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In brief

Treating acute myeloid leukemia with
conventional, single-target CAR cell
therapies is challenging due to tumor
heterogeneity and because tumor
antigens are found on hematopoietic
stem cells. Frankel et al. design logic-
gated CAR-natural Killer cells that
simultaneously detect three antigens on
prospective target cells to safely decide
whether to kill them.
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SUMMARY

Acute myeloid leukemia (AML) is an aggressive disease with a poor prognosis (5-year survival rate of 30.5% in
the United States). Designing cell therapies to target AML is challenging because no single tumor-associated
antigen (TAA) is highly expressed on all cancer subpopulations. Furthermore, TAAs are also expressed on
healthy cells, leading to toxicity risk. To address these targeting challenges, we engineer natural killer (NK)
cells with a multi-input gene circuit consisting of chimeric antigen receptors (CARs) controlled by OR and
NOT logic gates. The OR gate kills a range of AML cells from leukemic stem cells to blasts using a bivalent
CAR targeting FLT3 and/or CD33. The NOT gate protects healthy hematopoietic stem cells (HSCs) using an
inhibitory CAR targeting endomucin, a protective antigen unique to healthy HSCs. NK cells with the combined
OR-NOT gene circuit kill multiple AML subtypes and protect primary HSCs, and the circuit also works in vivo.

INTRODUCTION

Chimeric antigen receptors (CARs) are synthetic transmembrane
receptors that recognize tumor-associated antigens (TAAs) on a
target cell surface and redirect the cytotoxic capabilities of im-
mune cells such as T cells or natural killer (NK) cells against these
cells. CAR-T and CAR-NK products have shown promise as
cancer therapies for select blood cancers and are being
clinically investigated for a wide variety of liquid and solid tumor
indications. NK cells present several possible advantages over
T cells, including their innate anti-tumor activities, reduced pro-
pensity to cause systemic toxicity, and low alloreactivity, which
may facilitate the manufacture of lower-cost, off-the-shelf
products.’

Existing single-target modalities, such as antibodies, anti-
body-drug conjugates, and conventional CAR-based cell thera-
pies, rely on a single TAA to distinguish between cancer and
healthy cells. When such TAAs are also found on normal tissues,
however, there is a risk of on-target/off-tumor toxicity that funda-
mentally limits the therapeutic window between efficacy and
safety.” As a result, many cancers that lack a single “clean”
TAA, such as AML, still constitute a major untreated disease
burden.

AML is an acute leukemia characterized by an accumulation of
malignant immature white blood cells due to differentiation

blockade. It is the most common type of acute leukemia in
adults, constituting 80%-85% of cases,> and is the second
most common—as well as the deadliest—in children.® Conven-
tional therapy consists of remission induction therapy followed
by consolidation, in which multiple courses or high doses of
chemotherapy are followed by hematopoietic stem cell (HSC)
transplantation.® Even so, ~70% of patients relapse within 3
years.”®

Unfortunately, the successes of CAR-based cell therapies
have not yet been translated to treatment of AML, likely due to
the lack of a single suitable lineage-restricted TAA that is: (1) ex-
pressed on both AML blast and leukemic stem cell (LSC) popu-
lations; and (2) not expressed on healthy cells, such as HSCs
(refer to Table S4 for immunophenotypes of these cellular sub-
populations). CD33 (SIGLEC-3) and FLT3 (CD135) are validated
therapeutic targets for AML. CD33 is a myeloid differentiation
marker® expressed on AML and currently targeted in the clinic
using the Food and Drug Administration (FDA)-approved drug,
gemtuzumab ozogamicin (Mylotarg).'® FLT3 is a potential CAR
target for AML blasts and LSCs,"'~'* which is promising because
recent studies suggest that AML relapse is associated in part
with the LSC population.

Targeting LSCs has been challenging, however, due to the risk
of on-target/off-tumor toxicity."' For example, while FLT3 is a
promising CAR target for AML, FLT3 CAR cell therapies have
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Figure 1. NOT gates based on inhibitory CARs can be used to make CAR-NK cells with enhanced precision and wider therapeutic windows
(A) Therapeutic immune cells with activating CARs (aCARs) targeting tumor-associated antigens (TAAs) can kill healthy cells that express the TAA (on-target/off-
tumor toxicity). We have discovered cell-surface proteins that are selectively expressed on healthy cells, not but cancer cells, that can be recognized as protective

antigens (PAs).

(B) NOT gates invert signals, allowing detection of a PA to shut down TAA-targeted killing of healthy cells.
(C) We implemented NOT gates in NK cells by designing inhibitory CARs (iCARs) that recognize PAs and shut down aCAR-triggered killing in response to TAAs,

sparing healthy cells.

remained unavailable in the United States and Europe due to
concerns over toxicity against healthy FLT3" HSCs and early
progenitors cells (HSPCs),'>'® as has already been observed
in FLT3 CAR-T cell and bispecific T cell engager preclinical
studies.’”?° While B cell aplasia that results from anti-CD19
CAR-T therapy can be clinically managed with immunoglobulin
replacement ’(herapy,21 anti-AML T cell-based therapies with
off-tumor toxicity toward healthy HSPC populations have the po-
tential to cause significant and life-threatening treatment compli-
cations, including anemia, thrombocytopenia, or even bone
marrow failure.?? Therefore, safe and effective cell therapies for
AML will require tools to shield healthy cells from the deleterious
effects of anti-AML CARs and must target both AML blasts and
LSCs despite the fact they often have different TAAs.

The lack of clean TAAs could be overcome if therapeutic mo-
dalities could instead detect multiple antigens and control cyto-
toxic activity based on which combination of antigens are absent
or present. To measure cancer-specific signatures?® rather than
just individual TAAs, we designed CAR-based logic gates in NK
cells that detect and respond to multiple inputs. Specifically, we
created OR logic-gated CARs to target multiple tumor subpopu-
lations and to mitigate the risk of TAA expression loss.”**°
Furthermore, we designed a NOT logic gate to enable CAR-NK
cells to detect the presence of a protective antigen (PA) on the
surface of healthy cells and thus protect them from being killed
due to on-target/off-tumor expression of dirty TAAs.

We validated these logic gates individually and in concert,
both in vitro and in vivo, and confirmed the ability of OR-NOT
gate CAR-NK cells to target TAAs of multiple AML subpopula-
tions while sparing primary healthy human HSCs from on-
target/off-tumor toxicity. This implementation of OR-NOT logic
gating in CAR-NK cells against clinically relevant cancer antigens
has the potential to enhance efficacy and precision for the treat-
ment of AML and is being advanced toward first-in-class clinical
trials in patients.
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RESULTS

Most TAAs are not restricted solely to cancer cells, so T or NK
cells expressing a TAA-specific CAR may recognize and Kkill
TAA-expressing healthy cells (Figure 1A). A protective mecha-
nism is needed to prevent this on-target/off-tumor toxicity
and thus maximize treatment efficacy and precision. NOT
gates—components that invert signals—can be used to build
circuits that shut down cellular activity in response to the pres-
ence of an “off” signal (Figure 1B). To create such a circuit in
the context of CAR-NK cells, we designed an inhibitory CAR
(iICAR) to recognize a PA on healthy target cells and inhibit acti-
vating CAR (aCAR)-mediated killing of those healthy cells
(Figure 1C).

FLT3 is a clinically validated TAA in AML that is also expressed
on healthy HSCs (Figure 2A). There are multiple FDA-approved
small-molecule drugs that distinguish between FLT3* cancer
cells and FLT3" healthy cells by targeting cancer-specific muta-
tions in the FLT3 intracellular domain. Targeting FLT3 with anti-
body-based or CAR-based therapies has been challenging,
however, because there are no such distinguishing mutations
in the extracellular domain. Therefore, to distinguish these two
cell types, we screened for “negative” targets marking healthy
cells rather than conventional “positive” targets marking cancer
cells (Figure 2B).

Understanding that a curative therapeutic approach for AML
likely must target the LSC population in order to prevent relapse
of disease in patients, our approach was to combine (1) an anti-
FLT3 aCAR targeting AML with (2) an iCAR that detects and
protects healthy HSCs, enhancing the therapeutic window. To
identify PAs expressed by HSCs but not AML, we used a bioin-
formatics pipeline (Figure 2B) that filtered for membrane pro-
teins, expression on HSCs, and low RNA counts on AML, which
nominated several candidates which we then profiled by flow
cytometry. Our manual curation process of the resulting hits
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Hematopoetic stem cells express FLT3, an antigen associated with AML blasts and LSCs
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Figure 2. Discovery of EMCN as a PA for healthy HSCs during CAR-mediated therapy against AML
(A) FLT3 expression was compared between AML and healthy hematopoietic cell subpopulations (left; for additional subpopulation details, see Table S4), with
focused comparative analysis between AML blasts (n = 825), AML patient LSCs (n = 28), and healthy donor HSCs (n = 22), with healthy donor neutrophils (n = 2) as

a control (right).

(B) Bioinformatics pipeline summary for identifying HSC-specific PAs not expressed on AML.
(C) EMCN expression was compared between the same groups as (A, right), showing high expression in healthy HSCs compared to AML blasts or LSCs.
(D and E) EMCN protein expression was assayed by flow cytometry in patient-derived AML LSCs (D) and primary HSCs from healthy donors (E), validating

selective expression of EMCN on HSCs. SSC, side scatter.

In this figure, box plots follow Tukey’s convention, with outliers omitted from (A) for visual clarity. Statistical significance determined using ANOVA (***p < 0.001).

consisted of consideration of the HSC literature, which narrowed
our choice to endomucin (EMCN) (Figure 2C) due to the fact that
it was previously demonstrated to be a marker that is robustly
expressed on highly functional HSCs possessing long-term
multi-lineage reconstitution potential.’® We confirmed that the
healthy HSC compartment in primary human bone marrow cells
expressed EMCN at a frequency of up to 70%, while patient-
derived AML LSC samples demonstrated no appreciable
expression (Figures 2D vs. 2E).

Next, we designed an aCAR/iCAR receptor pair to kill FLT3*
AML cells while protecting EMCN* healthy cells from CAR-medi-
ated toxicity (Figure 3A, left). We created an FLT3 aCAR with a
CD28-derived co-stimulatory domain and CD3z stimulatory
domain (aFLT3-282). Like the aCAR, the iCAR had extracellular
antigen-recognition and hinge domains and a transmembrane
domain. Unlike the aCAR’s intracellular domains (ICDs), which
are derived from T cell receptor signaling components with im-
munoreceptor tyrosine-based activation motifs (ITAMs), the
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Figure 3. Design and optimization of “FLT3 NOT EMCN” logic gate in CAR-NK cells

(A) We developed a systematic approach to design the NOT gate by screening different transmembrane and intracellular domains (TM-ICDs) taken from native
inhibitory proteins in the context of an anti-EMCN iCAR, which were co-transduced into NK cells with an aFLT3 aCAR. Constructs were evaluated based on the
difference between on-tumor (FLT3"EMCN") killing and off-tumor (FLT3*EMCN™) killing (or “killing reduction”). scFv, single-chain Fv (variable fragment); H, hinge;
TM, transmembrane domain; ITIM, immunoreceptor tyrosine inhibitory motif.

(B) Comparison of NOT gates using aFLT3 aCAR combined with aEMCN iCARs with different TM-ICDs, demonstrating optimality of the LIR1-derived TM-ICD
(purple) by its high killing reduction. Control: aFLT3 aCAR with LIR1-based iCAR targeting an irrelevant antigen.

(C) CAR-mediated killing (bars) and TNF-a secretion (circles) of NK cells in (B) in response to on- or off-tumor cells. Anti-PA NOT gate (aFLT3-28z and aEMCN-
LIR1) significantly reduced aCAR response in a PA-dependent manner.

(D) Mixed target challenge. Same cell and antigen system as (C) except that both target cell types were mixed in the same container, showing the same level of
protection.

In this figure, values represent the mean of three technical replicates, and error bars represent +SE of mean. Welch’s test was used to discern significant dif-

ferences.

iCAR had ICDs adapted from immune checkpoint receptors with
immunoreceptor tyrosine-based inhibitory motifs (ITIMs). This
design takes advantage of the rapid, protein-based signaling
of ITIMs, which recruit phosphatases SHP-1, SHP-2, and
SHIP-1 to the immune synapse, blocking phosphorylation cas-
cades arising from activated ITAMs on the intracellular tails of
activating receptors (e.g., DAP12, CD3z, and FceRlg).”” We
packaged the aFLT3-28z and aEMCN iCAR constructs into viral
vectors and co-transduced them into NK cells to create NOT
gate CAR-NK cell populations. We also constructed a control
NOT gate, which was targeted against a dummy antigen,
HER2, not expressed on any target cells. Antibiotic selection
for the iCAR construct was used to ensure that aCAR* NK cells
were also iCAR™ (Figure S2A).

4 Cell Reports 43, 114145, May 28, 2024

NK cells expressing NOT gates with these various iCARs were
then screened in parallel (Figure 3A, upper right) for their ability to
kill “on-tumor” target cells (a leukemia cell line, SEM, endoge-
nously expressing FLT3) while sparing “off-tumor” target cells
(the same cell line engineered to express EMCN). We compared
NOT gate performance by calculating the reduction in killing be-
tween on-tumor and off-tumor targets (Figure 3B, lower right).
Higher killing reduction signified more potent inhibitory signaling
by the iCAR intracellular domain.

The control NOT gate with a non-targeting binder (gray bars in
Figures 3B and 3C) resulted in equal killing of on- and off-tumor
cells, thereby exhibiting no killing reduction, signifying no NOT
gate function. NOT gates with functional iCARs (Figure 3B,
blue bars) had positive killing reduction (i.e., lower killing of
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Figure 4. OR-gated CARs enable NK cells to target multiple AML antigens

(A) In AML, less-differentiated LSCs tend to express more FLT3, while more-differentiated blasts tend to express more CD33.

(B) OR gates are circuit components that activate in the presence of either or both inputs.

(C) CARs that target only FLT3 or only CD33 cannot target all AML blasts or LSCs, respectively, while OR gate CARs targeting both antigens may recognize
multiple AML subpopulations.

(D) OR gate CAR structure based on loop bivalent scFv with both FLT3 and CD33 recognition domains. VH and VL, variable heavy and light domains.

(E) In vivo validation of OR gate CAR-NK cell killing in an endogenously FLT3*CD33* MV4-11 leukemia xenograft model expressing luciferase. Bioluminescence
imaging shows CAR-mediated tumor clearance (right) in comparison with untransduced NK cells (middle). Left: PBS treatment control.

(legend continued on next page)
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off-target than on-target cells), signifying varying levels of NOT
gate function. The NOT gate using an iCAR derived from leuko-
cyte immunoglobulin-like receptor subfamily B member 1, or
LIR1 (Figure 3B, purple; Figures 3C and 3D, red) demonstrated
the greatest level of killing reduction and therefore the highest
level of NOT gate function.

The NOT gate based on the LIR1 iCAR showed minimal tonic
inhibition of aCAR function in the absence of EMCN expression
on targets relative to the control NOT gate (Figure 3C). Moreover,
it was able to suppress the secretion of tumor necrosis factor o
(TNF-o) (Figures 3C [right] and S3A) and interferon-vy (Figure S2C)
in an EMCN-dependent fashion. The high performance of the
LIR1 iCAR was not dictated by high expression level alone, as
other iCARs with similar expression performed substantially
worse (Figure S3B). Statistically significant EMCN-dependent
suppression of toxicity was robust across multiple biological
replicates (Figure S2D).

EMCN-dependent reduction in killing was also observed when
EMCN* and EMCN™ target cells were premixed and co-cultured
with NOT gate CAR-NK cells with the aEMCN-LIR1 iCAR
(Figures 3D and S2B). These data suggest that the “FLT3 NOT
EMCN?” circuit enables cell-by-cell decision making with no
loss of function in a well-mixed environment, implying that the
circuit works on a fast timescale, as would be expected from
the ITIM-mediated mechanism of action based on protein
recruitment and modification. This is particularly important for
clinical applications in oncology, where healthy cells and cancer
cells are often in close proximity to each other. For example, in
AML, cancer cells intermingle continuously with healthy hemato-
poietic cells.

Since no single TAA can be used to wholly target all AML sub-
populations, we developed a bioinformatics pipeline (Figure S4A)
to identify target antigen pairs which together possess the po-
tential to concurrently eliminate both LSCs and blasts. FLT3 is
often more associated with less-differentiated hematopoietic
cells, including LSCs, while CD33 is often more highly expressed
within more-differentiated myeloid cells, including blasts,”® and
inconsistently expressed among LSCs?® (Figure 4A). Concurrent
targeting of both FLT3 and CD33 should: (1) produce an inclusive
targeting approach covering all AML subpopulations; (2)
help prevent tumor antigen escape; and (3) increase total killing
of the many AML cells that are double positive for FLT3 and
CD33 expression. Thus, this OR gate strategy, which activates
when either of two inputs (or both) is detected (Figure 4B), should
have advantages over conventional “mono-CARs” that only
target one subpopulation (Figure 4C).

We created an “FLT3 OR CD33” circuit using a bivalent aCAR
design containing two binders, one for CD33 and one for FLT3,
combined in a loop configuration®® (Figure 4D). As with the
aFLT3 aCAR above, the intracellular domain of the OR gate

Cell Reports

CAR consisted of CD28 co-stimulatory and CD3z stimulatory
domains. We tested in vivo efficacy of OR gate CAR-NK cells
within an AML xenograft immunocompromised mouse model
generated with patient-derived MV4-11 AML cells, which endog-
enously express FLT3 and CD33. Target and effector cells were
both injected on day 0. This approach has been shown to be
clinically translatable in the field of CAR-NK cell therapy, with re-
sults having been successfully translated from bench® to
bedside®'**? and back to bench, using the same approach again
with patient samples.*® Other preclinical studies®**° in the field
have taken this approach as well.

Bioluminescence imaging (BLI) of tumor-expressed luciferase
(Figures 4E and S4B) revealed the innate cytotoxic behavior of
untransduced NK cells compared to a saline (PBS) control (mid-
dle vs. left groups), but OR gate CAR-NK cells exhibited substan-
tially higher suppression of tumor burden than untransduced NK
cells alone (right vs. middle group). As a result of the OR-gated
CAR-mediated tumor killing, mouse survival was also signifi-
cantly extended compared to the other treatment groups
(Figure 4F).

After confirming the cytotoxic activity of the OR-gated CAR
in vivo, we sought to verify its logic gating performance in com-
parison to mono-CARs that solely bind only FLT3 or CD33. We
created an in vivo OR gate vs. mono-CAR challenge by injecting
two different groups of immunocompromised mice with either
SEM leukemia cells, which endogenously express high levels
of FLT3 and low levels of CD33, or MOLM-13 leukemia cells,
which endogenously express low levels of FLT3 and high levels
of CD33. Both patient-derived cell lines expressed luciferase, al-
lowing us to track tumor burden and progression, as well as
CAR-NK cell anti-tumor activity compared to a PBS control
(Figure 4G).

As expected, based on antigen expression levels, anti-FLT3
mono-CAR-NK cells statistically significantly reduced tumor
burden in the FLT3"™ SEM high tumor model but not in the
FLT3'° MOLM-13 tumor model (Figure 4H, blue box in left vs.
right plot; Figure S5). Anti-CD33 mono-CAR-NK cells, on the
other hand, showed the expectedly reversed trend by specif-
ically killing the CD33" tumor model but not the CD33" tumor
model (Figure 4H, green box in left vs. right plot). Importantly,
OR-gated CAR-NK cells with both FLT3 and CD33 binders
reduced tumor burden in both models, to a similar extent as
each mono-CAR in its own “specialized” tumor model (Fig-
ure 4H, red box in both left and right plots). Thus, the OR-gated
CAR results in an increased breadth of targeting across different
heterogeneous leukemia models with varying expression levels
of AML antigens FLT3 and CD33.

We combined OR and NOT gate components to make a
“(FLT3 OR CD33) NOT EMCN?” circuit that targets both AML
LSC and blast antigens while also protecting vulnerable

(F) Kaplan-Meier curve of mouse study in (E), showing survival extension with OR gate CAR-NK cell treatment (red) relative to other groups. All groups are
significantly different from each other (p < 0.005, log-rank test, 4-5 mice per group).
(G) In vivo OR gate challenge: NK cells were injected into two groups of mice, each engrafted with either SEM cells (FLT3hi, CD33lo) or MOLM13 cells (FLT3lo,

CD33hi).

(H) Change in tumor burden (measured by BLI) relative to PBS treatment control in each of the two challenge groups, comparing mono-CARs (blue, green) to the
OR gate CAR (red; day 11 post injection). Mono-CARs each target one tumor type, while OR gate CAR (red) targets both. Markers represent mean of at least five
mice; error bars represent +SE of mean. Significant differences assessed with ANOVA (*p < 0.05, ***p < 0.005).
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Targeting AML LSCs and blasts while sparing HSCs using a 3-input OR-NOT gated CAR
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Figure 5. Combining OR and NOT gates to protect primary healthy human hematopoietic stem cells

(A) Applying NOT gate architecture to the OR-gated CAR yields an OR-NOT gate circuit that targets multiple AML subpopulations while protecting HSCs. Three-
dimensional antigen space reveals how 3-input logic gating is required to achieve this clinical goal by targeting cells defined by specific combinations of the three
antigens.

(B) Construct design incorporating OR gate aCAR, aEMCN iCAR, and a modified form of IL-15 (to enhance NK cell persistence) into a single tricistronic payload.
(C) OR gate aCAR and iCAR from construct design in (B) were co-expressed at high levels. Gate was set based on an untransduced NK cell control.

(D) Killing of blasts and LSCs from multiple AML patient samples by OR-NOT gate NK cells (green) is enhanced compared to untransduced NK cells (black).
(E) OR-NOT gate CAR-NK cells (medium green) reduce killing of EMCN* HSCs from freshly thawed primary human CD34-enriched bone marrow cells, compared
to OR gate CAR-NK cells without the NOT gate (light green).

No statistically significant reduction of killing occurs in response to SEM leukemia cells. Values represent the mean of three technical replicates, and error bars
represent +SE of mean. Welch’s test was used to discern significant differences (*p < 0.01).

EMCN™* HSCs (Figure 5A). To do so, we designed a constructen-  retroviral payload (Figure 5B), and confirmed high levels of aCAR
coding an anti-FLT3/anti-CD33 bivalent aCAR, an anti-EMCN and iCAR co-expression in NK cells (Figure 5C).

iCAR, and a modified form of interleukin-15 (IL-15), a cytokine NK cells transduced with the tricistronic construct showed a
that can enhance NK cell persistence,*° all on a single tricistronic  majority of cells expressing all three payloads, demonstrating
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the ability to express multiple logic gates in NK cells along with
another clinically important effector (Figure 5C). OR-NOT gate
CAR-NK cells showed enhanced killing of both AML blasts and
LSCs from multiple patient samples (Figure 5D). Significant
NOT gate performance was confirmed across a large number
of NK cell donors (ten of ten tested, Figure S8A), highlighting
the robustness of the gene circuit, even in the context of an
aCAR targeting multiple AML antigens and co-expression of a
clinically useful activator, IL-15. While we found that aCAR and
iCAR responses did scale with antigen density on target cells,
we confirmed that NOT gate function was robust across a range
of TAA or PA expression levels. The EMCN iCAR maintains a
comparable level of protection (20 to 25 percentage points of
killing reduction) even when challenged with target cells with
10-fold lower FLT3 expression level (Figure S8B). While EMCN
iCAR function does depend modestly on target EMCN expres-
sion levels, changing EMCN expression level on the target cells
by 6-fold results in a change of protection by only 1.3-fold, signi-
fying a relatively insensitive relationship (Figure S8C).

We have shown that the NOT gate protects target cells in a PA-
dependent manner using an experimental system in which
healthy cells are modeled by cell lines overexpressing the PA,
but how well does the circuit perform in protecting actual primary
EMCN* HSCs? We compared OR gate CAR-NK cells expressing
the “FLT3 OR CD33” gene circuit to OR-NOT gate CAR-NK cells
expressing the full “(FLT3 OR CD33) NOT EMCN” gene circuit in
a co-culture assay with either SEM leukemia cells or EMCN™*
HSCs from primary human CD34-enriched bone marrow. We
confirmed that CD34-enriched bone marrow samples used in
this study included HSCs that expressed both EMCN (Fig-
ure S6A) and FLT3 (Figure S6B).

Both OR gate and OR-NOT gate CAR-NK cells killed cancer
cells equally, reinforcing earlier results that, when not engaged,
the iCAR does not tonically inhibit cytotoxicity (Figure 5E, left
group, light green vs. medium green). Both OR gate and OR-
NOT gate CAR-NK cells killed cancer cells slightly more than
EMCN* HSCs, which is unsurprising due to NK cells’ innately
enhanced cytotoxicity against tumor cells (left vs. right group),
which is one of the attributes NK cells possess that make them
promising cell types for cell therapies. Crucially, however, the
OR-NOT gate CAR-NK cells were significantly less toxic than
OR gate CAR-NK cells toward primary EMCN* HSCs (Figure 5E,
right group, light green vs. medium green; Figure S7), showing
that the NOT gate can protect vulnerable primary healthy cells,
potentially mitigating the risk of CAR-mediated, on-target/off-tu-
mor toxicity. Within the context of well-established clinical proto-
cols for hematopoietic cell transplantation, only a portion of the
total normal HSC population is transplanted into conditioned
transplant recipients, which is sufficient to provide long-term
multi-lineage repopulation of an entire healthy hematopoietic sys-
tem.®”*® Consequently, it is likely that this level of NOT gate-
mediated protection has the potential to be clinically impactful.

HSCs are the least differentiated hematopoietic cells and are
capable of both self-renewal and multi-lineage repopulation.
HSCs give rise to multi-potent progenitors (MPPs), which in turn
giverise to all other lineages. Because MPPs express lower levels
of EMCN than HSCs, we wanted to determine whether the EMCN
iCAR still protected them, although any potential loss of MPPs
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would be reconstituted by HSCs, which are significantly protected
by the iCAR (Figure 5E). We determined that OR-NOT-gated CAR-
NK cells also significantly protected MPPs (Figure S9).

Finally, we aimed to confirm that the NOT gate can reduce on-
target/off-tumor toxicity in vivo, using the full OR-NOT circuit
with IL-15 support. To create an in vivo model for assessing
on-target/off-tumor toxicity, we employed “on-tumor” and
“off-tumor” cell lines that were FLT3*CD33*EMCN~ and
FLT3*CD33*EMCN", respectively. Both cell lines were based
on endogenously FLT3" SEM cells modified to highly express
CD833, but only “off-tumor” cells also exogenously expressed
EMCN. Before engraftment, these two target cell subpopulations
were mixed 1:1. In the following weeks, tumor burden was
tracked via BLI of luciferase expressed by target cells. (Because
both target cell subpopulations expressed the same luciferase
cassette, BLI served only as a measurement of bulk killing.) To
determine NOT gate function, peripheral blood was analyzed
by flow cytometry to assess the relative abundance of each
target subpopulation (Figure 6A). A functional OR-NOT circuit
should result in an increase in the PA expression among target
cells and a specific reduction in on-tumor cells.

The initial 50% PA expression among target cells was not
appreciably changed by treating with untransduced NK cells
(Figure 6B [representative examples], top row, right plot).
When we injected control CAR-NK cells expressing the OR
gate with a non-functional iCAR, we observed a drop in abun-
dance of tumor cells relative to untransduced NK cells (Figure 6B,
middle row, middle plot); however, the lack of a NOT gate in this
circuit resulted in roughly equal proportions of on-tumor and off-
tumor target cells (Figure 6B, middle row, right plot) due to indis-
criminate cytotoxicity against both target populations. Notably,
NK cells expressing the complete OR-NOT gate circuit resulted
in precise ablation of the on-tumor target cell subpopulation, en-
riching the frequency of off-tumor target cells to over 90% of
target cells (Figure 6B, third row, middle and right plots). To sum-
marize, the OR-NOT gate resulted in a very significant enrich-
ment of off-tumor target cells in vivo, while none of the other
treatments resulted in any change from baseline (Figure 6C
[group-averaged results], red box vs. others).

In terms of target cell abundance, OR-NOT gate CAR-NK cells
significantly killed on-tumor cells beyond the level of innate killing
of untransduced NK cells (Figure 6D, left). OR-NOT gate CAR-
NK cells did not, however, exhibit CAR-mediated killing of off-tu-
mor cells, while OR gate CAR-NK cells with a non-functional
NOT gate exhibited substantial CAR-mediated on-target/off-tu-
mor toxicity (Figure 6D, right). In other words, the addition of the
NOT gate abolished CAR-mediated off-tumor cell killing in vivo.
The NOT gate effect was also reflected in BLI (Figure S10A) and
at other time points in the study (Figures S10B and S10C). The
target cell PA expression and target cell abundance results,
taken together, demonstrate that the OR-NOT gate can kill tumor
cells while minimizing on-target/off-tumor toxicity in vivo.

DISCUSSION
Synthetic gene circuits afford the ability to engineer cells with

complex, customizable phenotypes and input-output re-
sponses.>>™" The field of logic-gated CARs is continuously
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OR-NOT gate circuit results in precise killing of on-tumor cells
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Figure 6. Triple-input OR-NOT gate CAR-NK cells avoid on-target/off-tumor toxicity in vivo with precise killing

(A) In vivo mixed target study design. “On-tumor” target cells (FLT3*CD33"EMCN™ cancer model) and “off-tumor” target cells (FLT3*CD33*EMCN" healthy
model) were mixed with NK cells and injected into mice.
(B) Peripheral blood was collected for flow-cytometry analysis of circulating target and NK cells. Representative data from each group illustrating identification of
cell populations. Rows from top to bottom: untransduced NK cells; control NK cells expressing the OR gate CAR with a “dummy” iCAR containing a non-
functional ICD; NK cells expressing full OR-NOT gate circuit. Columns from left to right: mouse vs. human cells; target vs. NK cells; on-tumor (gray) vs. off-tumor
(purple) target cells. The OR-NOT gate potentiated precise killing of on-tumor cells (red arrow).
(C) Percentage of off-tumor target cells (of all target cells) in peripheral blood was specifically enriched by NK cells expressing the full OR-NOT gate circuit (red),
day 20 post implantation. Box: interquartile range with line at median; whiskers: range of data.
(D) Target cell abundance (relative frequency among all CD45* cells) at day 27 post implantation. Left: OR-NOT gate CAR-NK cells (red) result in reduced fre-
quency of on-tumor cells in peripheral blood via CAR-mediated killing. Right: without the NOT gate, OR gate CAR-NK cells (dark blue) kill off-tumor cells, but the

full OR-NOT circuit (red) abolishes this toxicity.

Values represent the mean of at least five mice, and error bars represent +SE of mean. In this figure, significance was tested using ANOVA (*p < 0.05, **p < 0.01,

***p < 0.005, ***p < 0.001).
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expanding, and many individual “components” have already
been described. Advances in the field today focus on combining
these components into more complex, clinically oriented cir-
cuits. For example, inhibitory CARs have been designed in
T cells and NK cells to create NOT gates, but they have not
been combined with other logic-gated components to create
larger circuits as we have here. Here, we demonstrate a syn-
thetic three-input logic gate in NK cells, but it is also noteworthy
as a therapeutic gene circuit in any cell type to target three clin-
ically relevant antigens in a simultaneous, rather than sequen-
tial,** fashion. By protecting primary EMCN* HSCs, this thera-
peutic strategy has the potential to enable a wider therapeutic
window for the treatment of AML and better post-treatment
reconstitution of a healthy hematopoietic system, which would
be medically meaningful if confirmed in clinical trials.

It has been proposed that the development of sophisticated
cell therapies that sense, integrate, and respond to multiple
ligand inputs will become increasingly common.*>** In devel-
oping such circuits, however, it can be problematic to measure
their response only to individual target cell types presented
separately. The experimental approach of artificially providing
one type of target cell in isolation in vitro may be somewhat
appropriate for modeling the physiological setting of some
particularly homogeneous solid tumors, provided that cancerous
and healthy tissues are sufficiently physically separate in vivo.*®
However, in heterogeneous tumors, which include liquid tumors
(in which circulating cancer cells are invariably mixed with
vulnerable healthy cells) and many solid tumors, the precision
of killing will depend on fast-timescale decisions made by thera-
peutic cells. Switchable circuits based on protein-protein or
protein-small molecule interactions®**>' can signal faster
than those based on gene expression for further discus-
sion, see also Gordley et al.>®). Our NOT gate distinguishes
PA* from PA™ target cells in a mixture potentially because ITIM
signaling proceeds through protein recruitment and post-trans-
lational modification.”” These data are also consistent with a
model in which the iCAR works primarily in cis, rather than in
trans, which is to say by responding to a PA on the same target
cell that is already being targeted via an interaction between the
aCAR and TAA. Since ITIM-based inhibitory receptors (including
our iCARs) act by spatially recruiting phosphatases to the im-
mune synapse, whereupon they locally dephosphorylate kinases
associated with immune activation,”® it follows that iCARs
should primarily act at the same cell-cell interface as the aCAR’s
target.

The bivalent CAR demonstrated here can recognize two TAAs
with one receptor and responds to target cells that are CD33",
FLT3*, or both. This is important in AML due to the heteroge-
neous nature of the disease, characterized by the presence of
LSC and blast subpopulations with differing expression levels
of these two antigens. Targeted therapies against CD33 have
shown successful killing of AML blasts, but cases of relapse
have occurred, likely due to residual LSCs that are low or nega-
tive for CD33. By targeting both FLT3 and CD33, we have shown
that the OR gate described here can kill both primary blasts and
LSCs, increasing its potential to control AML disease.

Interestingly, the extent of iCAR protection was revealed to be
much higher in our in vivo experiments than initially suggested by

52-54 (
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overnight co-culture experiments. This might be due to the short
timescale (1 day) and supraphysiological cell density in this stan-
dard in vitro assay format (i.e., high cell counts seeded in
U-bottom plates that tend to accumulate cells at the bottom).
In such conditions, activation of CAR-NK cells may be hypersti-
mulated, making it artificially difficult for the NOT gate to sup-
press cytotoxicity. The fact that NK cells exhibit a strong innate
proclivity toward killing cancer cells may account for the super-
ficially higher NOT gate protective effect in T cells in similarly arti-
ficial short-term in vitro assays using cancer cells to model
“healthy cells.”’

In the in vitro HSC protection experiments described herein,
we chose a high density of cells in the assay to promote a high
level of killing to facilitate measurement of the effect of the
iCAR. This experimental design allowed us to successfully
show that the iCAR significantly reduces toxicity toward HSCs,
but, in a more physiological setting, this magnitude of killing
would not occur. With this therapeutic strategy, critical HSC
loss in vivo is unlikely because of NK cells’ natural tendency to
avoid killing normal cells (especially stem cells) under physiolog-
ical conditions, HSCs’ substantial capacity for self-renewal, and
NK cell therapies’ short-term persistence in vivo. Given the clin-
ical success of current hematopoietic cell transplantation proto-
cols,®”*® the efficacy and protection aspects of our engineered
OR-NOT CAR-NK cell circuit are promising for application to-
ward AML.

We chose a short-term format for our HSC protection experi-
ment because HSCs are not suitable for long-term experiments.
This is because they tend to rapidly differentiate when cultured
ex vivo, which drastically complicates the interpretability of the
experiment. Long-term in vivo experiments using mouse models
engrafted with human HSCs have similar pitfalls, including a
paucity of bona fide, self-renewing HSCs after engraftment.
For studying the system long term, here we instead leveraged
an in vivo model using model cell lines, which confirmed that
the NOT gate effect is even stronger over the longer term than
observed in short-term in vitro experiments. In vivo studies
with model cell lines are broadly used in the cell therapy and syn-
thetic immunology fields, especially in logic gating studies where
complex antigen combinations must be systematically tested
in vivo. 24547525859 The |onger time frame and circulating envi-
ronment of the in vivo experiments are likely to better reflect
physiological settings and is where we observed the largest
magnitude of effect. Another interesting observation was that
the OR-NOT gate CAR-NK cells exhibit stronger cytotoxicity to-
ward on-tumor cells compared to OR gate CAR-NK cells in vivo,
possibly due to the latter cell type having to tackle both target
cell types (PA* and PA"), effectively reducing the effector-to-
target (E/T) ratio. In our experiments, NOT-gated CAR-NK cells
in the peripheral blood were low in frequency after several
weeks, at which time the proportion of model healthy cells was
>90% (Figure 6C) and comparable in abundance to our PBS
treatment control (Figure 6D). These long-term data suggest
that the kinetics of the system would preclude a collapse of
the healthy cell population; instead, the margin of protected
healthy cells widens over time.

Despite the artificial overexpression of EMCN in the model
target cells, our data show that the level of protection is
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comparable to primary HSCs with endogenous expression of
EMCN, making it an informative model. The functional impact
of comparatively “high” or “low” EMCN expression levels can
only be understood in the context of the lineage and phenotype
of the target cell. Our model cells are derived from tumor cells,
which NK cells naturally tend to kill, whereas HSCs are primary
stem cells that NK cells naturally tend to avoid. It follows that
an artificially higher level of EMCN expression on tumor cells
would be required to elicit a level of protection similar to that in
endogenously EMCN* HSCs.

An alternative mechanism for mitigating CAR toxicity is to kill
the therapeutic cells through drug-*> or antigen-inducible®°
expression of apoptotic effectors. Either strategy is undesirable
with NK cells, due to challenges maintaining in vivo persistence.®’
The antigen-mediated kill switch is especially problematic if the
death antigen is expressed in tissues that NK cells frequently visit
after administration, such as the liver or lungs, in which case ther-
apeutic cells may die altogether before reaching their true target.
This strategy may further suffer if the timescale of CAR activation
is faster than the kill switch, as is the case with transcription-
based circuit components.®® Because it is challenging to exter-
nally control cell behavior specifically in the vicinity of tumor cells,
the drug-regulated version is more relevant to systemic toxicity,
but, since NK cells, unlike T cells, rarely cause cytokine release
syndrome or neurotoxicity, this approach may be of limited appli-
cability. Compared to either approach, a key advantage of our
iCAR-based NOT gate is the ITIM mechanism of action to directly
inhibit the activating CAR through phosphatase intermediates
rather than to compromise cell viability.

EMCN is broadly expressed on endothelial cells in addition to
hematopoietic cells, meaning that the EMCN iCAR will likely be
frequently engaged in vivo in different contexts. Unlike T cells,
NK cells are part of innate immunity and use a “missing self” sys-
tem for choosing targets. They express a large array of different
inhibitory receptors that are continuously probing diverse li-
gands on various types of normal cells. Although they recognize
a broad distribution of ubiquitous ligands (such as human leuko-
cyte antigens, collagen, sialic acid, and lectins), many of these
receptors share very similar ITIM-containing intracellular do-
mains to LIR1 (e.g., KIRs, SIRPa, LAIR-1, SIGLECs, CEACAM-
1, and other LIRs), meaning that NK cells normally receive
ongoing signaling through these pathways (i.e., SHP-1, SHP-2,
and SHIP-1). Indeed, it is central to NK cell maturation and func-
tion to be continually inhibited by healthy cells throughout all of
the tissues that they traverse. Therefore, frequent stimulation
of the LIR1 iCAR described here would not be expected to cause
any abnormal outcomes in NK biology.

There are other logic gating strategies that can theoretically be
employed to improve safety of CAR products. AND-gated CARs
are theoretically only activated when two ligands are simulta-
neously detected on a target cell. One approach involves co-
expression of two weak CARs recognizing different ligands:
each engaged alone potentiates negligible activation, but
ligating both creates additive or synergistic signaling that drives
an above-threshold cytotoxic response.’®*” Alternatively, a
transcriptional switch responding to one antigen can be used
to drive expression of a CAR recognizing a second, in which
case kiling only occurs when both antigens are present
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(although not simultaneously; see above regarding problems
with slow kinetics being less amenable to discrimination).*® In
either case, the AND gate strategy is potentially more vulnerable
to antigen escape, whereby cancer cells lose or downregulate
expression of a TAA.°' The two-antigen requirement of the
AND gate gives cancer twice the opportunity to evade detection.
NOT gates, on the other hand, rely on consistent PA expression
on normal cells, which could potentially remain more stable than
TAA expression on cancer cells, which is known to fluctuate,
both over time and across tumor cells, especially under thera-
peutically exerted negative selection. Stability of PA expression
on normal cells could hypothetically arise either from compara-
tively higher genetic stability of normal vs. cancer cells, from
positive selection by effector cells, or from both.

Having demonstrated how this technology can be success-
fully applied within a liquid AML tumor setting, we are developing
this circuit into a clinical candidate, SENTI-202, for patients with
hematologic malignancies, including AML (clinical trial ID
NCT06325748). Additionally, applying the OR-NOT gate circuit
toward the treatment of solid tumors holds equally transforma-
tive potential. For example, anti-CEACAMS engineered T cell ap-
proaches have demonstrated therapeutic potential in the clinic
for the treatment of colorectal cancer; however, trials were
halted due to off-tumor toxicity against the gastrointestinal
tract®® and possibly lung®® tissues. We believe that such toxicity
could be significantly reduced through the application of the
NOT gate technology described in this work, potentially
increasing the therapeutic window. Additionally, this circuit uti-
lizes a form of IL-15, which could potentially be beneficial in
the context of solid tumors by increasing the persistence and
anti-tumor activity of NK (and other immune) cells within the
immunosuppressive tumor microenvironment.

Limitations of the study

There remain avenues to further refine and understand NOT gate
gene circuits in NK cells. Although we screened for high-per-
forming, naturally occurring iCAR ICDs, we have not shown
here any optimization of the “structural” domains of the iCAR,
namely the hinge or transmembrane regions. Similarly, we
focused solely on the 28z ICD for the mono- and OR-gated
aCAR and did not elucidate here the effect of LIR1 iCARs on
different aCAR co-stimulatory domains and their respective dif-
ferential responses. Optimizing these parameters could be use-
ful for refining both the function of these circuits and our under-
standing of them.

To further characterize the circuit in vivo, other animal models
could also be employed. For example, NK cell injection could be
delayed, allowing tumor cells to engraft further, which could
make the sequence of events more closely resemble the clinical
scenario of treating a patient. Although the extent of NOT gate
function is likely to be similar, we anticipate that such a model
may test the killing efficacy of the gene circuit more stringently,
analogous to lowering the E/T ratio in an in vitro experiment.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:
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o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o NK cell engineering
o Cell lines
o Primary cells
o In vivo models
e METHOD DETAILS
o Bioinformatic pipelines
o NK cell engineering
o In vitro cytotoxicity assay setup
o Invivo studies
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Supplemental information can be found online at https://doi.org/10.1016/j.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti-V5 tag Alexa Fluor 647 Life Technologies 451098

Rat monoclonal anti-FLAG Birilliant Violet 421 BioLegend 637321
Mouse monoclonal anti-Myc-tag Alexa Fluor 488 Cell Signaling Technology 2279S
Mouse monoclonal Anti-Human IL-15 Biotin BD Biosciences 554713
Mouse monoclonal anti-human CD56 BioLegend 362532
Brilliant Violet 650

Mouse monoclonal anti-human CD34 FITC BioLegend 343504
Mouse anti-human lineage cocktail APC BioLegend 348803
Mouse monoclonal anti-human CD38 BUV395 BD Biosciences 563811
Mouse monoclonal anti-human CD45RA BUV737 BD Biosciences 612846
Mouse monoclonal anti-human CD33 PE BD Biosciences 555450
Mouse monoclonal Mouse monoclonal BioLegend 405225
anti-human CD90 Brilliant Violet 421

Mouse monoclonal Anti-mouse BioLegend 103132
CD45-PerCP-Cy5.5

Mouse monoclonal Anti-human CD45 PE BioLegend 304008
Mouse monoclonal Anti-human CD56 APC BioLegend 318310
Bacterial and virus strains

Ready-to-Use Lentiviral Packaging Plasmid Mix Cellecta, Inc. CPCP-K2A
Biological samples

AML BMMC, Cryo, Blast >20% Discovery Life Sciences 100030.2
CD34" BMMCs AllCells CD34* PS
Chemicals, peptides, and recombinant proteins

Zombie UV BioLegend 423108
SYTOX Red Invitrogen S34859

PE Streptavidin BioLegend 504204
CellTrace Violet Invitrogen C34557
FuGENE Promega E2311

PEI MAX® MW 40,000 PolySciences 24765
D-Luciferin Gold Biotechnology LUCK-5G
RBC Lysis Buffer (10X) BioLegend 420301
DNAse | Millipore Sigma 11284932001
2-mercaptoethanol Gibco 21985023
Stem Cell Factor R&D systems 255-SC
IL-3 R&D systems 203-IL
GM-CSF R&D systems 7954-GM
G-CSF R&D systems 214-CS
Erythropoietin Millipore Sigma 11120166001
Transferrin Millipore Sigma 10652202001
Critical commercial assays

Human ProcartaPlex Mix&Match 6-Plex Invitrogen PPX-06-MXMFYNN

Immunoassay

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Affymetrix Human Genome U133 Plus
2.0 Array datasets (various)

Gene Expression Omnibus
(https://www.ncbi.nIm.nih.gov/geo/)

GSE13159, GSE15434, GSE17054,
GSE24006, GSE28490, GSE28491,
GSE42519, GSE49910, GSE63270,
GSE6891, GSE93777

Human (NCBITaxon:9606) “cell surface” proteins Gene Ontology Resource G0:0009986
(https://geneontology.org)

Human (NCBITaxon:9606) “membrane” proteins Gene Ontology Resource G0:0016020
(https://geneontology.org)

Antibody-based annotations of protein localization Human Protein Atlas (https:// N/A
www.proteinatlas.org/)

AML bulk RNAseq data https://www.cancer.gov/ccg/research/ N/A
genome-sequencing/tcga

The gene and gene product information of KLRG1 Uniprot (https://www.uniprot.org/) Q96E93

The gene and gene product information of BTLA Uniprot (https://www.uniprot.org/) Q7Z6A9

The gene and gene product information of Uniprot (https://www.uniprot.org/) P43629

KIR3DL1

The gene and gene product information of NKG2A Uniprot (https://www.uniprot.org/) P26715

The gene and gene product information Uniprot (https://www.uniprot.org/) P20273

of SIGLEC-2

The gene and gene product information Uniprot (https://www.uniprot.org/) Q96LC7

of SIGLEC-10

The gene and gene product information of LIR-2 Uniprot (https://www.uniprot.org/) Q8N423

The gene and gene product information of LIR-3 Uniprot (https://www.uniprot.org/) 075022

The gene and gene product information of LAIR1 Uniprot (https://www.uniprot.org/) QB6GTX8

The gene and gene product information Uniprot (https://www.uniprot.org/) P43626

of KIR2DLA1

The gene and gene product information of LIR1 Uniprot (https://www.uniprot.org/) Q8NHL6

The gene and gene product information of CD33 Uniprot (https://www.uniprot.org/) P20138

The gene and gene product information of FLT3 Uniprot (https://www.uniprot.org/) P36888

The gene and gene product information of EMCN Uniprot (https://www.uniprot.org/) Q9ULCO

Experimental models: Cell lines

Human: SEM (ALL, female) DSMzZ ACC 546

Human: MOLM13 (AML, male) AddexBio C0003003

Human: MV4-11 (AML/ALL, male) ATCC CRL-9591

Human: Lenti-X 293T (transformed, female) Takara 632180

Human: GP2-293 (transformed, female) Takara 631458

Experimental models: Organisms/strains

NOD.Cg-Prkdc®®@ I12rg"™ "W/ Tg(IL15)1Sz/SzJ Jackson Laboratories 030890

Recombinant DNA

Gene circuit constructs This paper N/A

Antigen expression constructs This paper N/A

Software and algorithms

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

RESOURCE AVAILABILITY

Lead contact

Requests for further information should be directed to the lead contact, Brian Garrison (brian.garrison@sentibio.com).
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Materials availability
Requests for information regarding plasmids and cell lines generated in this study should be directed to the lead contact, Brian
Garrison (brian.garrison@sentibio.com). Some materials may not be available as they are proprietary to Senti Biosciences.

Data and code availability
® Requests for data generated in this study should be directed to the lead contact. Senti may disclose certain analyzed data at its
sole discretion and subject to Senti and the requester being able to enter into a written agreement as required by Senti.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact, subject to the
abovementioned conditions.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

NK cell engineering

Primary NK cells were isolated from PBMCs from healthy donors and frozen in liquid nitrogen. Male and female donors were used
interchangeably with no noticeable difference. For individual experiments, single vials of frozen NK cells were thawed and stimulated
with irradiated feeder cells (K562 cells engineered to express membrane bound IL-21 and membrane bound IL-15). NK cells were
expanded in 6-well plates in NK media (NK MACS media with 5% human AB serum with 10 ng/mL IL-15 and 100 U/mL IL-2) at a
cell concentration range of 5e5 to 1e6 cells/mL. After 10 days of expansion, cultures were analyzed by flow cytometry to ensure a
lack of residual feeder cells or CD3" cells.

Cell lines

SEM and MOLM13 were cultured in RPMI (VWR Life Sciences) with 10% FBS (Seradigm) and 1% Penicillin-Streptomycin (Gibco) and
MV4-11 cells were cultured in IMDM (Gibco) with 10% FBS and 1% Penicillin-Streptomycin. All cells were cultured at 37°C and 5%
CO,. To create CD33*fluc* SEM target cells, 100 L of lentiviral supernatant of a construct encoding constitutive expression of CD33,
fLuc, and blasticidin resistance was applied to 0.5e6 SEM cells and incubated for 2-3 days. Transductants were enriched using
4 ng/mL blasticidin for 1 week. To create EMCN-expressing variants, either parental SEM cells or CD33 * SEM cells were similarly
transduced with a lentiviral vector constitutively co-expressing EMCN, GFP, and a puromycin resistance cassette as above, and
2 pg/mL puromycin was used for enrichment. Lenti-X 293T or GP2-293 were cultured in DMEM (Gibco) with 1 mM Sodium Pyruvate
(Gibco), 10% FBS, 1% Penicillin-Streptomycin.

Primary cells

Frozen bone marrow samples from AML patients (Discovery Life Sciences, Inc.) were thawed, treated with DNAse | (Millipore Sigma),
washed, and cultured overnight in RPMI media supplemented with 10% fetal bovine serum, 0.055 mM 2-mercaptoethanol (Gibco),
3 ng/mL stem cell factor (R&D systems), 20 ng/mL IL-3 (R&D systems), 200 pg/ml Transferrin (Millipore Sigma), 20 ng/mL GM-CSF
(R&D systems), 10 ng/mL G-CSF (R&D systems), 3 U/ml erythropoietin (Millipore Sigma) prior to being washed in assay medium,
counted, and added to cytotoxicity assays. Male and female donors were used interchangeably with no apparent difference.
CD34-enriched bone marrow cells from healthy donors (AllCells, LLC) were thawed and immediately washed in assay media,
counted, and added to a cytotoxicity assay. Male and female donors were used interchangeably with no apparent difference.

In vivo models

Five-week-old female NOD.Cg-Prkdc°@ I12rg™ " Tg(IL15)1Sz/SzJ mice were purchased from The Jackson Laboratory. On arrival,
these mice were socially housed in single-use polycarbonate cages. These cages were housed in individually ventilated Innovive IVC
rodent racks. Sterilized ALPHA-dri bedding, sterilized water, and irradiated Teklad global soy protein-free extruded rodent diet were
provided in each cage. All animal procedures were performed in strict accordance with the recommendations in the Guide for the
Assessment and Accreditation of Laboratory Animal Care International. The protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) of Explora Biolabs. Mice were engrafted with cancer cell lines via tail vein injection on day 0.
For OR gate studies, either MOLM13 cells (1e5) or SEM cells (5e6) was used. For OR-NOT gate studies, a mixture of 1.5e6 SEM
CD33" and 1.5e6 SEM CD33*EMCN" cells was used. At least 6 mice were used per group.

METHOD DETAILS

Bioinformatic pipelines

Affymetrix Human Genome U133 Plus 2.0 Array datasets corresponding to cell types of interest were obtained from GEO (https://
www.ncbi.nlm.nih.gov/geo/). The following datasets were used: GSE13159, GSE15434, GSE17054, GSE24006, GSE28490,
GSE28491, GSE42519, GSE49910, GSE63270, GSE6891, GSE93777. Data was Robust Multichip Average normalized and expres-
sion values were extracted. A set of 7,680 membrane and cell surface proteins was derived using GO (using Gene Ontology terms
“cell surface” and “membrane”) and HPA (Human protein Atlas, antibody-based annotations) from a set of 20,216 protein coding
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genes (NCBI). Of those, 115 displaying higher expression in hematopoietic stem cells (HSCs) compared to AML were selected using
microarray data (1,128 samples and 13,744 probes representing 882 AML associated samples and 246 samples of normal blood cell
types after removing outlier and low-correlating data). Statistically significant hits (t test) were ranked by fold change to isolate po-
tential NOT gate targets. Of these genes, 15 were confirmed to be expressed at low levels in AML using bulk RNAseq data (TCGA) and
one of them (EMCN) was selected after manual curation incorporating literature sources.

NK cell engineering

Constructs were first designed in silico (SnapGene), after which DNA was synthesized (Genscript) and reprepped as needed (Gen-
ewiz). We used pL17d as the lentiviral backbone for smaller constructs and SINvec and retrovec as the gamma retroviral backbones
for larger constructs. Constructs used in this publication were designed by combining sequence fragments exactly as shown in the
main text figures, except as noted below. Among these fragments, naturally occurring sequences were acquired either from publicly
available sequences (Uniprot) or cDNA clones (Genscript), and scFv binder sequences were either sourced from NCI (FLT3, CD33,
HER2) or internally generated (EMCN). For iCAR validation and screening (Figure 3), aCARs and iCARs were expressed from separate
lentiviral constructs. The iCAR constructs also included a puromycin resistance gene (not diagrammed), which was placed after the
receptor gene separated by a 2A ribosomal skip sequence. FLAG (single target) and myc (OR gate) were used as epitope tags on
aCARs, and V5 was used as an epitope tag on iCARs. To create multicistronic constructs (OR-NOT gate), receptor chains were linked
together with 2A ribosomal skip sequences in one retroviral vector. DNA was transfected into Lenti-X 293T (lentivirus) or GP2-293
(gamma retrovirus) cells using either FUGENE or PEI, respectively, following manufacturer recommendations. Viral supernatant
was collected from these cultures, clarified by centrifugation, and concentrated using either Lenti-X concentrator (smaller batches
for in vitro experiments) or Amicon spin filters followed by MgCl, and benzonase treatment (larger batches for in vivo experiments),
according to manufacturer recommendations and standard practices. Twelve-well plates were coated with recombinant human
fibronectin fragment (RetroNectin, Cat#T100B) according to manufacturer protocols. NK cells and lentivirus or retrovirus were added
to coated plates and centrifuge at 1000g for 2 h at 32°C. After 3 days, media was exchanged for NK media (for iCAR screening,
2 ng/mL puromycin was added). After 4 more days, receptor expression was checked by flow cytometry (for staining reagents,
see Table S1) and cells were harvested for use in assays. For in vivo experiments, cells were transferred to 6-well G-Rex (Wilson
Wolf, CAT#MSPP-80660M) for further expansion post-transduction.

In vitro cytotoxicity assay setup

At day 7 post-transduction, NK cells were washed twice in assay medium (RPMI [VWR Life Sciences] with 10% FBS [Seradigm]) and
plated in 96-well U-bottom plates. Co-cultures of 5e4 target cells and 2.5e4 NK cells in a total volume of 200 L of assay medium were
incubated for 16-20 h, after which plates were analyzed on a Beckman CytoFLEX flow cytometer. For cell line experiments, target
cells were stained with CellTrace Blue (Invitrogen) according to manufacturer protocols and resuspended in assay medium prior to
starting the co-culture. After the co-culture, plates were centrifuged and 100 pL supernatant was set aside for cytokines to be quan-
tified using Luminex assays according to manufacturer protocols. Co-cultures were then stained with Sytox Red (Invitrogen) and the
number of live target cell events in a fixed volume was recorded. For AML patient bone marrow experiments, CellTrace and Sytox
were not used; rather, co-cultures were instead stained with an antibody cocktail: non-NK cells were separated by low CD56 expres-
sion, AML blast cells were identified by low CD45 expression and low side scatter, and LSCs were identified by a CD34*CD38~
phenotype (Table S2). Experiments with CD34" bone marrow were performed similarly, except that IL-15 was added to OR gate
control to compensate for the IL-15 expressed by the OR-NOT gate circuit, and a different antibody staining panel was used for im-
munophenotyping® (Table S2; Figure S7).

In vivo studies

At day 12 post-transduction, NK cells were collected from the 6M G-rex, washed, and counted for in vivo injection. NK cells (3.5e7 for
OR gate; 2.5e7 for OR-NOT gate) were injected via tail vein at day 0. For OR gate studies, either Molm13 cells (1e5) or SEM cells (5e6)
was used. For OR-NOT gate studies, a mixture of 1.5e6 SEM CD33" and 1.5e6 SEM CD33*EMCN™ cells was used. Bioluminescence
imaging was performed using a Lago Imager (Spectral Instruments) twice weekly. Mice were injected with 200 uL of D-luciferin (150 mg/
kg, Gold Biotechnology Inc, LUCK-5G) and imaged 10 min later. For OR-NOT gate experiments, peripheral blood was collected once a
week by submental bleeding into EDTA tubes (Vacuette Minicollect 0.5 mL, Greiner, CAT#450474), of which 150-200 pL of blood was
processed per mouse for flow cytometry analysis using 7 mL red blood cell lysis buffer (Biolegend CAT#420302) for 5 min, followed by
quenching with 7 mL FACS buffer (FBS: Avantor 89510-186; EDTA: EMD Millipore 324506; DPBS: Cytiva SH30028.02). This process
was repeated and followed with a final FACS buffer wash, followed by antibody staining (Table S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Visualization and statistics
Data visualization and statistical analysis was performed using Prism (ver. 9). We used Brown-Forsythe ANOVA for comparisons of
multiple groups and Welch’s test for two-group comparisons, with p-values annotated as *p < 0.5, **p < 0.01, **p < 0.005,

*kkk

p < 0.001. For visualizing summary statistics, we used the arithmetic mean and standard error of the mean.
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In vitro cytotoxicity quantification from flow cytometry-based cell counting

Killing described as “aCAR mediated” was calculated by subtracting basal killing from total killing. Total killing was defined as the
percent reduction of target cell counts with NK cells relative to without. Basal killing was defined as the total killing specifically with
“control NK cells” lacking an aCAR. When puromycin selection was used to enrich NOT gate CAR-NK cells, “control NK cells” were
transduced with iCAR alone and selected in the same manner. In all other cases, untransduced NK cells served as “control NK cells.”
All measurements were performed in technical triplicate. Results were robust to multiple biological replicates (Figure S2C) and
different NK cell donors (Figure S8A).
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