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ABSTRACT

Background aims: Dual-receptor NOT gates provide a mechanism to target effector cells to antigens that are absent in specific tissues, a situation that occurs fre-
quently in cancer. For example, loss of heterozygosity (LOH) is a genetic event that removes large segments of one or the other homologous chromosome.
Roughly 20% of the genes in an average solid tumor undergo LOH by the time of clonal neoplastic expansion, such that these irreversible genetic lesions are pres-
ent in every cell of the tumor. To exploit this opportunity for selective targeting and other situations that arise in disease, a version of a NOT gate called
Tmod™ technology has been developed. The Tmod platform incorporates two receptors: an activator based on a CAR or TCR, and a blocker based on the LIR-1
inhibitory receptor.

Methods: MHC class-I-regulated constructs display robust modularity, functioning well with a variety of activators—both CARs and TCRs—and blocker antigens
encoded by different HLA class I alleles. We explore the details of activation, proliferation and cytotoxicity of the Tmod technology, focusing on a HER2 construct,
but generalizing the conclusions by experiments with other Tmod constructs.

Results: We show that Tmod cells exhibit potent, selective tumor-killing even when surrounded by class-I-expressing cells in 3-dimensional spheroids in vitro
and in the mouse body. This behavior is largely ligand-dependent, though there are small ligand-independent effects which are mainly ascribed to mechanisms
other than the ITIM sequences of the LIR-1 blocker.

Conclusions: These detailed studies demonstrate that most of Tmod regulation is ligand dependent. Expression levels of the CAR affect activation/proliferation in

a LIR-1 NOT gate, but the ITIM signaling module plays only a minor role in ligand-independent activity.

Key Words: blocker, cell engineering, iCAR, ITIM, spheroid, T cell proliferation, Tmod.

Introduction

In part because of the rarity of targets that are truly tumor-specific,
cancer drug discoverers are increasingly focused on target profiles
rather than single genes to achieve therapeutic windows [1,2]. Drug
combinations and multi-specific soluble agents are approaches where
drugs or binding functions are paired to gain efficacy and avoid additive
toxicity [3,4]. Another strategy involves synthetic lethality, where inhi-
bition of 2 or more targets in normal cells is tolerated, but inhibition in
the cancer cell is crippling because of tumor-specific dependencies [5].
A third approach utilizes cells that are engineered to integrate multiple
signals—sometimes called logic-gated cell therapy [6].

NOT gates are an especially attractive option in the logic-gate space.
They substantially extend the range of potential cancer targets to anti-
gens that are absent in cancer cells, due to either genetic loss (typically
loss of heterozygosity, LOH) [7] or epigenetic differences [8]. The highly
polymorphic and ubiquitously expressed HLA class I locus provides a
convenient source of targets for a versatile NOT gate. For example,
>60,000 deaths per year in the USA occur among patients with clonal

https://doi.org/10.1016/j.jcyt.2025.06.014

HLA LOH in their tumors. Because such patients can be readily identified
via genetic testing, NOT gate cell therapies such as Tmod are in develop-
ment to leverage the binary allelic difference between tumor and nor-
mal cells in subsets of these patients (Figure 1A) [9,10]. The concept is to
first identify germline-heterozygous HLA-A*02 patients whose tumors
have lost the HLA-A*02 allele by LOH. These patients can be treated by
Tmod constructs that comprise: (1) an activator antigen directed at a
tumor-associated antigen such as CEA, MSLN, or EGFR; and (2) an inhibi-
tory receptor (“blocker”) directed at HLA-A*02 to protect non-tumor
cells that express the activator antigens. Several such constructs gated
by HLA-A*02 have been shown to display selective killing in 2-dimen-
sional co-cultures and in vivo using a variety of dual-flank xenograft
models [7,11-14].

We focus here on some of the more detailed features of the Tmod
system related to the therapeutic window: selective activation, cyto-
toxicity, and proliferation. We concentrate on constructs derived
from the clinical HER2 antibody trastuzumab (4D5). A trastuzumab-
based HER2 CAR has been tested in the clinic, where it was fatal in
the one patient treated, presumably due to on-target, off-tumor

1465-3249/© 2025 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
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Fig. 1. HLA-A*02 NOT gate (HER2 Tmod). (A) Schematic of constructs used in Jurkat cells. HER2 scFvs were derived from clinical mAbs. HER2-targeting activator and HLA-
A*02-targeting blocker receptors were co-expressed on a single lentiviral transcript using the EFloe promoter with a T2A translational pause/reinitiation site interposed
between the coding sequences. (B) Ligand-dependent activation and inhibition in Jurkat cells using mRNA titration in HeLa target cells (see Methods). Dotted lines indi-
cate interpolated EC50 and IC50 values. (C) Flow plots of CAR and blocker surface expression in both CAR-alone and Tmod constructs, as well as (D) the mean fluorescent

intensity (MFI) of the signals.

toxicity [15]. This clinical result, as well as HER2's status as a tumor-
associated antigen, makes HER2 CARs a compelling opportunity for
resuscitation by incorporation into the Tmod logic gate. Because we
seek general conclusions about the Tmod platform, we also study a
variety of other Tmod constructs, some of which (CEA, MSLN, EGFR,
HLA-E, and CD19) have been reported previously [7,11,12,14]. We
show that although Tmod selectivity is largely ligand-dependent,
Tmod cells have slightly reduced activation and proliferation com-
pared to their cognate CARs. Crucially, despite this modest ligand-
independent effect, robust potency and selectivity is maintained in
complex environments; specifically, (1) 3-dimensional spheroid
cocultures; and (2) a mouse model with a surrogate blocker that tar-
gets H-2D?, a mouse class I paralog. In these biologically
relevant settings, Tmod cells potently and selectively kill tumor cells.
The tradeoff between potency and selectivity in the context of Tmod
constructs and other therapeutics is discussed.

Results

Tmod constructs exhibit similar sensitivity versus CARs in Jurkat cell
assays (but are selective)

While most of the activity of Tmod cells is demonstrably
ligand-dependent [1,7], a set of experiments was undertaken to
tease out more subtle quantitative effects on ligand-dependence
in Jurkat cells using antigen-mRNA titration in HeLa target cells.
The Tmod construct used for these experiments consisted of a
single vector, with the activator encoded downstream of the
blocker on the same transcript (Figure 1A). Importantly, the HER2
Tmod construct displayed ligand-dependent blocking, while the
CAR was insensitive to expression of HLA-A*02 in Hela cells
(Figure 1B). The sensitivity (EC50) of both the HER2 CAR and
Tmod construct, defined as the HER2 expression level in Hela
cells that generates half-maximal response in Jurkat cells that
harbor an NFAT-regulated luciferase reporter, was estimated at
~7200 molecules/cell with the aid of calibration beads and stan-
dard curves (Figure S1). These sensitivities are in the range of
previously measured values for CD19, MSLN, and EGFR constructs,
and roughly 5x higher than for the CEA Tmod construct

[11,12,14]. The maximum luciferase signal (Enax) in Jurkat cells
was lower by ~2-4x for the HER2 Tmod construct compared to
the HER2 CAR, consistent with a lower expression level (~8x) of
the activator (Figure 1C,D) and with earlier studies linking Ea.x
in Jurkat cells to activator expression level [16].

Tmod constructs exhibit slightly less acute potency versus CARs in
primary T cell assays (but are selective)

Acute sensitivity to antigen of HER2 constructs was explored next
in primary T cells. In these assays, an additional construct (HER2
Tmod(sh)) that contains a 8,-microglobulin (B2M) shRNA expressed
from a separate promoter (Figure 2A), was included for comparison.
The B2M shRNA module was developed previously to reduce the
effects of cis-binding by endogenous HLA-A*02 molecules in HLA-
A*02(+) donors [11]. mRNA titration using HER2(+ or -)HLA-A*02(+
or -) Hela cells revealed clear antigen-dependent effects on activa-
tion and blocking (Figure 2B). These results were confirmed and
extended using effector-to-target (E:T) titration assays in a second
cell line, A375. For the E:T experiments, the constructs were tested in
co-cultures with A375 cells of different genotypes: HER2(+)HLA-A*02
(-) tumor cells (target A) and HER2(+)HLA-A*02(+) “normal” cells
(target AB) intended to mimic healthy cells in HLA-A*02 heterozy-
gous patients, differing only by HLA-A*02 expression (Figure 2C,D).
Averaged across 5 donors, the CAR was ~2x more potent than the
HER2 Tmod and ~3.5x more potent than Tmod(sh) constructs.
Importantly, Tmod and Tmod(sh) cells exhibited ~20x selectivity to
distinguish tumor cells from “normal” cells, compared to their CAR
counterparts (Figure 2D). IFN-y measurements revealed that HER2
Tmod(sh) cells secreted ~3x less cytokine than CAR-Ts during the
acute assay (Figure 2E).

To further explore acute behavior of the HER2 constructs, we
measured short-term pseudo-markers of proliferation using polysty-
rene beads coated with different amounts of HER2 as the stimulus
(Figure S2A,B). The beads activated cell division, based on the induc-
tion of the IL-2 receptor, CD25, in a ligand-dependent fashion
(Figure S2C). HER2 CAR-Ts were the most sensitive, followed by
Tmod and Tmod(sh). These results were confirmed by coculturing
with A375 target cells and measuring Ki67 (Figure S2D). To quantify



International Society
BIES llT’.
Cell & Gene Therapy®

The LIR-1-based Tmod NOT gate mediates potent, selective cytotoxicity in complex cellular milieus

A .. — _— F utD CAR Smod Tmod(sh) G
i H noiL-2 8: - UTD
O (| o HER2OAR
26 T e HER2Tmod
B 100 100 5
2 e~ HER2 Tmod(sh)
S g 24 P —
g g5 E 5 20UmLIL2 E I
@ o s
E2 Es 3
S £S g - ~ . 8
= X 50 =X 50
s e CAR S
ET 2 * Tmod ES o . .
g g
o o Tmod(sh) @ 100 IU/mL IL-2 50 100
3 Empty beads 1L-2 (IU/mL)
T T T T 1 T T T T 1 2 y y Coated beads
° NS S S NS S
At S
HER2 mRNA (ng) HLA-A*02 mRNA (ng)
c H . "
vs target A Vs target AB tumor > tumor tumor > “normal’
100 1004
100- . CAR 100- -+ CAR
€004 4 Tmod — ] £ 80| & 80 e .
= -
£ s e Tmod(sh) E 604 E . o~ - Tmod(sh)
H ] H A
€ @ & a0 £ 40q y
g B ] 5 /
= - 5o / hintinis
G om ar 1 o o 1w et ,
E:T ratio E:T ratio 0 0 50 100
time (hrs) time (hrs)
b 60 . 1500 “normal” > tumor “normal” > “normal”
o 1004 1004
€ w0 1000 £ s0q . £ s0q - et
2s »>7 2 -~ H -~
5 E £ 6o £ 60
2 zE H H ¥
g £ = e = e ¥
%320 < 500 £ 40 & 4a0q P
o H ] H i
e LIS A 2 204 ¥
Lo Lol h 3331344 e ses s BT LS osssd
T y ) v 1
< > D Q <o > Q 0 50 100 0 50 100
&F & & N &o\’ @ time (hrs) time (hrs)
<& & & &
& &

>

Fig. 2. Characterization of a HER2 | A*02 NOT gate (HER2 Tmod) in primary T cells. (A) Schematic of constructs used in primary T cells. Some constructs incorporate a B2M shRNA to
reduce cis-binding by endogenous HLA-A*02 molecules in HLA-A*02(+) donor T cells. (B) mRNA titration using isotypes of HeLa target cells (see Methods). (C) E:T titration assays
with HER2(+) A375 target cells of different genotypes, HER2(+)HLA-A*02(-) (target A) and HER2(+)HLA-A*02(+) (target AB). Cytotoxicity was measured at 48 hrs. The
average and standard deviation are shown for 5 donors, 4 replicates each. (D) Bar graph of selectivity ratio calculated as the ratio of ET50 against target AB divided by
ET50 against target A. Selectivity ratio is calculated with ET50 against target AB set to 27 if interpolated value > 27. (E) Cytokine secretion from acute killing assays was
measured from the supernatant (see Methods). (F) Cell Trace Violet (CTV) fluorescence was assessed by flow cytometry at 6 days post stimulation by HER2-coated beads
(see Methods). (G) Data from (F) plotted. (H) Killing was monitored over 2 days in cocultures with either tumor or “normal” A375 cells; then the T cells were transferred
to fresh wells containing target cells and monitored for another 2 days (see Methods). Dotted lines segment each serial round.

cell proliferation, we tracked the dilution over time of a membrane-par-
titioning dye, Cell Trace Violet (CTV) at 3 different concentrations of IL-2
(0, 20, and 100 IU/mL). At 100 IU/mL IL-2, there was little
difference among the constructs visible 6 days post-exposure to
beads (Figure 2F,G). Without added IL-2, however, proliferation of the
Tmod(sh) cells was considerably reduced compared to CAR-Ts; the
HER2 Tmod cells were intermediate. These results indicated some dif-
ference among the constructs in acute antigen-stimulated activation/
proliferation, with a general ranking of CAR > Tmod > Tmod(sh).

We next tested whether such differences were observed in a
reversible-serial-killing assay in which effector T cells are transferred
from one culture to fresh cultures of target cells in 2-day intervals.
Though there was a small amount of apparent off-tumor killing,
selectivity was largely preserved during serial transfer (Figure 2H).
The low level of apparent background killing observed with “normal”
cells may be a result of an allogeneic reaction and is observed in
nearly all assays of this type, even when target cells without activator
antigens are co-cultured with effector cells. This finding is consistent
with data from other constructs, and with the high degree of selectiv-
ity displayed by mixed-target-cell cultures exposed to HER2 Tmod
constructs (Figure S2E) [1,7]. Despite being activated (ON state) dur-
ing co-culture with tumor cells, Tmod constructs rapidly returned to
the OFF state after transfer to “normal” target cells. In contrast, all
constructs (CAR, Tmod, Tmod(sh)) continued to kill after transfer
from tumor-cell co-cultures to wells with fresh tumor cells. Account-
ing for a small lag to switch states, there was a modest, visible differ-
ence with regard to serial killing proficiency favoring the CAR over
the Tmod construct.

Tmod cells proliferate slower without exogenous antigen than CAR- and
untransduced T cells

In light of the small but reproducible differences among the HER2
constructs detected in acute assays, we compared the behavior of

these constructs in longer-term assays. We reasoned that a small
difference might be amplified over time. To estimate relative
growth rates at longer intervals, we measured the percentage of
receptor(+) cells in populations over time and normalized to the
receptor(-) (i.e., untransduced) fraction. This subpopulation pro-
vided an internal control for proliferation.

For all constructs (CAR, Tmod, and Tmod(sh), the percentage
of receptor(+) cells in these cultures grown in high concentrations
of IL-2 (300 IU/mL) without target cells diminished slowly over
time. Under conditions where the receptor(+) cells were enriched
post transduction to nearly 100%, the “drift” of the population
could be clearly determined. By 2 weeks post-enrichment, HER2
Tmod(sh) receptor(+) cells fell from 99% of the culture to 81%
under the conditions tested (Figure 3A—C). HER2 CAR and HER2
Tmod cells drifted less, falling to 88—89% over the same interval.
These results suggest that HER2 Tmod(sh) cells grow more slowly
than HER2 CAR-Ts, a difference that becomes more apparent over
time. Similar studies of CEA, MSLN, and EGFR constructs revealed
the same pattern of growth difference: typically, CAR > untrans-
duced > Tmod > Tmod(sh) (Figure 3D). Thus, lower growth/sur-
vival of Tmod cells compared to CAR-only and untransduced cells
is a general property of the Tmod platform, not necessarily
related to the specific activator or target antigen. In serial anti-
gen-stimulation assays where T cells were transferred every
2 days to wells with fresh target cells, the HER2 CAR was slightly
more active than Tmod, a trend that became more apparent in
the longer term (Figure S3A). CAR-Ts consistently have a small
proliferative advantage compared to Tmod constructs.

Importantly, the basic proliferative and potency/selectivity
properties of Tmod were confirmed in T cells derived from can-
cer patients using CEA Tmod(sh) (Figure S3B,C). Tmod cell expan-
sion was similar to Tmod cells derived from a healthy donor,
while potency and selectivity were maintained in an acutekilling
setting.
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Fig. 3. Tmod cells proliferate at a slower rate vs. CAR-Ts and untransduced T cells. (A) Transgene(+) % of T cells transduced with lentivirus encoding HER2-targeting constructs was
tracked for over 3 weeks. Cells were enriched on day 11 (dotted line). Data shown as average and SD of 6 donors. (B) The number of transduced T cells was tracked over time from
total cell count and transgene(+) % from CAR and/or blocker receptor staining, then normalized by the initial cell count on day of thaw to calculate transduced T cell expansion in
fold-changes . (C) T cell health during the same period was assessed via viability % reported from dead cell exclusion using propidium iodide (PI). Data shown as average and SD of 5
donors. Transgene(+) data from (D) HER2, CEA, MSLN, and EGFR Tmod cells display a similar trend in drift, suggesting that the Tmod platform exhibits modest anti-proliferative

characteristics in the absence of antigen.

Differences in proliferation are multifactorial and not caused by specific
signaling from the blocker ITIMs

Immune inhibitory receptors such as LIR-1 down-regulate T cell
activation [17]. Most of their ligand-dependent inhibition requires
the presence of ITIMs, short peptide motifs that contain conserved
tyrosine residues within the intracellular domain of most inhibitory
receptors. LIR-1, for instance, has 4 ITIMs, and robust blocker function
requires that at least 2 are intact [7]. It is natural, therefore, to sup-
pose that the slower growth of Tmod cells compared to CAR-Ts is
related to overexpression of ITIM-containing receptors. Indeed, in
Jurkat cells, expression of LIR-1 blockers reduces tonic signaling from
CARs and this feature requires ITIMs [7].

We therefore tested blocker variants in which all the conserved
ITIM tyrosines were mutated to phenylalanine, which abrogates
interactions with inhibitory phosphatases [18]. For historical reasons,
we used EGFR Tmod constructs for this comparison. Expression of
the CARs in these constructs was similar to that observed with the
HER2 Tmod construct: the CAR component expressed at ~2x higher
levels in CAR-only cells vs. Tmod cells (Figure 4A,B). In long-term
growth conditions with exogenous IL-2 (300 IU/ml) but without tar-
get cells, CAR-Ts eclipsed both Tmod and Tmod cells with mutated
ITIMs (Tmod ITIM(-)) in total growth and in the proportion of recep-
tor(+) cells (Figure 4C). Mutation of Tmod ITIMs did not impact drift;
the proportion of receptor(+) cells declined similarly over the course
of 18 days in culture. This result suggests that decreased proliferation
observed with Tmod constructs is not caused by leaky or tonic inhibi-
tory signaling by blocker ITIMs.

A second possibility is that the effect of Tmod on long-term prolif-
eration is related to activator expression level in the dual-receptor
Tmod context vs. CAR; that is, CAR expression is consistently higher
in CAR-only designs because of the position of the CAR downstream
of the blocker in the standard Tmod design, an orientation chosen for
clinical safety reasons (Figure 1A). To test this possibility, we again
used EGFR constructs and compared CAR to Tmod(sh) and Tmod(sh)
super-transduced with additional CAR copies (Figure 4D; see Meth-
ods). This procedure created Tmod(sh) constructs (Tmod(sh)+CAR)
with ~50% more CAR expression than Tmod(sh) (Figure 4E,F). When
the receptor(+) populations of these T cells were tracked over time,
Tmod(sh)+CAR cells drifted less than Tmod(sh) (Figure 4G,H), sup-
porting the view that activator expression-level is partly responsible
for the proliferation differences observed among the constructs.

Furthermore, acute activation using beads titrated with different lev-
els of EGFR antigen was also improved by overexpression of CAR in
Tmod(sh) cells (Figure 41]). Therefore, we concluded that the abso-
lute level of activator expression affects both antigen-dependent acti-
vation and antigen-independent proliferation of T cells. This latter
effect of higher activator expression may be caused in part by
increased tonic signaling from the CAR (see, for example, Figure 41,])
[19].

Because we observed that Tmod(sh) cells are consistently
slightly hypo-proliferative compared to non-shRNA-containing
constructs, we investigated the possibility that higher B2M shRNA
expression may be part of the explanation. To do this, T cell pro-
liferation of different constructs was measured by CTV using anti-
gen-coated beads as stimulus. By comparing Tmod cells to Tmod
cells with B2M knocked out, we excluded the possibility that the
effects on proliferation were caused by loss of B2M expression
(Figure S4A). Next, we compared the effect of B2M shRNA
expressed from 2 Pollll promoters, U6 and H1. U6 is known to be
5-10x stronger than H1 [20] and we have consistently observed
larger reduction of B2M expression caused by U6-driven B2M
shRNA compared to H1-driven shRNA [14]. In this experiment,
the H1-B2M shRNA had little effect on proliferation, while the
U6-B2M construct delayed proliferation, suggesting that higher
shRNA burden may be part of the explanation for the differences
in proliferation among the constructs (Figure S4B). Interestingly,
proliferation differences were not observed when only the CAR
was present, suggesting a potentially cumulative effect on growth
caused by overexpression of both the shRNA and the blocker.
Although this behavior might be unique to shRNA, we suspect it
is related to general negative consequences of overexpression of
genes in cells (see Discussion).

The HER2 Tmod construct is potent and selective in xenograft
experiments

Having uncovered some differences in vitro with respect to activa-
tion/proliferation of HER2 Tmod cells compared to HER2 CAR-T cells
and explored the mechanistic basis for these differences in related
systems, we sought to examine further how these differences might
manifest themselves in more complex physiological milieus. We
focused initially on HER2 constructs, but extended the experiments
to other Tmod constructs.
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Fig. 4. Blocker ITIM mutations have miminal effect on antigen-independent growth (dirft) difference between receptor(+) and (-) populations, while activator expression level
affects rate of drift and maximal activation. For these experiments, EGFR CAR and Tmod constructs were used. An EGFR Tmod variant with mutations in the ITIM conserved tyrosines
(EGFR Tmod ITIM) was created. (A) Flow plot of activator expression and (B) quantification showing that activator expression is ~2x less in all EGFR Tmod constructs vs. CAR. (C)
Viable cell count vs. time for EGFR constructs. See Methods for experimental details. (D) Cartoons of CAR = EGFR CAR-only; Tmod(sh) = EGFR Tmod(sh); Tmod(sh)+CAR = EGFR
Tmod(sh) cells transduced with additional CAR vector (see Methods). (E) Flow cytometry data for constructs; staining with EGFR CAR anti-idiotype antibody and HLA-A*02 blocker
anti-idiotype antibody. (F) Table with MFI quantification of expression levels in 2 donors on day 7. CAR(+)Blocker(+) refers to the double-positive population gated in the upper right
quadrant of plots in (E). (G) Receptor(+) cells gated as in (E) were monitored for growth, normalized to the receptor(-) untransduced subpopulation, over time in 2 donors. (H) The
fold-change from culture initiation is plotted. (I) CD25(+) T cells as a function of antigen concentration used to create EGFR bound to beads. (J) MFI of gated population from (A).

We began by conducting a two-flank xenograft study to compare
the efficacy and selectivity of the Tmod constructs (Figure 5A). 2E7
cells of each construct, including an untransduced T cell control,
were infused into the tail vein of mice harboring 2 types of estab-
lished graft derived from the H508 cell line: (i) HER2(+)HLA-A*02(-)
tumor graft; and (ii) HER2(+)HLA-A*02(+) “normal” graft. As expected
from previous studies, HER2 Tmod constructs were both potent and
selective, eliminating the tumor grafts but sparing the “normal” ones
(Figure 5B,C). The HER2 CAR-Ts were also potent, but completely
nonselective. Though detailed inspection of the graphs revealed a
possible kinetic difference in the rate of tumor reduction, these differ-
ences were not statistically different. Measurement of human T cell
levels in the mouse blood showed that Tmod(sh) cell levels were
lower than CAR-T levels (Figure S5). However, the meaning of this
difference was not clear because of the possibility that cells were not
equilibrated between the blood and tumor.

We also attempted to test the constructs in xenografts with mixed
populations of tumor and “normal” cells. However, for technical rea-
sons, these experiments failed due to slight growth differences
between the tumor and “normal” isogenic cell lines that were not
apparent in vitro, but which manifested themselves in vivo (data not
shown). The cell populations competed during the establishment of
the mixed-cell graft in vivo, yielding uninterpretable results. We
therefore explored other approaches to study the Tmod technology
in complex milieus.

Tmod’s potent, selective cytotoxicity is maintained in 3-dimensional
spheroid co-cultures

To address the question of Tmod activity in complex settings in a
different way, we created 3-dimensional spheroid cultures in which
the isogenic tumor and “normal” lines were cultured long enough to
form balls of cells prior to adding T cells (Figure 6A). This experimen-
tal setup allowed us to measure cytotoxicity under conditions where
the Tmod and CART cells confront a complex milieu of 3-dimensional
tumor and/or “normal” cells. The nature of the experimental setup
precluded quantitative measurements of potency and selectivity.
However, fluorescent reporters (GFP and RFP) expressed by the A375
isogenic lines used to assemble the spheroids enabled semi-qualita-
tive analysis via imaging. The results were consistent with the previ-
ous studies that suggested a potency difference between HER2 Tmod
and CAR; namely, the extent of killing in the spheroids of the tumor
cells (HER2(+)HLA-A*02(-) A375) followed the rank order: CAR >
Tmod > Tmod(sh). The selectivity of the Tmod constructs vs. CAR-Ts
was dramatic, as observed in other assays. No killing of the “normal”
cells (HER2(+)HLA-A*02(+) A375) was detected by Tmod and Tmod
(sh) cells (Figure 6C; Figure SE6B).

This experimental approach was repeated using a different Tmod
construct (CEA Tmod) and isogenic cell line pair (H508). The CEA
Tmod construct had previously been used in dual-flank H508 xeno-
grafts and displayed selective killing [11]. In this experiment, the
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Fig. 5. HER2 Tmod and Tmod(sh) selectively kill H508 HER2(+)HLA-A*02(-) cells but not HER2(+)HLA-A*02(+) xenografts in NSG mice. (A) A dual-flank subcutaneous xenograft
model where NSG mice were inoculated with HER2(+)HLA-A*02(-) tumor cells on the left flank and HER2(+)HLA-A*02(+) “normal” cells on the right flank were treated with 2E7 T
cells from an HLA-A*02(-) donor transduced with single lentiviral vectors encoding HER2 CAR, HER2 Tmod, or HER2 Tmod(sh). (B) Tumor and “normal” xenograft volumes
were derived from caliper measurements over time, showing selective killing of tumor targets by Tmod and Tmod(sh), but not CAR-T cells. Vertical lines indicate T cell injection.

(C) Individual tumor volume measurements show no outliers.

spheroids were formed from mixtures of tumor and “normal” target
cells. We also included normal fibroblasts from an HLA-A*02(+) donor
at a 1:1 ratio with target cells to simulate stroma. These fibroblasts
slightly slowed the kinetics of killing, possibly due to physical inter-
ference from the fibroblasts. However, the selectivity window was
unaffected (Figure 6C; Figure S6B). This experimental setup also
allowed us to compare Tmod selectivity in spheroid cultures with the
gold standard of the adaptive cellular immune response, the T cell,
using a clinical CEA TCR that recognizes a complex of HLA-A*02 and
CEA peptide (residues 691-699) [21]. This CEA TCR was active in the

clinic but severely toxic [22]. Qualitatively, the CEA Tmod constructs
displayed a level of bystander killing of CEA(+)HLA-A*02(+) cells in
the spheroid cocultures comparable to CEA TCR-T killing of bystander
CEA(+)HLA-A*02(-)i cells. The results provide additional support for
the robustness of the Tmod system; in particular, that it can integrate
signals in a complex 3-dimensional setting and aim its cytotoxic arse-
nal as effectively as the cellular adaptive immune system, exempli-
fied in this case by CEA TCR-Ts.

To summarize the findings in spheroid cultures, Tmod cells killed
tumor cells with high selectivity compared to CAR-Ts, even in the
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Fig. 6. (A) Schematic showing the workflow for 3D spheroid killing assay. (B) Quantification of fluorescence from images shown in Figure S4A. Target cells are A375 isogenic lines;
A = HER2(+)HLA-A*02(-), labeled with an RFP constitutively-expressed reporter; AB = HER2(+)HLA-A*02(+), labeled with a constitutively-expressed GFP reporter. 4,000 T cells were

seeded per spheroid and fluorescence was measured 96 hours later (see Methods). (C) Bar graph of data similar to (B) but using CEA Tmod constructs and H508 isogenic cell line
pair: A = CEA(+)A*02(-) H508; AB = CEA(+)A*02(+) H508. Experiments conducted at E:T = 1:3.
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presence of added normal fibroblasts. Some blunting of potency was
evident compared to CAR-Ts, but it was not clear if this decrease in
potency is intrinsic to the Tmod constructs or based on, for example,
distraction by the HLA-A*02 blocker antigen that is expressed abun-
dantly on the “normal” cells.

A surrogate Tmod construct regulated by H-2D mediates potent,
selective killing of tumor cells in mice

To address the question of antigen distraction by normal tissues (i.
e., interference by either biochemical binding to, or inhibition trig-
gered by, the ubiquitously expressed blocker antigen in normal tis-
sues), we developed a model for the function of Tmod cells in the
mouse using a Tmod construct gated by the product of a mouse MHC
class I paralog, H-2D" ([14]; see Methods). We paired the H-2D”
blocker with a CD19 activator and used the CD19(+) Raji cell line
engineered with HLA-A*02 and H-2D transgenes (Figure 7A). The
Raji cells also expressed a luciferase reporter to permit quantification
in vivo by bioluminescence.

Prior to testing in vivo, the Raji target cells were co-cultured
with CD19 CAR, CD19 | HLA-A*02 Tmod, or CD19 | H-2D® Tmod con-
structs to confirm expression and selective cytotoxicity in vitro of
the Tmod constructs (Figure S7A,B). T cells were then infused into
the tail veins of mice engrafted with the transgenic Raji cells and
xenograft volume and bioluminescence was measured over time
(Figure 7B,C). CD19 CAR-Ts killed both the parental Raji cells (CD19
(+)) and the transgenic Raji cells (CD19(+)HLA-A*02(+)H-2D"(+)).
However, both Tmod constructs (CD19 | HLA-A*02 and CD19 | H-
2DP) killed only the parental Raji line. There was no difference in
potency, suggesting that the ubiquitous expression of H-2D” among
mouse tissues did not distract the Tmod cells from killing their
tumor targets. A slight difference in apparent selectivity was
detected in this experiment, but given the large body of other in
vitro and in vivo evidence, it was not considered meaningful. Blood
human T cell levels were similar in animals treated with CAR and
Tmod constructs, showing a slight rise and fall at early time points,
consistent with clearing of the tumor, followed by an increase,
likely the results of an allogeneic response visible clearly in the
untransduced T cell cohort (Figure S7C). A similar in vivo experi-
ment to measure Tmod potency/selectivity, where broad

A
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expression of the activator antigen in mouse tissues is shown to be
overcome by the H-2D” blocker, is discussed in a separate paper
[14]. These results provide evidence that the Tmod system main-
tains potency and selectivity in vivo where there is a large prepon-
derance of “normal” cells that express the MHC class I blocker
antigen.

Discussion

Perhaps the most important property of a medicine is therapeutic
window, a measure of efficacy compared to safety/tolerability.
Because of the rapid mortality of many malignancies, oncology medi-
cines have more leeway. Nonetheless, many cancer drugs are limited
in efficacy due to toxicities that constrain their maximum dose. At
present, discovery of better cancer medicines is hindered primarily
by the shortage of new tumor-specific targets. For this reason, drug
discoverers have begun to exploit the potential of antigen profiles
using immune therapies.

The Tmod NOT gate has remarkable features and is able to dem-
onstrate a selectivity window under a wide variety of experimental
conditions; for example, when confronted by a vast excess of either
activator or blocker antigen as described here and in previous publi-
cations. These Tmod properties, however, may come at a small but
measurable cost of potency compared to CARs. The source of this
ligand-independent effect on activation and proliferation is multifac-
torial. Based on data presented here, we can ascribe part of the effect
to reduced activator surface expression levels in Tmod cells. This
expression difference is caused by the construct design which enco-
des the 2 Tmod receptors (activator and blocker) on a single tran-
script, with the activator at the C-terminus. This design produces
lower surface activator levels compared to the blocker. In addition to
activator expression, the vector constructs likely place a burden on T
cells caused by expression of multiple exogenous gene products,
including the shRNA. Indeed, the differences on growth linked to
shRNA driven by either the H1 or U6 promoter have been observed
previously [23]. Conceptually, a simple way to offset the growth
effects would be to increase expression of the activator as shown in
Figure 4D. However, this approach has 2 problems. First, it risks over-
riding the blocker mechanism; and second, it may require
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Fig 7. Potential distracting blocker antigen has minimal effect on efficacy. (A) Dual-flank Raji model setup of experiment with CD19 | H-2D” and CD19 | HLA-A*02 Tmod constructs
and controls. (B) Plots of tumor xenograft volume vs. time and (C) BLI vs. time for indicated constructs. Vertical lines indicate T cell injection. Dose = 1E7 T cells/mouse, % receptor(+)
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engineering a different single-vector solution to the problem of acti-
vator-only-expressing T cells that occurs if 2 separate vectors are
used for the blocker and activator, posing a potential safety risk.

Interestingly, the ITIMs do not appear to contribute much to anti-
gen-independent growth differences between CAR and Tmod con-
structs. This observation appears to create a paradox: Limited tonic
signaling benefits growth of T cells and Tmod quiets tonic signaling
to a degree. If ITIMs reduce tonic signaling, how does the blocker
cause a hypo-proliferative effect without intact ITIMs? Overexpres-
sion of proteins in cells places a burden on cell metabolism and
growth [24-26] and membrane proteins are thought be more harm-
ful at high levels because they can saturate the membrane-protein
translocation apparatus [27]. Though a degree of tonic signaling from
the activator may be beneficial in some circumstances and offset
the negative effects of overexpression [19], it is likely that quanti-
tative assays like many of those conducted here, will detect the
cumulative small effects on growth caused by the burden of over-
expression.

Importantly, the net effect of Tmod on therapeutic window, pre-
dicted from selectivity measured in vitro and in vivo, is strongly posi-
tive. A slight kinetic lag occurs when Tmod cells are transferred from
“normal” to tumor target cells. This likely results from the assay con-
ditions without exogenous IL-2 to maintain cell cycling. When the T
cells are switched to tumor cells, they must reinitiate antigen-depen-
dent activation. To deal with on-target, off-tumor problems of single
antigens, some efforts have deliberately tuned down signaling and
affinity of CARs to mitigate toxicity [28,29]. A similar strategy has
been employed for bispecific T-cell engagers [30]. Such extreme
measures may be required when the mechanism inherently lacks a
therapeutic window. However, Tmod presents a rare opportunity to
improve the potency of cancer therapies by eliminating biologic
brakes and adding accelerators, because the starting point is a mech-
anism that confers high selectivity.

Though the LIR-1-based receptor has been generally adopted as
the inhibitory module of NOT gates [13,31], other logic gates have
been explored as possible therapeutics to widen the therapeutic win-
dow in oncology [1]. These logic gates recognize different, in some
cases more complex, antigen profiles. Such logic gates include OR
NOT, OR+NOT, and OR+OR NOT gates [1,31]. AND gates have also
been devised but have proven more difficult to develop robustly [32].
A possible exception is an AND gate (LINK) that uses LAT and SLP76
signaling proteins, rather than ITAMs [33]. Finally, an AND that co-
opts elements of Notch pathway signaling, perhaps better described
as an IF THEN logic gate (SynNotch), has been advanced into the clinic
[34,35].

The different mechanisms by which activation logic is enforced
in immune effector cells have some tradeoffs. For example, with
SynNotch the first antigen (A) triggers release of a transcription
factor that translocates to the nucleus where it initiates expression
of a CAR that allows T cell activation by a second antigen (B). This
process results in delay between sensing of the first and second
target antigens. In contrast, the LINK system is an AND gate with
real-time signal-integration from the A and B antigens. Further
studies should illuminate what tradeoffs are associated with the
LINK approach; e.g., leakiness associated with constitutive overex-
pression of downstream signaling elements of the TCR pathway.

NOT gates like Tmod and its variants are also real-time signal inte-
grators. Tmod has been studied in depth here and in a previous publi-
cation that demonstrates pharmacologic responses to target antigens
across a range of antigen-level ratios [36]. However, though remark-
ably robust and modular, the sensitivity of the blocker may be a limit-
ing factor because it must act in close proximity to the activator [37].
On the other hand, this proximity-sensing behavior is also a major
strength. Unlike SynNotch, Tmod requires expression of the blocker
antigen (B) on the same cell surface as the activator antigen (A). This
feature, potentially shared by the LINK logic gate, allows
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discrimination of A(+)B(+) positive cells from A(+)B(-) cells in mix-
tures of target cells [7].

Conclusions

In aggregate, the data presented here shows that, although HER2
Tmod cells exhibit slightly lower acute potency than HER2 CAR-Ts,
the large improvement in selectivity parameters in vitro and in vivo
support the potential of dramatic improvement in the clinical on-
target, off-tumor therapeutic window using the Tmod NOT gate.
This situation encourages implementation of aggressive potency
enhancements by adding booster modules, including but not lim-
ited to onboard cytokines [38].

Materials and Methods
Cell line generation and culturing

Unmodified HeLa, A375, NCI-H508 (H508), and Raji cells were
purchased from ATCC. Hela cells were cultured in MEM supple-
mented with 10% FBS and penicillin/streptomycin (P/S). A375 cells
were cultured in DMEM supplemented with 10% FBS and P/S. H508
and Raji cells were cultured in RPMI supplemented with 15% FBS and
P/S. To generate GFP(+), RFP(+), and luciferase(+) variants, cells were
transduced with lentivirus encoding GFP, RFP, firefly-luciferase, or
renilla-luciferase (Biosettia). To generate HLA-A*02(+) variants, cells
were transduced with lentivirus encoding HLA-A*02 and FACS-sorted
for HLA-A*02-positive cells using an HLA-A*02 antibody (clone BB7.2,
Biolegend). H-2D”(+) variants were generated in a similar manner
using a lentivirus encoding H-2D” and FACS-sorted for H-2DP-
positive cells using a H-2D? antibody (clone KG95, eBioscience).
To generate HER2(-) variants, CRISPR-Cas9 genetic muodification
was performed. Briefly, a mixture of 3 guide RNAs (gRNAs) targeting
ERBB2 were purchased from Synthego, mixed with Streptococcus pyo-
genes HiFi Cas9 protein (IDT) at a 1:3 molar ratio to form ribonucleo-
protein complexes, and transfected into cells using the Amaxa 4D
nucleofection system (Lonza). Sequences for the gRNAs were:
1) CAUAGUUGUCCUCAAAGAGC, 2) AACAAUACCACCCCUGUCAC, and
3) CGCUCACAACCAAGUGAGGC. Jurkat cells with the NFAT-luciferase
reporter system were purchased from BPS Bioscience and maintained
in RPMI supplemented with 10% heat-inactivated FBS and P/S.

Molecular cloning

All CAR, Tmod, and Tmod(sh) constructs were cloned using
Golden Gate assembly, where gene segments were combined and
assembled downstream of a human EFle, U6, or H1 promoter con-
tained in a lentiviral expression plasmid. Activators were created by
fusing scFv ligand binding domains (LBDs) to the CD8« hinge, CD8 or
CD28 transmembrane domain, and CD28, 4-1BB, and CD3¢ intracellu-
lar domains. Blockers were generated by fusing scFv LBDs to the
hinge, transmembrane domain, and intracellular domains of LIR-1.
The HER2, EGFR, and CEA scFvs were derived from previous literature
[11,14,39,40]. The H-2D" scFv was identified by sequencing the 28-
14-8S (HB-27) hybridoma (ATCC) using Genscript’s hybridoma anti-
body sequencing service.

Quantification of activator and blocker sensitivity

Hela target cells expressing activator and blocker antigen endoge-
nously, recombinantly, or transiently via messenger RNA (mRNA)
transfection were used for this determination. To control the degree
of antigen expression on Hela target cells with mRNA transfection,
HER2 or HLA-A*02 mRNA were titrated into HER2 KO (HER2(-)HLA-
A*02(-)) or wildtype (HER2(+)HLA-A*02(-)) HeLa cells, respectively,
using the Amaxa 4D nucleofection system (Lonza). mRNA was
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synthesized as previously described [11]. Antigen density was quan-
tified using the QIFIKIT® (K007811-8, Agilent), used according to the
manufacturer’s protocol. Anti-HER2 (clone 24D2) and anti-HLA-A*02
(clone BB7.2) antibodies were used to confirm a titration of antigen
expression in target cells.

Jurkat cells with the NFAT-luciferase reporter (JNL) were trans-
fected with CAR or Tmod plasmid constructs using the Amaxa 4D
nucleofection system. Transfected JNLs were co-cultured with target
cells for 6 hours in the incubator, followed by measurement of lumi-
nescence on a plate reader (Spark® Multimode Microplate Reader) as
areadout of Jurkat activation.

Primary T cell generation and characterization

Peripheral blood mononuclear cells (PBMCs) from healthy donors
were purified from leukopaks purchased from HemaCare or Allcells.
CD4(+) and CD8(+) T cells were enriched from PBMCs with Prodigy,
according to manufacturer’s protocols. These cells were then acti-
vated with TransAct (Miltenyi) and transduced with CAR- or Tmod-
or Tmod(sh)-encoding lentivirus the next day at a multiplicity of
infection (MOI) of 10-40. Transduced cells were cultured in G-
Rex24 well plates (Wilson Wolf) with X-VIVO15 media (Lonza)
supplemented with 1% human serum (GeminiBio) and P/S. Fresh
IL-2 was added every 2-3 days at 300 IU/mL alongside media
changes. For payload studies assessing various B2M modification
strategies, T cells were either modified via CRISPR-Cas9 with a
B2M gRNA or scramble gRNA 48-72 hours following lentiviral
transduction. For in vivo studies, T cells were cultured in G-Rex6
well plates (Wilson Wolf).

Primary T cells were routinely counted and stained to check iden-
tity and track proliferation of transgene(+) cells. HER2 CAR was
stained with either biotinylated Protein L (#29997, Thermo Fisher
Scientific) or biotinylated HER2 recombinant protein (HE2-H82E2,
ACROBiosystems) tetramerized with streptavidin conjugated to an
appropriate fluorochrome. EGFR CAR was stained with biotinylated
EGFR recombinant protein (EGR-H82E3, ACROBiosystems) tetra-
merized with streptavidin conjugated to an appropriate fluoro-
chrome. The HLA-A*02 blocker was stained with either
biotinylated peptide:HLA-A*02 probe tetramerized with streptavi-
din conjugated to an appropriate fluorochrome, generated as
described previously [16] or an internally generated anti-HLA-
A*02 antibody (clone 1G6.1).

Primary T cell in vitro cytotoxicity assays

T cells were prepared as described above. HER2 CAR, Tmod, or
Tmod(sh) T cells were co-cultured with 2,000 HeLa or A375 target
cells at defined E:T ratios in clear-bottom 384-well plates (Greiner).
Briefly, target cells were seeded in quadruplicate wells of a 384-well
imaging plate in 30 L X-VIVO15 media supplemented with 1%
human serum and P/S on day 1. For mixed culture assays, target cells
(A and AB isotypes) were pre-mixed prior to seeding. For mRNA titra-
tion to assess CAR and blocker sensitivity in primary T cells, HER2(-)
HLA-A*02(-) HelLa cells or HER2(+)HLA-A*02(-) HeLa cells were tran-
siently transfected with a titration of HER2 mRNA or HLA-A*02
mRNA (2-fold, 16 points total), respectively, using the Amaxa 4D
electroporation system (Lonza). Plates were incubated at 37°C, 5%
CO, overnight to allow the cells to adhere. On day 2, T cells were
added at appropriate E:T ratios in 30 uL X-VIVO15 media supple-
mented with 1% human serum and P/S. Plates were incubated at 37°
C, 5% CO, and imaged every 4 hours for 48 hours using the ImageX-
press Micro Confocal imager (IXM) with a 4x objective (Molecular
Devices). Quantification of target cell area (i.e. GFP(+) or RFP(+) total
area per image) was performed using MetaXpress analysis software,
where surface area of GFP(+) or RFP(+) was quantified from back-
ground-subtracted fluorescence using an adaptive threshold. Plating
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variability was accounted for by normalizing to the area at time=0 for
every well. Killing was then quantified as the difference in area
between the test article vs corresponding untransduced T cell wells,
normalized to the untransduced T cell well. For some acute killing
assays, supernatant was collected and measured for IFN-y concentra-
tion using the Cytometric Bead Array (CBA) human IFN-y flex set
(BD Biosciences).

For patients’ primary T cells, samples were acquired from subjects
with solid tumors who enrolled in clinical trials of Tmod therapies,
which were approved by participating medical centers’ Institutional
Review Boards (IRBs). All subjects provided written informed consent
in accordance with the Declaration of Helsinki and all ethical regula-
tions were followed. These studies were registered at ClinicalTrials.
gov (identifiers NCT04981119 and NCT06051695). For studies com-
paring patient-derived Tmod and healthy donor Tmod, CD56-
depleted, CD4 and CD8 T cells (previously isolated using CliniMACS
Prodigy and frozen) were thawed and cultured in X-VIVO 15 media
(Lonza) supplemented with 300 IU/mL IL-2 (Bio-Techne), Physiologix
(Nucleus Biologics) and GMP-grade TransAct (Miltenyi Biotec) fol-
lowing the manufacturer’s guidelines in G-Rex 100M vessels (Wilson
Wolf). 24 hours after stimulation, cells were transduced with lentivi-
rus encoding CEA Tmod(sh) at a multiplicity of infection of 20.
24 hours after transduction, cells were topped off with additional
supplemented X-VIVO 15 media and cultured for 5 days without
disruption. On day 7 of culture, cells were harvested, characterized
by flow cytometry and cryopreserved for future potency assessment
(as described above).

Antigen-dependent stimulation assays

To characterize activation of primary T cells from activator antigen
stimulation, T cells were cocultured with either antigen-coated beads
or antigen-expressing A375 cells. To generate antigen-coated beads,
streptavidin-coated M-280 Dynabeads (M-280-SA, Invitrogen) were
washed with PBS with 0.1% BSA (FACS buffer) thrice and incubated
with a forward titration of biotinylated recombinant HER2 protein
and back-filled to saturation with a backward titration of an irrele-
vant, biotinylated mouse IgG1 kappa protein (DNP-BM190, ACROBio-
systems). After 30 minutes, beads were washed with 1x PBS with
0.1% BSA and checked for coating efficiency with an anti-HER2 (clone
24D2) antibody. 1.5E5 microbeads were plated into U-bottom 96-
well plates (Corning) in 100 uL X-VIVO15 media supplemented
with 1% human serum and P/S. Next, 5E4 primary T cells were
seeded into each well in 100 uL X-VIVO15 media supplemented
with 1% human serum and P/S, making the final mixture a
200 L volume with 3:1 bead-to-effector ratio. Positive control
(T cells incubated with 1:100 TransAct) and negative controls
(co-culture with un-coated Dynabeads, as well as T cells only)
were included. After 24-48 hours of incubation, T cells were
stained with a combination of Protein L and anti-CD25 (clone M-
A251) antibody or anti-Ki67 (clone 11F6) after fixing and permea-
bilizing the membrane with the intracellular transcription factor
staining buffer set (00-552300, Invitrogen), used according to
manufacturer’s protocol.

To examine proliferation of primary T cells from activator antigen
stimulation, T cells were pre-stained with CellTrace Violet (CTV)
(C34571, Invitrogen), according to the manufacturer’s protocol,
before coculturing with antigen-coated or un-coated Dynabeads as
mentioned above. Culture conditions included 0, 20, or 100 IU/mL of
IL-2. After 6 days in culture, cells were assessed on flow cytometry
for CTV signal.

Blocker ITIM mutation assays

To assess the effect of the HLA-A*02 blocker on longer-term pro-
liferation, EGFR CAR and Tmod constructs [14] were used. In order to
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inactivate the blocker function, an EGFR Tmod variant was created by
mutating all ITIM-conserved tyrosines to phenylalanine [7]. The EGFR
CAR and Tmod variants were generated in primary T cells and main-
tained in culture as described above.

Controlling activator expression levels in primary T

To control CAR expression levels, EGFR CAR and Tmod(sh) con-
structs [14] were used. Primary T cells were transduced with either
virus encoding for EGFR CAR only, EGFR Tmod(sh) only, or a mixture
of the 2. T cells were maintained and periodically counted/stained as
described above.

Understanding promoter strength on Tmod cell proliferation

CEA CAR and Tmod cells with different B2M modification strate-
gies were prepared in primary T cells. B2M was modified via CRISPR-
Cas9 gene modification or by having the B2M-targeting sequence
downstream of either U6 or H1 promoters. As a control, un-modified
CEA Tmod and CEA CAR with B2M knockdown via the U6 promoter
were included. All T cells in this study were transfected with either
gRNA targeting B2M or a scramble gRNA in order to eliminate the
effect of transfection.

10 days post-TransAct activation, T cells were cocultured with
either antigen-coated beads or un-coated beads for up to 7 days. To
generate antigen-coated beads, streptavidin-coated M-280 Dyna-
beads (M-280-SA, Invitrogen) were washed with FACS buffer thrice
and incubated with biotinylated recombinant CEACAMS5 protein
(ACROBiosystems). After 30 minutes, beads were washed with 1x
PBS with 0.1% BSA and checked for coating efficiency with an
anti-CEACAM5/CD66e (clone 487609) APC-conjugated antibody
(FAB41281A, R&D Systems). 1.5E5 microbeads were plated into U-
bottom 96-well plates (3799, Corning) in 100 uL X-VIVO15 media
supplemented with 1% human serum and P/S. Next, 5E4 CTV-stained
T cells were seeded into each well in another 100 nL X-VIVO15
media supplemented with 1% human serum and P/S, making the final
mixture a 200 uL volume with 3:1 bead-to-effector ratio. At days 3,
5, and 7, cells were stained with an CD25 (M-A251) antibody and
assessed by flow cytometry for CTV signal.

3D spheroid killing assay

In order to assess tumor killing by HER2-targeting T cells in a 3D
setting, spheroids were generated. For HER2, A375 isogenic cells
were used, including HER2(+)HLA-A*02(-)RFP(+) ffluc(+) target A,
HER2(+)HLA-A*02(+)RFP(+) ffluc(+) target AB, and HER2(-)HLA-A*02
(+)GFP(+) rluc(+) target B. 4,000 A375 cells were seeded in an ultra-
low attachment 384-well plate (4516, Corning). For CEA, NCI-H508
isogenic cells were used, including CEA(+)HLA-A*02(-)RFP(+) ffluc(+)
target A and CEA(+)HLA-A*02(+)GFP(+) rluc(+) target AB. 4,000 total
H508 cells were seeded as described above. For mixed culture sphe-
roids, 2,000 tumor and 2,000 “normal” H508 isotypes were mixed
with or without 4,000 CCD-18Co fibroblast cells (ATCC, CRL-1459).
After confirming spheroid formation, T cells were gently added at
desired E:T ratios. Images of spheroids were obtained 96 hours after
the addition of T cells by fluorescence microscopy (Keyence BZ X800)
or confocal fluorescence microscopy (IXM). The percentage of specific
killing at 96 hours was assessed by luciferase assay.

In vivo studies

In vivo experiments were conducted by Explora BioLabs or Charles
River Accelerator and Development Lab (CRADL®) Thousand Oaks
under Institutional Animal Care and Use Committee-approved proto-
cols. The identities of target cells and T cells groups were blinded to
the CROs. 5- to 6-week old female NOD SCID gamma (NSG; NOD.Cg-
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Prkdc*9I12rg"Wi'/Sz], JAX stock no. 005557) mice were purchased
from the Jackson Laboratories. Animals were acclimated to the hous-
ing environment for at least 3 days before the initiation of the study.

In the dual-flank xenograft model testing the HER2-targeting con-
structs, animals were subcutaneously injected with HER2(+)HLA-
A*02(-) “tumor” grafts on the left flank and HER2(+)HLA-A*02(+)
“normal” grafts on the right flank. In the surrogate model, animals
were subcutaneously injected with CD19(+)HLA-A*02(-)H-2D"(-) Raji
target A (“tumor”) on the left flank and CD19(+)HLA-A*02(+)H-2D"(+)
Raji target AB (“normal”) cells on the right flank. When xenografts
reached an average of 100-160 mm?, animals were randomized into
groups and saline or T cells were administered intravenously through
the tail vein. Xenograft volume measurements were performed by
calipers 3 times per week for the duration of the study. Peripheral
whole blood and serum were collected pre-T cell inoculation, and
weekly from 6-days post T cell inoculation. Cells were stained post
RBC lysis with anti-mouse CD45 (clone 30-F11), anti-human CD3
(clone UCHT1), anti-human CD4 (clone OKT4), anti-human CD8
(clone RPA-T8), and stained for CAR/blocker.

Statistical analysis

All in vitro data are shown as mean + standard deviation, and in
vivo data as mean = standard error of the mean. In vivo tumor growth
curves were compared using the Kruskal-Wallis statistical test. P <
0.05 was defined as statistically significant. For sensitivity and cyto-
toxicity assays, data points were fitted by a 4-parameter nonlinear
regression analysis. EC50, IC50 and ET50 values were interpolated
from fitted curves.
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