into wells containing 10 pg/mL of CD33 or FLT3 (separately) for
immobilization, followed by transfer into the buffer to establish baseline 2. Loaded tips were then dipped into various concentrations
of zipFv (0-1000 nM) to allow for association before transfer back into the buffer for dissociation. Analysis was performed in Octet
Analysis Studio 13.0. Association was controlled by subtraction of a trace where the tip was not loaded with protein before exposure
to zipFv, and dissociation was controlled via subtraction of a trace containing loaded protein but no exposure to zipFv. Y axis was
aligned to the last 5 s of the second baseline, and data was fit to a Mass Transport model.
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HSPC sparing assay

Bone marrow derived human primary CD34 enriched cells were obtained from StemCell and cultured in StemSpan SFEM Il Human
Hematopoietic Stem Cell Culture Medium (StemCell). Cells were thawed and stained for antigen expression then used in co-culture
cytotoxicity assays within 24 h as described previously, with an E:T ratio of 2:1 and varying concentrations of each targeting zipFv.
After 24 h of co-culture, the supernatant was saved, and cells were resuspended in FACS buffer for analysis via flow cytometry. Cyto-
toxicity was measured as viable CD3~CD34" HSPC cell count compared to target cell only and zero zipFv conditions. HSC-enriched
subset cytotoxicity was measured by further gating the HSPC population on CD90*CD45RA-.

Xenograft mouse models

This study used only female NOD-scid IL2rgnull (NSG) mice to allow group housing and minimize injury from male aggression, as well
as to reduce body-weight variability across cohorts. As such, the influence of host sex on tumor engraftment or CAR-T efficacy was
not evaluated in this study. To obtain sex-independent results, a mix of male and female mice would be needed.

Cohorts of female NOD.Cg-Prkdcscid l12rgtm1Wijl/SzJ (NSG) mice were ordered from the Jackson Laboratories and housed in the
BUMC Animal Science Center. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee
(IACUC) at Boston University (PROTO201800600).

For the pilot Nalm6 dose determining experiment, NSG mice were injected with 500k luciferase-expressing Nalm6 cells intrave-
nously on day 0. CD33"9" Nalm6 were engineered to express Antares luciferase while FLT3"9" Nalmé were engineered to express
Firefly luciferase for a dual reporter system. In animals containing both target cells, they were mixed at 250k each for a total cancer
cell injection of 500k/mouse. On day 6, 5 million CAR-T cells were injected intravenously. For conditions containing zipFv, the first
dose of zipFv was injected intraperitoneally on day 7 and every other day for a total of 4 doses. An intraperitoneal injection method
was chosen to minimize injury to the tail vein due to frequent injections. Tumor burden was measured by IVIS Spectrum and was
quantified as total flux (photons/sec) in the entire mouse. Images were acquired within 10 min of intraperitoneal injection of
150 mg/kg of D-luciferin (PerkinElmer) or 17.6 nM of FFz (Promega). Images were analyzed using Living Image (PerkinElmer).

For the final Nalm6 xenograft model, the dosing schedule was altered to inject CAR-T or Mock T cells on day 3, and 6 total doses of
zipFv were administered including the initial dose incubated with the T cells 30 min prior to injection of T cells on Day 3.

For the MOLM-13 xenograft model, 250k engineered MOLM-13 cells expressing Firefly luciferase were injected into NSG mice
intravenously on Day 0. 10 million CAR-T or mock T cells were also injected intravenously on Day 0. For conditions containing zipFv,
the first dose was incubated with the CAR-T cells for 30 min prior to injections. Subsequently, zipFv was injected intraperitoneally
every other day for a total of 8 doses. Tumor burden was measured by IVIS Spectrum and was quantified as total flux (photons/
sec) in the entire mouse. Images were acquired within 10 min of intraperitoneal injection of 150 mg/kg of D-luciferin (PerkinElmer).

Statistical analysis

To evaluate statistical significance, data between groups were evaluated using an unpaired two-tailed t test. p values are reported
(not significant = p > 0.05, * = p < 0.05, ** = p < 0.01, ™ = p < 0.001), and error bars are plotted as standard deviations between
replicates.
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