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SUMMARY

Chimeric antigen receptor (CAR) T cells are powerful cancer immunotherapies, but the lack of tumor-specific
single antigens for most cancers limits the therapeutic window. A NOT-gated CAR circuit, consisting of an
activating CAR (aCAR) and an inhibitory CAR (iCAR), is particularly powerful because it enables new sets
of antigens to be used in tumor targeting. We systematically evaluated more than 60 pairs of NOT-gated
CAR circuits. Different inhibitory dose-response characteristics were observed depending on the CD3(
signaling domain on the aCAR. Furthermore, LIR1-iCAR-expressing T cells display fewer exhaustion pheno-
types. Mechanistic studies have shown that SHP-1 is the major intracellular regulator of LIR1-iCAR and the
iCAR function in cis. Several of the NOT-gated circuits developed in T cells were functionally transferred into
primary natural killer (NK) cells. Our NOT-gated CAR circuits provide a precise targeting strategy for safer and

more effective cancer immunotherapies.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy has been proven
effective against certain hematologic malignancies but has
several limitations. In particular, one of the most challenging
problems facing CAR T cell therapy, and most cancer therapies
in general, is tumor specificity. This problem stems from the lack
of unique tumor-specific antigens for most cancers. The speci-
ficity issue limits both safety and potency because it can reduce
the therapeutic window via dose-limiting toxicity. Another chal-
lenge of CAR T cell therapy is its cost. The current method of
manufacturing CAR T cells requires using autologous T cells
from each patient, which prevents scaling and reduces cost.
Autologous T cells have been the dominant choice of cells
to generate CAR-based cellular immunotherapy. However,
using an allogeneic cell type would decrease the cost of
manufacturing, facilitate quality control, and allow off-the-shelf
availability, ultimately increasing access to a broader population.
Several allogeneic cell sources have been explored, such as nat-
ural killer (NK) cells, gamma delta T cells, NKT cells, and HLA-I
and T cell receptor (TCR) deficient T cells."™” Among these
choices, allogeneic NK cells expressing CD19 CAR have demon-
strated promising clinical results against acute lymphoblastic
leukemia (ALL)." Furthermore, engineering NK cells is more
feasible to achieve clinically adoptable numbers than y5T cells®®
and does not require multiple genome editing compared with
conventional T cells to prevent graft-versus-host disease.'"®

Thus, pursuing a highly specific, more cost-effective NK cell
therapy for therapeutic purposes is preferable to relying on con-
ventional CAR T cell therapies.

It is widely appreciated that most human cell types, including
cancer cells, are best characterized by a combination of molec-
ular features. However, existing therapies usually recognize only
a single target. Thus, when the chosen targets are “dirty” (i.e.,
expressed on healthy cells in addition to diseased cells), these
existing medicines can generate significant OFF-Target effects.
Cell-based therapies are uniquely capable of performing sophis-
ticated logic operations required to discriminate cancer cells
specifically. For better discrimination of tumor targeting, both
AND-gated'*?° and NOT-gated®'*° logic circuits have been en-
gineered in the context of the CAR. Especially with Boolean logic
circuits such as these, even more sophisticated strategies for
tumor discrimination are possible with AND (A AND B) and
NOT-gated (A AND NOT B) CAR circuits by including more target
antigens. Notably, including the NOT-gated CAR is indispens-
able for such combinatorial sensing of multiple antigens, and
nearly 70% of the dual-target antigen combinations in the top
10 logic gates per tumor type and over 90% of the triple combi-
nations in the top 100 per tumor type require the presence of
NOT-gated CAR.*'

NOT-gated CAR circuits can be implemented with a dual CAR
design consisting of an activating CAR (aCAR) and an inhibitory
CAR (iCAR) (Figure 1A). The aCAR®' targets an antigen found in
cancer or healthy cells and activates the CAR T cells, resulting in
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Figure 1. NOT-gate circuit screening strategies and iCAR screening against 28 aCAR
(A) Implementation of aCAR and iCAR in the immune cells can distinguish the cancer cells and healthy cells with protective antigen i. The inhibition of the immune
cell activation by the presence of protective antigen i can be measured by several outputs, such as IFNy, IL-2, CD69, and the target cell killing. The combination of
aCAR and iCAR constitutes a NOT-gated CAR circuit detecting a AND (NOT J) logic, sparing the cells expressing the protective antigen i.
(B) NOT-gated CAR circuit can be designed by co-expressing the aCAR and iCAR in the same immune cells. aCAR and iCAR consist of several domains that can
be systematically modulated. iCAR functions by inhibiting immune cell activation via aCAR.

(legend continued on next page)
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target cell killing. The iCAR, by contrast, targets a protective an-
tigen only found in healthy cells, thus protecting the healthy cells
from the activity of the aCAR. This approach allows for the tar-
geting of antigens that are absent on cancer cells, which is an
entirely new class of antigens that have never been used in can-
cer therapy, opening new opportunities for developing a safe
and effective treatment. Since it is less likely that cancer cells
will adopt a novel expression of the protective antigen than
that they will lose expression of tumor-associated antigens
(TAAs), the NOT-gate strategy is safer than the AND gate.

While NOT-gated circuits have been developed previ-
ously,'®?"=% their design space has not been systematically
and quantitatively explored, thus preventing us from under-
standing their design rules. It remains unclear how different
inhibitory signaling domains would impact iCAR performance.
Furthermore, little is known about how critical structural compo-
nents of the receptor, such as the hinge and the transmembrane
domains, affect the activity of the iCAR.>>"®" Furthermore, the
interaction between the aCAR signaling domain and the ability
of the iCAR to suppress it has yet to be determined. Lastly, while
the NK cell is a promising allogeneic cell type, only two NOT-
gated circuits have been reported in primary NK cells,®’
including our recent work on LIR1 iCAR in NK cells, and whether
there is a better-performing pair of aCAR and iCAR remains
unexplored.

We engineered a collection of aCARs and iCARs by varying
their signaling and hinge domains, forming a library of NOT-
gated CAR circuits (Figure 1B). We systematically investigated
the logic-gating performance of NOT-gated CAR circuits in
T cellsin vitro and in vivo. We leveraged several quantitative attri-
bute metrics to systematically compare the performance of
different NOT-gated CAR circuits. We also evaluated a number
of the NOT gates in NK cells in vitro and in vivo to determine
the portability of the logic CAR circuits into a more promising
allogeneic cell type.

RESULTS

To create our iCAR collection, we varied the intracellular
signaling and extracellular hinge domains to navigate the func-
tional iCAR candidates (Figure 1B; Table S1). For our aCAR
collection, we focused on the costimulatory domain and the
CD8 variants. We chose these costimulatory domains because
we are interested in understanding how signaling dynamics
from the aCAR can impact the inhibitory effect imposed by the
iCAR. All the iCAR constructs contained a puromycin-resistant
gene after each iCAR domain, including a blank iCAR with no

¢? CellPress

intracellular domain, separated by a P2A ribosome skipping
sequence (Figure S1A). To ensure a robust CAR-expressing
population, transduced T cells were treated with puromycin
3 days after transduction until the day of screening.

To evaluate our NOT-gated CAR circuits, we challenged them
with four different conditions: (1) no antigen; (2) aCAR-specific
antigen, a, only; (3) iCAR-specific antigen (or protective antigen),
i, only; and (4) both aCAR and iCAR antigens (a, i) (Figure 1C, left).
For the proof-of-concept of the NOT-gated CAR circuits, the
aCAR and iCAR are designed to target Axl and Her2, respec-
tively, throughout this paper unless otherwise noted. To ensure
consistency and to minimize the possibility of different target
cell lines expressing target antigens at varying levels, the initial
screens were performed with purified Axl and Her2 extracellular
domain protein bound onto the surface of 96-well plates to stim-
ulate aCAR and iCAR expressed on the T cells. As a control, we
compare our NOT-gated CAR circuits to the T cells expressing
an aCAR and a blank iCAR without the intracellular inhibitory
signaling domain. We refer to T cells transduced with an aCAR
and blank iCAR as “reference cells.” The output T cell activation
levels were measured depending on the presence or absence of
target antigens a and i.

To compare the efficacy of NOT gates, we employed two met-
rics, relative activation and relative inhibition, to evaluate the
CAR T cell activity in response to antigen stimulations
(Figure 1C, right). When we plotted the NOT-gate response
(e.g., interleukin-2 [IL-2], interferon [IFN]y, and CD69) based on
these two metrics, the best performers should appear in the
top right quadrant. The basal level of relative inhibition is defined
by the T cells expressing “aCAR only” without the blank iCARs
(Figure S1B). The aCAR-only group had a lower output level
than “aCAR with blank iCAR” upon exposure against iCAR anti-
gen i (i.e., NOT1,1/NOT1’0 < REF1’1/REF1’0 in Figure 1C for the
NOT output from aCAR-only T cells) due to the absence of the
iCAR scFv domain. Finally, after evaluating our NOT gates
(over 50 pairs of aCAR and iCAR) in T cells, we selected 12 pairs
to test in NK cells.

A CAR consists of extracellular, transmembrane, and signaling
domains. To generate our iCAR collection for the initial screening
of iCAR, we adopted 21 signaling domains from one of the
following categories: inhibitory receptors of T cells and NK cells,
tyrosine phosphatases, and ubiquitin ligases (Figure 1D). The
transmembrane domain was changed in each case to match
the signaling domain. The iCARs with 21 different domains
were successfully transduced, for which 14, 4, and 3 were
from the inhibitory receptors, ubiquitin ligases, and tyrosine
phosphatases, respectively. We activated the NOT-gated CAR

(C) NOT-gated CAR circuit performance metric with relative inhibition and relative activation. blank iCAR is adopted as a reference output to match up the effect of
iCAR co-transduction on the aCAR expression. Depending on the target antigen expression, there will be four output levels. Relative inhibition is defined as the
iCAR specificity, and relative activation is determined by the iCAR-equipped T cell activation level normalized to the reference T cells. The functional iCARs will
appear on the top right quadrant of the plots.

(D) iCAR designs with different transmembrane and intracellular signaling domains adopted from native receptors.

(E) iCAR signaling domain screening in IFNy readout from antigen plate-bound assay. Three highly performing iCAR domains are highlighted.

(F) IFNy production from T cells with the iCAR domains highlighted in (E). T cells are activated with the indicated antigen below the blot, and all three iCARs can
inhibit IFNy secretion upon iCAR antigen exposure.

(G) LIR1 iCAR designs with different hinge domains, using LIR1 as the signaling domain.

(H) LIR1 iCAR hinge domain screening in IFNy readout from antigen plate-bound assay. Three representative hinges are highlighted.

(I) IFNy production from T cells with the LIR1 iCAR hinge domains highlighted in (G). All three iCARs can inhibit IFNy secretion upon iCAR antigen exposure. For all
data presented here, n = 3 and error bars represent + standard deviation. Significance test, Student’s t test; n.s., not significant; *p < 0.05; **p < 0.01; **p < 0.001.
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T cells with plate-bound antigens and measured IFNy, CD69,
and IL-2 expression from the activated T cells (Figures 1E,
1F, and S1C-S1F). Among the screened domains, LIR1,
LAIR1, and CEACAM1 showed the highest relative inhibition in
the three activation markers.

Next, we explored whether variation in hinge domains of the
iCAR affects inhibitory function (Figure 1G). Based on its high
NOT-gate performance, we first chose to use LIR1 for the trans-
membrane and intracellular domains. We screened nine hinge do-
mains from other published aCAR papers or inhibitory recep-
tors.'%6%542 Among them, the LIR1 hinge outperformed in
relative inhibition compared with other hinge domains
(Figures 1H and 1l). Although the distinction between the rest of
the hinge variations was not as distinctive as among the domain
variations, we determined that the CD8WT hinge and
IgG4CH2mutCH3 hinge (labeled as IgG4-b in the figure) were the
next high-ranked in CD69 (Figures S2A and S2B) and IL-2 readout
(Figures S2C and S2D). The high relative inhibition of the
IgG4CH2mutCHS3 hinge resulted from increased activation against
the aCAR antigen, a, although the IFNy and IL-2 secretion level
against the iCAR antigen, i, was similar to that of the blank iCAR
(Figures 11, S2B, and S2D). We also explored transmembrane
domain variation of CD8WT hinge LIR1 iCAR, comparing
LIR1TM with CD28TM (also used in the aCAR), expecting that
the swap may cause a stronger interaction between the aCAR
and iCARs®” (Figures S2E-S2G), but observed the opposite result.
Hinge variations on other domains were also explored with
CEACAM1 and LAIR1 domains (data not shown). In both cases,
the CD8WT hinge resulted in the best performance. The protection
against OFF-Tumor cells expressing the protective antigen was
less than 20% from the initial killing assay, so we did not further
investigate CEACAM1- and LAIR1-based iCAR in T cells.

To evaluate the performance of an LIR1 iCAR in suppressing
different aCARs, we first paired the iCAR with 15¢, 2™, and 3™
generation aCARs (Figure 2A). The intracellular domain of the
1% generation CAR consisted of a CD3¢{ domain alone. The
2" generation adds either CD28 or 4-1BB costimulatory do-
mains. The 3" generation has both CD28 and 4-1BB costimu-
latory domains with CD3¢. NOT-gated CAR circuit containing a
aCAR with a CD28 costimulatory domain showed the most
robust inhibition of IL-2 (Figures 2B and 2C), CD69, and IFNy
responses (Figures S3A and S3B). LIR1 iCAR could inhibit
15t.generation aCAR-mediated CD69 expression and IFNy
secretion, but not IL-2 secretion (Figures 2B and 2C). The
NOT gate consisting of an aCAR with a 4-1BB costimulatory
domain paired with an LIR1 iCAR showed weak relative activa-
tion (<1), suggesting a potential basal inhibitory effect of LIR1
iCAR on this aCAR. To better evaluate the overall performance
of the NOT-gate CAR circuits across all readouts, we devel-
oped an attribute diagram based on normalized relative inhibi-
tion and relative activation level (Figure 2D). This attribute dia-
gram has four vertices, each representing CD69, IL-2, IFNy,
and cell killing measurement. The distance from the center to
the vertex represents either relative inhibition (red) or relative
activation (black), normalized to the maximum level observed
among the four aCAR/LIR1 iCAR pairs. As shown from the attri-
bute diagrams (Figure 2E), aCAR with the CD28 costimulatory
domain alone has the largest area and therefore was chosen
for further development.
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With the costimulatory domain on the aCAR optimized, we
further determined if any modifications to the CD3¢ chain can
enhance the activation and inhibition profile. CD3( has three im-
munotyrosine activation motifs (ITAMs), and the combination
with a costimulatory domain may provide excessive and redun-
dant signaling that can lead to T cell dysfunction and exhaus-
tion.”*** We hypothesized that with a more refined CD3(
signaling, we might identify an optimal pair for the NOT-gated
CAR circuit. We adopted three aCAR variations of the CD3¢ acti-
vation domain in addition to the original 28¢: mutation on the sec-
ond and third ITAM as 28¢(D23), deletion of the second and third
ITAM as 28((1XX), or additional CD3e domain as CD3e-28(
(Figure S3C)."**® From plate-bound stimulation assays,
28¢(D23) aCAR showed the highest relative inhibition and relative
activation in IL-2 secretion (Figures S3C and S3D) and CD69
expression (Figures S3E and S3F). However, distinguishing the
performance in terms of IFNy secretion was challenging, as all
four aCARs clustered together on the relative inhibition and rela-
tive activation plot higher than 1. Notably, all three 28¢ aCAR var-
iants showed slightly better relative inhibition performance than
the conventional 28¢ aCAR (Figure S3G).

We next determined whether different CD3¢ variants have
distinct antigen dose-response profiles. Across a range of anti-
gen dosages, aCAR with the intracellular domain of 28(
(Figure 3A), 28¢(1XX) (Figure 3B), and CD3e-28¢ (Figure 3C)
paired with LIR1 iCAR showed a similar pattern for the activation
and inhibition in the CD69 readout. By contrast, 28¢(D23) with
LIR1 iCAR displayed a more step-like profile in activation and in-
hibition, with aCAR-mediated activation increasing steeply from
100 to 500 ng of aCAR antigen, and iCAR-mediated inhibition
dropping activation similarly steeply to the basal level from 20
to 100 ng of iCAR antigen (Figure 3D). The high-sensitivity
response to iCAR antigen was even more distinct at the highest
aCAR antigen dosage (Figure S4A).

The original 28¢ aCAR paired with LIR1 iCAR (Figures 3E and
3F) exhibited robust inhibition of killing of OFF-Tumor Nalm6
cells, but only at a low E:T ratio (1:4). By contrast, the 28{(D23)
variant showed robust inhibition in killing, even in a high E:T ratio
of 1:1, and ~50% of the killing was inhibited against the OFF-
Tumor Nalmé6 cells (Figures 3G and 3H). Both the 28¢ and
28¢(D23) variants exhibited similar cytotoxicity against ON-
Tumor Nalmé cell killing when paired with either the LIR1 iCAR
or blank iCAR. The cytotoxicity against OFF-Tumor Nalm6 cells
by the 28¢(1XX) aCAR variant could also be inhibited by the LIR1
iCAR at a low E:T ratio of 1:4 but not at the higher E:T = 1:1 and
1:2 (Figures S4B and S4C). The CD3¢-28¢ aCAR variant was also
successfully inhibited by the LIR1 iCAR (Figures S4D and S4E).
However, both 28¢(1XX) and CD3e-28¢ aCAR variants with the
LIR1 iCAR showed decreased killing against ON-Tumor Nalm6é
cells compared with the blank iCAR pair (Figures S4B and
S4D). By contrast, such an effect was not as significant in the
28¢ or 28¢(D23) aCAR variant (Figures 3E and 3G).

After characterizing the NOT-gated CAR circuits in vitro, we
investigated the LIR1 protection effect against OFF-Tumor
Nalm6 cells expressing the protective antigen Her2 in a mouse
xenograft tumor model (Figure 4A). We wanted to verify that the
LIR1iCAR can protect against the killing of ON-Tumor target cells
even when OFF-Tumor cells are present within the same animal.
As such, we developed a dual-target cell model where both the
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Figure 2. aCAR costimulatory domains screening

(A) NOT-gated circuit screening with various aCAR costimulatory domains, using LIR1 hinge LIR1 iCAR. Only costimulatory domains were changed, while other
domains remained the same.

(B) aCAR costimulatory domain screening with IL-2 readout from antigen plate-bound assay. CD28 and 4-1BB-CD28 costimulatory domains performed well.
(C) IL-2 secretion data from the plate-bound assay in (B). aCAR with CD28 and 4-1BB-CD28 costimulatory domain can inhibit the IL-2 secretion in the presence of
the iCAR antigen i.

(D) aCAR variant evaluation strategy from four output parameters: IL-2, IFNy, CD69, and target cell lysis. The inhibition radius, labeled as red, is normalized to the
maximum relative inhibition observed in all aCAR variants, and the activation radius, labeled as black, is normalized to the maximum relative activation observed.
The radius in cell lysis has been calculated from the ON-Tumor killing (for activation radius) and OFF-Tumor killing protection (for inhibition) percentage average in
3 different E:T ratios.

(E) aCAR costimulatory variant evaluation based on the attributes explained in (D). aCAR with a CD28 costimulatory domain has been selected for further
experiment in T cells, which is highlighted in green. For all data presented here, n = 3 and error bars represent + standard deviation. Significance test, Student’s
t test; n.s., not significant; *p < 0.05; *p < 0.01; ***p < 0.001.
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Figure 3. NOT-gate circuit profile in vitro characterization

CD69 expression level (24 h post incubation) of (A) 28¢, (B) 28¢(1XX), (C) CD3e-28¢, and (D) 28{(D23) aCAR with LIR1 iCAR, co-transduced into T cells and
activated with plate-bound antigens at the indicated dosage.

(E and F) 287 aCAR + LIR1 hinge LIR1 iCAR-equipped T cell killing against ON-Tumor Nalm6 cells expressing aCAR target antigen Axl in (E) and killing against OFF-
Tumor Nalmé cells expressing aCAR target antigen Axl and iCAR target antigen Her2 in (F). Blank and the LIR1 iCAR-equipped T cells did not show significant dif-
ferences in killing against ON-Tumor Nalmé cells, but LIR1 iCAR-equipped T cells showed significantly decreased target lysis against OFF-Tumor Nalmé cells.

(G and H) 28¢(D23) aCAR + LIR1 hinge LIR1 iCAR-equipped T cell killing against ON-Tumor Nalm6 cells expressing aCAR target antigen Axl in (G) and killing
against OFF-Tumor Nalm6 cells expressing aCAR target antigen Axl and iCAR target antigen Her2 in (H). Blank and the LIR1 iCAR-equipped T cells did not show
significant differences in killing against ON-Tumor Nalmé cells, but LIR1 iCAR-equipped T cells showed significantly decreased target lysis against OFF-Tumor
Nalmé cells. For all data presented here, n = 3 and error bars represent + standard deviation. Significance test, Student’s t test; n.s., not significant; “o < 0.05;
**p < 0.01; **p < 0.001.
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Figure 4. NOT-gate circuit in vivo characterization

(A) Dual tumor xenograft mouse model. ON-Tumor Nalmé6 cells express Axl and can be detected with Antares activity. OFF-Tumor Nalmé6 cells express Axl and
Her2 and can be detected with F-Luc activity.

(B) ON-Tumor and OFF-Tumor Nalmé were injected intravenously on the same day, and the T cells were injected intravenously 4 days after tumor injection. ON-
Tumor and OFF-Tumor Nalm6 encoding two orthogonal luciferases were distinctively measured with different substrates: F-Luc with D-luciferin and Antares with
Fluorofurimazine (FFz). There was a 24-h gap between each substrate injection to ensure the degradation of D-luciferin before FFz injection.

(C) Tumor luminescence measured from the group treated with untransduced T cells. The two tumor burdens expressing two different luciferases were measured
with a 1-day stagger. Untransduced T cells did not show any discrepancy in OFF-Tumor and ON-Tumor elimination.

(D) Luminescent images of the mouse group treated with untransduced T cells after the dual tumor injection.

(E) Tumor luminescence measured from the group treated with 28¢ aCAR with LIR1 iCAR co-transduced T cells. The two tumor burdens expressing two different
luciferases were measured with a 1-day stagger. 28¢ aCAR with LIR1iCAR co-transduced T cells decreased ON-Tumor burden while sparing the OFF-Tumor burden.
(F) Luminescent images of the mouse group treated with 28¢ aCAR/LIR1 iCAR co-transduced T cells after the dual tumor injection. For all data presented here,
n =5 and error bars represent + standard deviation. Significance test, Student’s t test; n.s., not significant; *o < 0.05; **p < 0.01; ***p < 0.001.

ON- and OFF-Tumor cells are present in the same mice. We en-  requires fluorofurimazine (FFz) as the substrate via independent
gineered the OFF-Tumor and ON-Tumor Nalmé cells to express mechanisms, and they have been used to track two different
two orthogonal luminescence reporters, firefly luciferase (F-Luc)  cell types in vivo previously.*’*° We inject both cell lines into
and Antares, respectively.*” F-Luc uses D-luciferin, and Antares  NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ (NSG) mice intravenously
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Figure 5. Modulation of T cell exhaustion and inhibition mechanisms in iCAR

(A) Repetitive stimulation of the T cells transduced with 28¢ aCAR with blank iCAR or LIR1 iCAR. T cells were stimulated with ON-Tumor Nalmé with a 24-h gap,

and target cell killing was measured at 24 and 48 h after first stimulation. 28¢ aCAR with blank iCAR showed a higher decrease in killing on the second stimulation

compared with the 28¢ aCAR with LIR1 iCAR.

(B) Exhaustion markers were measured in T cells transduced with 28¢ aCAR and indicated iCARs. PD-1, TIM-3, and LAG-3 were stained 10 days after the

transduction. Triple-positive and single-positive populations were higher at the T cells transduced with 28¢ aCAR with Blank iCAR.

(C) SHP-1 or SHP-2 KO Jurkat cell lines were transduced with anti-ROR1 28{ aCAR and LIR1iCAR and assessed with a plate-bound assay with ROR1 as antigen

a and Her2 as antigen /.

(D) CD69 expression on the Jurkat cells from (C) in the plate-bound assay. SHP-1 KO Jurkat cells transduced with anti-ROR1 28¢ aCAR and LIR1 iCAR showed

higher CD69 expression.

(E) IL2 secretion from the Jurkat cells from (C) in the plate-bound assay. SHP-1 KO ameliorated the LIR1-mediated inhibition of IL-2 secretion, but not SHP-2.
(legend continued on next page)
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3 days before the injection of T cells. The luminescence from each
luciferase was measured 1 day apart to ensure full decay of the
F-Luc signal before Antares measurement (Figure 4B). While un-
transduced T cells did not lead to any differential killing between
OFF-Tumor and ON-Tumor cells (Figure 4C) nor did the 28¢{(D23)
aCAR +blank iCAR transduced T cells (Figures S4F and S4G), the
28¢(D23) aCAR + LIR1 iCAR NOT-gated CAR T cells showed
discriminative killing between OFF- and ON-Tumor Nalm6 cells
(Figure 4E). LIR1 iCAR and Blank iCAR have similar transduction
efficiencies (Figure S4F). (The NOT-gated CAR T cells killed ON-
Tumor cells significantly while sparing the OFF-Tumor cell killing.

Although we observed complete remission with 28¢{(D23)
aCAR + LIR1 iCAR NOT-gated CAR T cells in vivo (Figure 4E),
28¢(D23) aCAR + blank iCAR transduced T cells did not result
in the complete elimination of the tumor (Figures S4F and
S4G). The expression of aCAR levels on the day of injection
was within 2% variance (data not shown), so we hypothesized
that adding the LIR1 domain could ameliorate the exhaustion
of the T cells. We performed a serial stimulation of the T cells
with the ON-Tumor Nalm6 cells and measured the cytotoxicity
changes in the two serial stimulations (Figure 5A). Killing against
the ON-Tumor Nalm6 has been maintained with 28¢ aCAR + LIR1
iCAR transduced T cells but not with 28¢ aCAR + blank iCAR
transduced T cells. The Blank iCAR containing T cells had
more than a 20% cytotoxicity decrease against both ON-
Tumor. Representative exhaustion markers were measured on
the transduced T cells with 28{ aCAR and indicated iCAR
(Figure 5B). Compared with blank iCAR, LIR1 hinge LIR iCAR
showed fewer ftriple-positive markers, which indicates less
exhaustion.

To identify the mechanism of iCAR further, we selected SHP-1
and SHP-2 inhibitory phosphatases®’°" as the potential proteins
mediating the signal of iCAR. We received SHP-1 or SHP-2
knockout (KO) Jurkat cell line as a gift from the Enfu Hui Lab
(UCSD) and transduced the 28 aCAR and LIR1 iCAR
(Figure 5C). Upon exposure to the aCAR and iCAR antigens,
LIR1 iCAR could suppress the activation in wild-type (WT) Jurkat
cells and SHP-2 KO Jurkat cells, but not in the SHP-1 KO Jurkat
cell line (Figures 5D and 5E). We speculate that SHP-1 can be the
major regulator of the LIR1 iCAR-mediated inhibition. We then
investigated whether the iCAR functions in cis or trans. To test
each hypothesis, we conducted a co-culture experiment
comparing the killing activity of 28¢ aCAR + LIR1 iCAR versus
28¢ aCAR + blank iCAR. For the trans hypothesis, the target cells
consisted of ON-Target cells and iCAR antigen-expressing
target cells. For the cis hypothesis, the target cells included
OFF-target tumor cells and WT Nalmé cells (Figure 5F). If the
LIR1iCAR functions in trans, T cells transduced with 28 aCAR +
LIR1 iCAR should exhibit increased inhibition of ON-Target cells
compared with those transduced with 28¢ aCAR + blank iCAR.
Conversely, if the mechanism is cis-dependent, the observed in-

¢? CellPress

hibition would arise exclusively from OFF-Tumor cells express-
ing both aCAR and iCAR antigens. The killing against aCAR an-
tigen a expressing Nalm6 (either ON-Tumor or OFF-Tumor cells)
observed from the 28¢ aCAR + LIR1 iCAR was normalized to the
killing from 28¢ aCAR + blank iCAR (Figure 5G). The effect of the
trans mechanism was minimal when targeting Nalmé with iCAR,
in comparison to the cis mechanism.

Unlike T cells, NK cells are known to be resistant to virus-medi-
ated gene delivery, and they are more challenging to culture than
T cells.®*>* We decided to narrow down the NOT-gated CAR
candidates from T cells to facilitate the identification of functional
NOT-gated CAR circuits in NK cells. We selected LIR1, LAIR1,
CEACAM1, and KIR3DL1 iCARs, which were highly inhibitory
in the iCAR screening from T cells. We also included a PD-1
iCAR that was previously reported to be inhibitory in the NK-92
cell line.°® Each iCAR was paired with a 28¢ aCAR, and the killing
assay was set up against the ON- and OFF-Tumor Nalm6 cells
(Figure 6A). As expected, while the 28¢-blank iCAR did not
show any differences in cytotoxicity against ON-Tumor and
OFF-Tumor, iCARs with LIR1, LAIR1, and CEACAM1 domains
showed diminished killing against OFF-Tumor cells compared
with the ON-Tumor killing (Figures 6B and 6C). In contrast to prior
reports,”>®> the PD-1 iCAR did not show any better inhibition
against OFF-Tumor cells. However, all the iCARs showed statis-
tically significant inhibition of tumor necrosis factor o (TNF-a) and
IFNy secretion (Figures S5A-S5D). The LIR1 iCAR showed the
best protection against OFF-Tumor cells, so we further investi-
gated by varying the hinge domain to determine if the effect
was similar to what we observed in T cells (Figure 6D). The
best hinge for LIR1 iCAR in the context of NK cells was the
CD8WT hinge and the IgG4CH2CH3mut (labeled as 1gG4-b)
hinge (Figures 6E and 6F). We further characterized the cytotox-
icity of those two iCARs paired with 28¢ aCAR at different
E:T ratios. The best protection of OFF-Tumor was observed
with the CD8WT hinge LIR1 iCAR (Figures 6G and 6H). The
IgG4CH2CH3mut hinge LIR1 iCAR also showed significantly
less cytotoxicity against OFF-Tumor killing (Figures S5E and
S5F). Since this construct created a large payload size that
may hinder the transduction, we decided to proceed with the
CD8WT hinge for the in vivo study. We also tested if the
28¢(D23) aCAR can be utlized in primary NK cells
(Figure S5G), but it showed weaker activity than 28¢ aCAR
against ON-Tumor cells.

Lastly, we validated the NOT-gate CAR circuit in primary NK
cells in vivo. We first leverage a separate xenograft mouse model
by injecting ON-Tumor and OFF-Tumor cells in a different set of
mice, followed by the NOT-gated CAR NK cell injection
(Figure 7A). Tumor growth was monitored every 3-4 days by
bioluminescence imaging of firefly luciferase expressed by
both ON- and OFF-Tumor Nalmé cells (Figure 7B). Both aCAR-
only and aCAR + iCAR NOT-gated CAR NK cells were able to

(F) Tri co-culture set-up with different target cells to test in cis and in trans hypotheses. To observe any effect from in trans inhibition, ON-Tumor Nalm6 expressing
antigen a as Ax| and iCAR-targeting Nalm6 expressing antigen i as Her2 were seeded at an ON-Tumor Nalm6: iCAR-targeting Nalm6 = 1:4 ratio. To test in cis
inhibition effect, OFF-Tumor Nalm6 expressing antigen a and antigen i and WT Nalm6 were seeded at OFF-Tumor Nalm6:WT Nalm6 = 1:4 ratio.

(G) T cells transduced with 28{(D23) aCAR and LIR1 iCAR were co-cultured with the target cells from (F) at the E:T ratio as noted on the graph, and the killing of
antigen a-expressing target cells (trans: ON-Tumor Nalm6; cis: OFF-Tumor Nalm6) was normalized to the killing from the T cells transduced with 28¢(D23) aCAR
and blank iCAR at the same setup. In trans effect was minimal compared with the in cis effect. For all data presented here, n = 3 and error bars represent +
standard deviation. Significance test, Student’s t test; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001..
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Figure 6. NOT-gate circuit screen in vitro in
primary NK cells

(A) Schematics of the iCAR screening with intracel-
lular domain (ICD) variation in NK cells with 28 aCAR
against ON-Tumor and OFF-Tumor Nalm6. The
aCAR antigen a is Axl, and the iCAR antigen i is Her2.
(B) ON-Tumor-killing and OFF-Tumor-killing ability
assessed for each ICD domain screened in NK
cells. Blank iCAR did not show a discrepancy be-
tween killing ON-Tumor and OFF-Tumor, whereas
LIR1, LAIR1, and CEACAM1 iCAR showed less
OFF-Tumor killing than ON-Tumor killing.

(C) Lysis of each target cell was measured 24 h after
the co-culture with NK cells equipped with the
indicated iCAR. WT Nalmé cells do not express any
aCAR or iCAR target antigens; ON-Tumor Nalm6
cells express antigen a as Axl, and OFF-Tumor
Nalm6 cells express antigen i as Her2.

(D) Schematics of the iCAR screening with hinge
domain variation in NK cells with 28¢ aCAR against
ON-Tumor and OFF-Tumor Nalm6 cells. aCAR
antigen a is Axl, and iCAR antigen i is Her2. The ICD
domain has been fixed to LIR1 ICD.

(E) ON-Tumor killing and OFF-Tumor killing ability
assessed for each hinge domain screened in NK
cells. CD8WT hinge, IgG4-b hinge LIR1 iCAR is
highlighted, which showed the highest OFF-Tumor
protection.

(F) Lysis of each target cell was measured 24 h after
the co-culture with NK cells equipped with indi-
cated hinge-varied LIR1 iCAR.

(G) 28¢ aCAR + CD8WT hinge LIR1 iCAR NOT-
gated CAR-NK cell killing against ON-Tumor Nalm6
cells. Blank and the LIR1 iCAR did not show sig-
nificant differences in kiling against ON-Tumor
Nalmé cells.

(H) 28¢ aCAR + CD8WT hinge LIR1 iCAR NOT-
gated CAR NK cell killing against OFF-Tumor
Nalm6 cells. 28(-CD8WT hinge LIR1 iCAR-

1:4
E:T

1:8

equipped NK cells showed less killing of OFF-Tumor Nalm6 cells than the NK cells with blank iCAR. For all data presented here, n = 3 and error bars represent +
standard deviation. Significance test, Student’s t test; n.s., not significant; *p < 0.05; **p < 0.01; **p < 0.001.

hinder the ON-Tumor growth (Figure 7C). Only the NOT-gated
CAR NK cells exhibited less cytotoxicity against OFF-Tumor
cells, demonstrating NOT-gate function in vivo (Figure 7D).

We also evaluated the in vivo performance in a dual-target cell
xenograft mouse model (Figure 7E). The ON- and OFF-Tumor
cells were injected simultaneously, followed by NK cell injection.
Peripheral blood samples were collected 14 days after the NK
cell injection (Figure 7F). We measured target cell counts of
both ON- and OFF-Tumor cells from mice injected with either
aCAR only or aCAR + iCAR NOT-gated CAR NK cells, then
normalized the cell reduction relative to the blood sample from
mice treated with PBS only (no NK cells) (Figure 7G). Cell counts
were normalized to the volume of the blood sample. While 28¢
aCAR transduced NK cells did not show any difference in the
killing against ON-Tumor and OFF-Tumor cells, 28¢ aCAR +
LIR1 iCAR NOT-gated CAR NK cells showed significantly less
killing against OFF-Tumor cells relative to the ON-Tumor cells.
Such an effect was also evident in the frequency of target cells
relative to CD45" cells (Figure S5H). When we measured the
OFF-Tumor population among the tumor cells collected from
the mice, 28¢ aCAR + LIR1 iCAR NOT-gated CAR NK-cell-in-
jected mice had a significantly higher population of the OFF-

10 Cell Systems 17, 101561, April 15, 2026

Tumor cells compared with both PBS-treated and the 28¢
aCAR transduced NK cell-treated mice (Figure 7H). Altogether,
we demonstrated that NOT-gated CAR NK cells could kill the
ON-Tumor population while preserving the OFF-Tumor popula-
tion in vivo.

DISCUSSION

In this work, we systematically explored the NOT-gated CAR cir-
cuit design space, including the design features from both
aCARs and iCARs. We found that iCARs with LIR1, LAIR1, and
CEACAM!1 intracellular signaling domains have the most potent
inhibitory function. The robustness of LIR1-based iCAR, in
particular, has been independently corroborated by others.?*%®
Interestingly, the most well-known checkpoint receptors (e.g.,
PD-1, LAGS, and TIM3) are not the top iCAR performers. Further-
more, recent innovative aCAR screens and designs®®°’ also un-
covered intracellular signaling domains that are outside of the
canonical TCR/4-1BB/CD28 signaling paradigm. Together,
these results highlight the different roles that checkpoint recep-
tors and immune stimulatory can have in synthetic receptor
design for anti-cancer vs. normal physiological function.
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Figure 7. 28;-CD8WT hinge LIR1 iCAR NOT-gate circuit characterization in vivo with primary NK cells

(A) Schematics of single tumor xenograft mouse models with CAR-NK. ON-Tumor Nalmé cells expressing the aCAR antigen Axl and OFF-Tumor Nalmé cells
expressing Axl and Her2 were injected into two distinct groups of mice.

(B) 2 days post-tumor injection, NK cells were treated in the mice. Tumor burden was measured with F-Luc activity from each tumor on the indicated dates.
(C) ON-Tumor burden measured after NK cell injection with the labeled group. 28¢ aCAR-only NK cells and 28 aCAR + CD8WT hinge LIR1iCAR NOT-gated CAR
NK cells did not show a discrepancy in killing against the ON-Tumor Nalmé cells. n = 2 for all untransduced groups; n = 3 for 28¢ and 28¢-LIR1 iCAR groups.
(D) OFF-Tumor burden measured after NK cell injection with the labeled group. 28¢ aCAR + CD8WT hinge LIR1 iCAR NOT-gate CAR NK cells limited the killing
against the OFF-Tumor Nalm6 cells compared with the 28¢ transduced NK cells. n = 2 for all untransduced groups; n = 4 for 28¢ and 28¢-LIR1 iCAR groups.

(legend continued on next page)
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To further understand the design principle of the iCAR, we
investigated the importance of hinge and transmembrane do-
mains. We found that the hinge domain also has a significant
but lesser role than the intracellular domain in determining iCAR
activity, mirroring their role in aCAR designs. We also evaluated
the paired aCAR and iCAR functionality for the complete NOT-
gated CAR circuits. We learned that an unconventional version
of the CD3¢ activation domain, CD3¢(D23), leads to a sharper in-
hibition dose-response curve compared with other CD3( do-
mains. Our 28¢(D23) aCAR + LIR1 iCAR NOT-gated circuit in pri-
mary T cells demonstrated robust target discrimination in vivo.
Furthermore, we also established the first NOT-gated CAR circuit
in NK cells to show high performance in discriminated ON-Tumor
vs. OFF-Tumor cells in a dual tumor model in vivo, in the context
that the OFF-Tumor cells are not the NK cells as previously re-
ported.”” The direct portability of the NOT-gated CAR between
T and NK cells is a pleasant surprise, which allowed us to leverage
the robust genetic engineering tools available to T cells to rapidly
screen for high-performing NOT-gated CAR and transfer a
smaller subset to NK cells for further testings.

Natively, LIR1 is an inhibitory Ig superfamily receptor that
binds to HLA-I. It is expressed on NK, T, B, and dendritic cells.
One of the functions of LIR1 is to limit immune cell overactivation.
LIR1 is a unique inhibitory receptor with four immunoreceptor
tyrosine-based inhibitory motifs (ITIMs), the highest ITIM number
in our iCAR collection. Whether all of the ITIMs on LIR1 are
necessary for the iCAR performance has yet to be determined.
However, duplicating the LIR1 domain on the iCAR led to lower
expression and worse inhibition (data not shown). A more syn-
thetic, non-canonical version of iCAR can be developed if the
functionality of each ITIM is determined from the LIR1 domain.

It has been proposed that an aCAR with a costimulatory and a
complete CD3¢ intracellular domain (with three ITAMs) may lead
to overstimulation and exhaustion of T cells.*®> As such, muta-
tions to the CD3¢ ITIM domains have been developed to limit
the aCAR signaling. Sadelain and colleagues have shown that
CARs containing only 1 ITAM (1XX or D23) have more potent
anti-tumor activity in vivo than the CARs with three ITAMs. In
this work, we showed that in addition to being more efficacious,
the D23 mutant is also best inhibited by the LIR1 iCAR. We
postulate that the first ITAM could be the preferred target of
the LIR1 inhibition. The complete removal of the other two
ITAM sequences on D23 may also eliminate competition to
LIR1, thus enabling more efficient contact with LIR1. This work
highlights the complex interplay between aCAR and iCAR and
the importance of simultaneously interrogating both CARs to un-
derstand the property and potential of NOT-gated CAR circuits.
The impacts of various design features of NOT-gated CAR cir-
cuits are summarized in Figure 71.

Cell Systems

From studying the mechanism of the LIR1iCAR, we uncovered
some interesting properties of the LIR1 iCAR. First, we learned
that SHP-1 is the primary regulator, which is similar to BTLA
but in contrast to PD-1.°® We have also previously engineered
an iCAR based on BTLA.?® Whether iCAR that leverages
SHP-1 as the primary regulator is more potent remains to be
determined. We also confirmed through in vitro co-culture assay
that LIR1 iCAR works in cis with aCAR, which requires the pro-
tective antigen to be expressed on the same cells as the target
antigen to exert the inhibitory function. The requirement for cis
function prevents healthy cells expressing the protective anti-
gens from inhibiting the CAR T cell attacking the tumor cells
(trans). This corroborates with our in vivo results showing that
the presence of OFF-Target cells in the same place does not
interfere with tumor killing. Finally, the expression of LIR1 iCAR
reduces exhaustion phenotypes, demonstrating lower exhaus-
tion marker expression and stronger cell killing. This provides
another benefit of ICAR beyond improving tumor targeting spec-
ificity. Furthermore, this added benefit of exhaustion reduction
has not been documented in the AND gate CAR circuit.

We performed our initial NOT-gated CAR screen in T cells
because of the relative ease in genetic manipulation of T cells
compared with NK cells. We have characterized their perfor-
mance in T cells and identified key mechanistic insights using
T cells. Nonetheless, it is remarkable that screening NOT-gate
circuits in T cells also identifies functional NOT-gate circuits in
NK cells. In a previous study, we reported that our NOT-gate cir-
cuits in NK cells can effectively discriminate between acute
myeloid leukemia (AML) cells and healthy cells in a preclinical
mouse model,*° which has now been shown to have strong clin-
ical efficacy in a phase 1 clinical trial for AML (5/7 complete
remission). This highlights the portability and clinical potential
of our NOT-gated CAR.
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(E) Schematics of dual tumor xenograft mouse models with CAR-NK. ON-Tumor Nalmé cells expressing the aCAR antigen Axl and OFF-Tumor Nalmé cells

expressing Axl and Her2 were injected into the same group of mice.

(F) NK cells were injected 1 day post tumor injection, and blood samples were collected 14 days post-NK cell treatment.

(G) Blood samples were analyzed with fluorescence-activated cell sorting (FACS) to identify the remaining ON-Tumor and OFF-Tumor cells. The Her2+ cell
numbers were normalized to the blood volume collected and the target cell number from the PBS-treated group. n = 6.

(H) Her2+ population among the tumor cells was measured from the collected blood sample 14 days post-treatment with the indicated NK cells. PBS-treated
mice showed a 60% Her2+ population, the 28¢ NK-treated group showed a 32% population of Her2+ tumor cells, and the 28¢-LIR1 iCAR NK-treated group

showed 92% of the Her2+ population left. n = 6.

() Summary of how different CAR features affect NOT-gate CAR properties. For all data presented here, error bars represent + standard deviation. Significance
test, Student’s t test; n.s., not significant; *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.
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STARxMETHODS

KEY RESOURCES TABLE

Cell Systems

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

APC-Cy7-anti-human CD69

Axl APC-conjugated Antibody

FITC anti-human CD340 (erbB2/HER-2) antibody

Myc-Tag (9B11) Mouse mAb (Alexa Fluor® 647 Conjugate)
V5 Tag Monoclonal Antibody, FITC

OKT-3

anti-CD3 antibody

anti-CD56 antibody

mouse anti-human CD107a-APC antibody

BD Pharmingen

R&D Systems

BioLegend

Cell Signaling Technology
ThermoFisher
ThermoFisher

BioLegend

BioLegend

BD Biosciences

RRID: AB_396862; 557756

RRID: AB_2934005; FAB154A

RRID: AB_756120; 324404

RRID: AB_823474; 2233

RRID: AB_2556567; R963-25

RRID: AB_467057; 14-0037-82

RRID: AB_493693; 300322 / 300312
RRID: AB_2564084; 362511 / 362545
RRID: AB_1645722; 641581

anti-TNFa-PE BioLegend RRID: AB_315261; 502909
anti-human IFNy-FITC antibody BioLegend RRID: AB_315231; 502506
Cell Culture Reagents

X-VIVO 15 Lonza 04-418Q
Human AB serum Valley Medical HP1022
N-acetyl L-Cysteine Sigma-Aldrich A9165
2-Mercaptoethanol Thermo Fisher Sci-entific 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 10437028
penicillin/streptomycin Corning 30001Cl
L-glutamine Corning 25005CI
sodium pyruvate Lonza 13115E
Puromycin Thermo Scientific A1113803
Zeocin Thermo Scientific R25005
Hygromycin B Thermo Fisher 10687010
NK MACS media Miltenyi Biotech 130-114-429
CTS NK-Xpander media ThermoFisher A5019001
OptiPRO SFM ThermoFisher 12309-019
Chemicals, peptides, and recombinant proteins

ImmunoCult™ Human CD3/CD28 T Cell Activator STEMCELL 10971
RetroNectin® Recombinant Human Fibronectin Fragment Takara Bio T100B
Puromycin Thermo Scientific A1113803
human Her2/ErbB2 protein Sino biological 10004-HO8H
Axl kinase protein (ECD, His Tag) Sino biological 10279-HO8H
SYTOX™ Red Dead Cell Stain Invitrogen S34859
IVISbrite D-Luciferin Potassium Salt Bioluminescent PerkinElmer 122799
Substrate

mitomycin C Cayman Chemical Company 11435
GolgiPlug BD Biosciences 555029
GolgiStop BD Biosciences 554724
D-luciferin Gold Biotechnology Inc LUCK-5G
RBC lysis buffer Biolegend 420302
PEG8000 Thermo Fisher Sci-entific BP233-1
Sodium Chloride Thermo Fisher Sci-entific AAJ2161836
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
RBC lysis buffer Biolegend 420302
Critical commercial assays

RosetteSep™ Human T Cell Enrichment STEMCELL Tech-nologies 15021
CellTrace™ Violet Cell Proliferation Kit, for flow cy-tometry Thermo Fisher Sci-entific C34557
PiggyBac Transposon system System Biosciences N/A
Human IL-2 ELISA Set BD Biosciences 555190
Human IFN-y ELISA Set BD Biosciences 555142
FUGENE HD transfection reagent Promega E2312
Human NK Cell Isolation Kit Miltenyi Biotech 130-092-657
Fixation/Permeabilization Solution Kit BD Biosciences 554715
Experimental models: Cell lines

HEK293FT N/A N/A
GP2-293 Takara Bio 631530
HT-1080 N/A N/A
Nalmé ATCC CRL-3273
RS4(11) ATCC CRL1873
NK cells Senti Biosciences N/A

Axl+ Nalmé This paper N/A

Axl+ Her2+ Nalm6 This paper N/A
Experimental models: Organisms/strains

Female NSG mice Jackson Laboratories 005557
hiL-15 NOG Taconic 13683-F
Recombinant DNA

pHR-SFFV vector Addgene 79121
Software and algorithms

SpectraMax M5 Molecular Devices N/A
FlowJo V10 FlowJo N/A
GraphPad Prism 9 GraphPad N/A

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source of Primary Human T Cells and NK cells
Blood collars were obtained from the Blood Donor Center at Boston Children’s Hospital (Boston, MA) from anonymous healthy do-
nors, with no identifiable private information collected, and thus not deemed human subjects research under 45 CFR 46.102(¢).

Animal Model Details

T cell in vivo experiments were conducted at the Boston University Medical School Animal Science Center (BUASC) following the
protocol approved by the Institutional Animal Care and Use Committee (PROTO201800600). Female NOD.Cg-Prkdcse
l12rg™™"Wi/SzJ (NSG) mice were purchased from 6-10 week of age from Jackson Laboratories (#005557). The mice were not exposed
to any previous treatment before the experiment and housed in sterile cages at BUASC with 12 hour light/dark cycle. The mice were
monitored daily by BUASC husbandry staff before and after the experiment until euthanization. When mice showed signs of illness
such as loss of weight more than 10% in a week, or 15% of the maximum weight, hunched posture, impaired mobility, rough coat,
they were euthanized.

METHOD DETAILS

CAR Constructs Design

iCARs were designed by combining the scFv, hinge, transmembrane domain, and intracellular domain, further connected with T2A-
puroR gene segments. scFvs were adopted from previous papers,’”?°° hinge domains were implemented from previous CAR
papers (ref) or from native domains obtained from UniProt. Transmembrane and intracellular domains were introduced from the
candidate proteins, which sequences are also obtained from UniProt.
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aCAR designs were mainly adopted from the previous papers.'”*****® Domains were analyzed, mutated/deleted if applicable, and
codon-optimized before construction.

Primary human T cell isolation and culture

Primary peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors at the Blood Donor Center at Boston Chil-
dren’s Hospital (Boston, MA) as approved by the Boston University Institutional Review Board (IRB). T cells were isolated using
RosetteSep™ Human T Cell Enrichment Cocktail (STEMCELL, #15021) according to the manufacturer’s protocol. Isolated primary
T cells were either maintained fresh or stored as cell stocks in liquid nitrogen. T cells were maintained in X-Vivo 15 media (Lonza,
# 04-418Q) supplemented with 5% human AB serum (Valley Biomedical, #HP1022), 10mM N-acetyl L-Cysteine (Sigma, #A9165),
55uM 2-Mercaptoethanol (Thermo Fisher, #21985023), and 50-300 U/ml IL-2 (NCI BRB Preclinical Repository). Every 2 days, the cells
were counted and maintained at 500k cells/ml to 1,000,000 cells/ml concentrations.

Lentivirus generation and transduction

pHR lentiviral vectors with pDelta, pAdv packaging plasmid, and Vsvg envelope plasmid were used to generate lentivirus. The pack-
aging and transfer plasmids were transfected with polyethylenimine (PEI) into the HEK293FT cell line. 24 hours after transfection, cul-
ture media was completely changed with Freestyle 293 Expression Medium (Fisher Scientific, # 12-338-026) then collected twice at
48 hours and 72 hours after the transfection. The collected virus was mixed with 40% PEG-8000 solution at a 3:1 ratio of virus:con-
centrator overnight at 4C, spun down for concentration of the virus at 1600g for 60 minutes to the desired amount. The concentrated
virus was stored in -80 °C until usage.

Isolated primary T cells were thawed two days before transduction and activated with ImmunoCult™Human CD3/CD28 T Cell Acti-
vator (STEMCELL, #10971) 24 hours before transduction. For transduction, retronectin (Takara Bio #T100B) was coated at a 32ng/ml
concentration in either 24-well non-TC treated plates or 6-well non-TC treated plates overnight at 4 °C. Retronectin was removed,
wells were blocked with 1% Bovine Serum Albumin concentration for 30 minutes at room temperature, and the virus was added to
each well then spun at 1200g for 90 minutes. After spinning down the virus, the remaining liquid was suctioned out, and then T cells
were added at 250k cells/ml concentration with 300 IU/ml of IL-2 supplement. The transduced T cells were washed with fresh media
with 1001U/ml IL-2 72 hours after the transduction. To select for iCAR+ population after co-transduction, 2 pg/ml of Puromycin
(Thermo Scientific #A1113803) was added 72 hours post-transduction and maintained until assays were performed on the T cells.

Cell line generation and culture

HEK293FT, HT-1080, and GP2-293 (Takara Bio # 631530) cell lines used for retrovirus generation were cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher, 10437028), peni-
cillin/streptomycin (Corning, 30001Cl), L-glutamine (Corning, 25005CI) and 1mM sodium pyruvate (Lonza, 13115E). Nalmé cells
and RS4(11) cells were purchased from ATCC and maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine,
10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate. For labeling of Nalm6 cells, the
PiggyBac Transposon system (System Biosciences) was used to encode BFP and luciferase with a zeocin resistance gene tagged.
Both Axl+ Nalm6 and AxI+ Her2+ Nalm6 were generated using lentivirus encoding truncated versions of Axl and Her2, missing the
intracellular part of each antigen. Generated Nalm6 cell lines were used for up to 2 months and discarded. For antibiotic selection,
Puromycin (Thermo Scientific, #A1113803), Zeocin (Thermo Scientific, # R25005), or Hygromycin B (Thermo Fisher #10687010) was
added to the medium to select for transduced cells.

Antibodies
CD69 readout was measured with APC-Cy7-conjugated mouse anti-human CD69 antibody (BD Pharmingen, #557756) at a dilution
ratio of 1:200. To check the antigen expression level, human Axl APC-conjugated Antibody (R&D Systems, #FAB154A) was used at a
dilution ratio of 1:200 and FITC anti-human CD340 (erbB2/HER-2) antibody (BioLegend, #324404) was used at 1:200. To check the
aCAR and iCAR expression level, Myc-Tag (9B11) Mouse mAb (Alexa Fluor® 647 Conjugate) (Cell Signaling Technology, #2233S)
was used at 1:200, and V5 Tag Monoclonal Antibody, FITC (ThermoFisher, #R963-25) was used at a 1:500 dilution ratio.

Cells were spun down and washed with PBS for the surface staining, then stained with antibodies at desired dilution with FACS
buffer (1x phosphate buffered saline (PBS), 0.1% NaN3, 1% BSA 2mM EDTA) in the dark at room temperature for 30 minutes. Cells
were then washed with PBS again and resuspended with FACS buffer for analysis on the Attune NxT flow cytometer.

Antigen plate-bound assay

Lyophilized target proteins, human Her2/ErbB2 protein (Sino biological, #10004-H08H) and human Axl kinase protein (ECD, His Tag)
(Sino biological, #10279-H08H) were resuspended in distilled water at the concentration instructed by the manufacturer and diluted
at the desired concentration in PBS. For antigen protein adsorption, either non-TC treated 96-well flat bottom plates or 96-well
MaxiSorp plates (ThermoFisher, #442404) were used. The diluted antigen was added to the wells in 200 pl of total volume, then incu-
bated at 4 °C overnight.
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T cell cytotoxicity assay

For the killing assay, both T cells and Nalmé6 cells were washed with RPMI with 5% FBS and incubated in 96-well V-bottom plates at
the desired E:T ratio overnight in a 37°C incubator. After incubation, the supernatant was collected to perform an ELISA assay, and
cells were resuspended with FACS buffer containing SYTOX™ Red Dead Cell Stain (Invitrogen, #5S34859). The samples were analyzed
on the Attune NxT flow cytometer to count the remaining live Nalm6 cell number by gating SYTOX Red negative, BFP positive pop-
ulation. Lysis% of the target was calculated as the percentage of cells killed normalized to the cell number from the wells containing
Nalm6 alone.

Cytokine release assay

Supernatant collected from the killing assays was preserved at -80 °C until the enzyme-linked immunosorbent assay (ELISA) was
performed. To measure IFNy, IL-2, and TNF-a secretion, BD OptEIA human IFNy, IL-2 ELISA kits (BD Biosciences, 555142,
555190, 555212) were used following manufacturer’s instructions with BD OptEIA Reagent Set B (BD Biosciences, 550534) and
measured with SpectraMax M5 (Molecular Devices).

Xenograft mouse models

Female NSG mice, 8-10 weeks of age, were purchased from Jackson Laboratories (#005557) and maintained in the BUMC Animal
Science Center (ASC). All animal experiment protocols were approved by the Institutional Animal Care and Use Committee at BUMC.
500k Nalm6 cells expressing firefly luciferase (F-Luc) and target antigen were injected intravenously. 4 days after, CAR-transduced
T cells were injected intravenously. Tumor burden was measured with IVIS Spectrum (Xenogen) within 10 minutes of intraperitoneally
injecting IVISbrite D-Luciferin Potassium Salt Bioluminescent Substrate (PerkinElmer, #122799). The amount of tumor burden was
quantified as total flux (photons per sec).

Primary NK cell extraction and culture

NK cells and autologous apheresis cells were obtained from Senti Biosciences. They were isolated from blood using the Human NK
Cell Isolation Kit (130-092-657, Miltenyi Biotech) via autoMACS system (Miltenyi Biotech) and shipped to us overnight. The feeder
cells were prepared as described before by irradiating the apheresis cells from the same donor as the NK cells. The apheresis cells
were irradiated by either XRad 320 or MultiRad 350 (Precision X-ray) with 20 Gy under the indicated filter. If mitomycin C (Cayman
Chemical Company #11435) was used to arrest the cell cycle of the apheresis cells, the apheresis cells were treated with the indi-
cated concentration of mitomycin C, cultured for a day, washed twice with fresh media, then mixed with NK cells. NK cells were
mixed with the feeder cells at a 1:5 ratio of NK cell:feeder cells in NK MACS media (Miltenyi Biotech #130-114-429) or CTS NK-
Xpander media (ThermoFisher #A5019001) supplemented with 5% human AB serum (Valley Biomedical #HP1022) and 500 IU/mi
of human IL-2 (NCI BRB Preclinical Repository) with 10ng/ml of OKT-3 (ThermoFisher #14-0037-82). The percentage of NK cells
and T cells was checked with anti-CD3 antibody (BioLegend #300322 or # 300312) and anti-CD56 antibody (BioLegend #362511
or # 362545) on the indicated dates. Primary NK cells were maintained between 400k cells/ml to 3 million cells/ml from day 5 of
the co-culture.

Cell line cultures

HEK293FT, HT-1080, and GP2-293 (Takara Bio # 631530) cell lines used for retrovirus generation were cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher, 10437028), peni-
cillin/streptomycin (Corning, 30001Cl), L-glutamine (Corning, 25005CI) and 1mM sodium pyruvate (Lonza, 13115E). Nalm6 cells
and RS4(11) cells were purchased from ATCC and maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine,
10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate.

Retrovirus generation and transduction

Retrovirus was generated using the GP2-293 cell line. pMX Transfer vectors and BaEVTR envelope vectors were mixed at a 3:1
weight ratio, transfected with PEI as described in lentiviral vector transfection or with FUGENE HD transfection reagent (Promega
# E2312). 24 hours after transfection, the culture media was completely changed with OptiPRO SFM (ThermoFisher # 12309-
019), then collected at 48 hours and 72 hours after transfection. Spinfection was used to transduce NK cells with retrovirus, as
described previously. All aCARs and iCARs were transduced into NK cells using retrovirus.

CAR NK generation for xenograft mouse model

NK cells were transduced with lentivirus of pL17d anti-AxI-28z aCAR and/or pL17d anti-AxI-28z aCAR P2A anti-Her2-LIR1 iCAR.
500k cells were transduced with 250k pg/mL of virus and spun at 1200g for 90 mins in a non-TC treated 12-well dish coated with
retronectin (Takara Bio T100B) as per manufacturer protocols. NK cells were transduced in NK Macs media (Miltenyi 130-114-
429), supplemented with 10% human Ab serum (Valley Biomedical HP1022HI), 1% NK Macs supplement, 500 U IL-2/mL, and
10 ng IL-15/mL. Volume per well was 1 mL during spinoculation, and 1 mL of complete NK MACS media was added post spin.
7 days post transduction, cells were transferred to a 6M G-Rex (Wilson Wolf 80660M) and seeded at a density of 5 million cells
per well in 100 mL of complete NK Macs media. NK cells were grown for 14 days, and 500U IL-2/mL and 10ng IL-15 were added
2 times a week.
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Xenograft mouse model for CAR-NK

NK cells were harvested after 14 days, washed twice, and resuspended in PBS. NK cells were resuspended at 10 million per 150 pL
and injected IV on either day 1 or day 2 after NALM6 engraftment. NK cells were administered to NSG-TG(Hu-I115) mice (Jackson
Labs strain #030890).

NALMBG cells were washed twice and resuspended in PBS. NALM®6 cells were resuspended at 500k cells per 50uL of volume and
injected IV on day 0. Bioluminescence imaging was performed using a Lago Imager (Spectral Instruments). The mice were injected
with 200 pl of D-luciferin (150mg/kg) (Gold Biotechnology Inc, LUCK-5G) and imaged 10 minutes later. Peripheral blood was collected
by submental bleeding 1 time a week in an EDTA tube, of which 150 pL per mouse was processed for flow cytometry. Blood was lysed
with RBC lysis buffer (Biolegend 420302) following manufacturer protocols and stained for 1 hour with either of the following antibody
panels.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data between the two groups were compared using an unpaired two-tailed t-test. All curve fitting was performed with Prism 9

(Graphpad), and p values are reported (not significant = p > 0.05, * = p < 0.05, ** = p < 0.01, *** =p < 0.001). All error bars are repre-
sented as either SEM or SD.
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