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Abstract

Overexpressed tumor-associated antigens [for example, epidermal growth factor receptor (EGFR)
and human epidermal growth factor receptor 2 (HER2)] are attractive targets for therapeutic T
cells, but toxic “off-tumor” cross-reaction with normal tissues that express low levels of target
antigen can occur with chimeric antigen receptor (CAR)-T cells. Inspired by natural ultrasensitive
response circuits, we engineered a two-step positive-feedback circuit that allows human cytotoxic
T cells to discriminate targets on the basis of a sigmoidal antigen-density threshold. In this circuit,
a low-affinity synthetic Notch receptor for HER2 controls the expression of a high-affinity CAR
for HER2. Increasing HER2 density thus has cooperative effects on T cells—it increases both CAR
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expression and activation—leading to a sigmoidal response. T cells with this circuit show sharp
discrimination between target cells expressing normal amounts of HER2 and cancer cells
expressing 100 times as much HERZ2, both in vitro and in vivo.

The specificity with which chimeric antigen receptor (CAR)-T cells can recognize and kill
tumor cells and discriminate against normal cells remains limited (1-3). A major challenge
is finding surface proteins that are absolutely tumor specific (4). CAR-T cells are effective in
treating hematologic cancers (5-7), but they indiscriminately kill both cancerous and normal
B cells because they target the lineage-specific protein CD19. The loss of B cells is
tolerable, but the killing of normal tissue when treating solid cancers with CAR-T cells
remains a major challenge that can lead to toxicity and, in some cases, has proven lethal (8—
10). Antigen receptors such as epidermal growth factor receptor (EGFR) and human
epidermal growth factor receptor 2 (HER2) are overexpressed in cancers, but they are also
expressed at lower densities in normal epithelial tissues (11, 12). Thus, anti-HER2 CAR-T
cells have shown, in some cases, toxic cross-reaction with normal organs (8). Such on-target,
off-tumor toxicity has been observed for CARs directed at several other overexpressed
tumor-associated antigens (13, 14). Although some toxicity cases can be managed clinically
(9), ideally, engineered T cells should reliably discriminate cancer cells from normal cells on
the basis of antigen density (Fig. 1A, top).

To widen their therapeutic window, engineered T cells must sense target antigen density with
a sigmoidal response and a sharper killing threshold (Fig. 1A, bottom). Dose-response
behaviors in which small changes in input can generate large, nonlinear changes in output
activity are referred to as “ultrasensitive” responses (15, 16).

Ultrasensitive behavior is observed in many critical regulatory systems and can be achieved
through various mechanisms, ranging from allosteric molecules (for example, hemoglobin)
to more complex regulatory cascades or circuits (17-19). Ultrasensitive circuits shift linear
responses toward switch-like “all-or-none” responses in many biological systems (15, 18,
20). In T cells, binding of the cytokine interleukin-2 (IL-2) to basally expressed low-affinity
receptors results in induced expression of the high-affinity alpha subunit of the IL-2 receptor
(CD25) (21). Thus, IL-2 acts on T cells in two ways: It both directly activates the cells and
makes the cells more sensitive to IL-2, thereby resulting in a form of positive feedback and
cooperativity.

We used a modular approach to engineer ultrasensitive T cells (22-24). Our strategy
recognizes the cognate antigen with a low-affinity synthetic notch (synNotch) receptor,
which would, in turn, induce the expression of a high-affinity CAR for the same antigen
(synNotch receptors activate transcription of a genetically encoded payload when they
engage input ligand) (Fig. 1B) (23-25). In this circuit design, the low-affinity synNotch
receptor acts as a filter and constrains transcription induction to occur only when the T cell
encounters target cells with high antigen expression. Once past this initial filter, the induced
high-affinity CAR permits strong T cell killing and proliferation. Together, the circuit could
yield an all-or-none, ultrasensitive response.
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To evaluate T cell circuits engineered to achieve density-dependent recognition of the HER2
antigen, we constructed a series of stable human leukemia (K562) tumor cell lines that differ
only in their amount of HER2 expression over a 100-fold range (Fig. 1C). The HER2
densities correspond to those of several cancer cell lines (fig. S1A). A clinically relevant
goal is to be able to reliably discriminate between cells expressing >10%-° [HER2 pathology
score of 3+, as defined by American Society of Clinical Oncology-College of American
Pathologists (ASCO-CAP) scoring guidelines] versus 104> molecules per cell (HER2 score
of 0 or 1+, termed “HER2 negative™), as these are the expression amounts found in several
HER2-amplified cancers and several normal HER2-expressing human tissue samples (26),
respectively. To build the synNotch receptors and CARs, we made a series of anti-HER2
single-chain antibodies (scFvs; Fv denotes a heterodimer of the variable region of the light
and heavy chains) with affinities that span a 100-fold range (dissociation constants between
2.0 and 200 nM) (Fig. 1D and fig. S2).

We constructed and tested several versions of the anti-HER2 synNotch — anti-HER2 CAR
circuit in human primary CD8+ T cells in vitro (fig. S3A). To assay density-sensing
behavior, we measured target cell killing by quantitative flow cytometry. Several circuit T
cells showed antigen density ultrasensitivity [Hill coefficients (ry) of 1.7 to 4.4] (Fig. 2A,
bottom). By contrast, T cells with constitutive expression of either high- or low-affinity
CARs showed little density discrimination (Fig. 2A, top). In circuit T cells in which a low-
affinity synNotch receptor [scFv dissociation constant (Kgy) = 210 nM] was used to control
the expression of a high-affinity CAR (scFv Ky = 17.6 nM) (Fig. 2A, red line), their
ultrasensitive threshold clearly discriminated between the target densities of 1042 and 10%-5
[Fig. 2B; my = 4.4, antigen density that produces a 50% maximal response (densg) = 10°-9]
(for circuit activity in T cells from multiple donors, see fig. S4B).

The observed ultrasensitivity appears to originate from the designed transcriptional cascade.
The steady-state amounts of CAR expression (monitored by tagging CARs with an mCherry
protein) (fig. S3A) depended strongly on target antigen density (Fig. 2B, left, and fig. S4C,

red line). T cell proliferation, a critical component of an antitumor response, also showed an
ultrasensitive dependence on target antigen density (Fig. 2B, right, and fig. S4C, green line).

The response of the T cell circuit could be tuned by altering the receptor affinities within the
circuit. For example, lowering the CAR affinity (scFv Ky = 210 nM) while maintaining a
low-affinity synNotch increased the density threshold (densg = 1069 (fig. S4D) but also
reduced the maximal killing activity and lowered the overall ultrasensitivity (/4 = 1.7). The
ultrasensitivity began to break down when we used a medium-affinity synNotch (scFv Ky =
46.5 nM) receptor as the circuit filter (fig. S4D, brown line). Thus, a robust ultrasensitive
response is generated by linking low- and high-affinity recognition into a two-step cascade
(Fig. 2C). Low-affinity synNotch receptors that encounter low densities of HER2 antigen
produce low amounts of CAR expressed at the T cell surface (Fig. 2C, left). By contrast,
when low-affinity synNotch receptors encounter high HER2 densities (Fig. 2C, right), they
express higher steady-state amounts of CARs. Thus, high target antigen density both
increases CAR expression level and activates T cell proliferation and killing, leading to a
nonlinear all-or-none response (Fig. 2C).
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By contrast, we found that constitutively expressed CARs, even with reduced CAR
expression or affinity (fig. S3B), triggered T cell killing of low-density antigen cells (fig. S5,
A and B). CARs and synNotch receptors showed different sensitivities, even when using the
same antigen binding domain. CARs are more sensitive, triggering killing activity with
relatively low antigen density (Fig. 2A and fig. S5), whereas synNotch-mediated gene
expression requires higher antigen densities. Thus, the low-affinity synNotch receptor does
not induce a sufficient amount of CAR expression to trigger a killing response with low-
density targets and only initiates strong killing with high-density targets [Fig. 2, A (bottom)
and B, and fig. S4AC].

We further tested the synNotchyqy affinity — CARnigh affinity (SCFV Kg = 210 nM synNotch,
17.6 nM CAR) HER2 antigen density—sensing circuit against a number of different human
cancer cell lines with low and high HER2 expression (Fig. 3, A and B, and fig. S6). In in
vitro killing assays, engineered T cells were mixed with target cancer cells that expressed
either low-density HER2 [human prostate adenocarcinoma (PC3), 1048 HER2 molecules
per cell, HER2 score 1+] or high-density HER2 [human ovary adenocarcinoma (SKOV3),
107-0 HER2 molecules per cell, HER2 score 3+]. With the low-HER2-density cells, neither
the untransduced T cells nor the synNotchjqy, affinity — CARhigh affinity Circuit T cells
showed cytotoxicity over 72 hours (Fig. 3B and movie S2). For the high-HER2-density cells,
the synNotchioy affinity — CARnigh affinity Circuit T cells effectively killed the high-HER2
cells (movie S2). However, we observed delayed activation onset and a lag in the time
required for complete killing compared with the conditions observed for T cells with
constitutive CAR expression (72 hours versus 24 hours) (movie S1). This delay is consistent
with a model in which CAR expression mediated by synNotch recognition requires
additional time to accumulate sufficient CAR for effective killing (Fig. 3B). Similar
discriminatory behavior was observed against other human cancer lines of varying HER2
densities (fig. S6, A and B). By contrast, the constitutive CAR-T cells (both high- and low-
affinity CARs) rapidly eliminated both the low- and high-HER?2 target cells in this assay
(figs. S5D and S6, A and B, and movie S1). In the circuit T cells, CAR expression and T cell
proliferation also showed a clear dependence on the input HER2 antigen density (fig. S6C,
top row). The synNotchoy affinity —> CARhigh affinity T cells notably improve discrimination
between multiple high- and low-density cancer cells, but the timing of circuit activation
results in the delayed onset of tumor killing.

To evaluate how these ultrasensitive density-sensing T cells behave in a more complex
multicellular context, we used a three-dimensional (3D) target spheroid culture model (27,
28). We engineered a human breast epithelial MCF10A line, which normally expresses low
amounts of HER2 (10*7 HER2 molecules per cell, HER2 score 0), to express high HER2
(equivalent to HER2 score 3+) (Fig. 3C). We assembled 3D spheroids (29) using either low-
or high-HER2 MCF10A cells and embedded them in Matrigel with engineered T cells.
Using 3D confocal microscopy and a caspase activity dye, we quantified the caspase
fluorescence per spheroid over 3 days as an assay for target cell killing (Fig. 3C). The two-
step circuit synNotchoy affinity — CARnigh affinity (SCFV Kg = 210 nM synNotch, 17.6 nM
CAR) T cells effectively invaded, killed, and disassembled the high—-HER2-density
spheroids but discriminated against the low-HER2 spheroids (Fig. 3, D and E, right). By
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contrast, a low-affinity anti-HER2 CAR killed and disassembled the low- and high—-HER2-
density spheroids indiscriminately (Fig. 3, D and E, middle).

We also used this spheroid assay to evaluate the degree of spatial discrimination. If a circuit
T cell was activated by a high-density spheroid, could it then migrate to a low-density
spheroid and kill those cells? We mixed a low number of high-HER2 spheroids with an
excess of low-HER2 spheroids and T cells, all embedded in Matrigel. T cells were observed
to migrate freely among the spheroids (Fig. 3F and fig. S7, B and C). We then measured the
caspase signal within the low-HER2 spheroids as a function of radial distance from the
closest high-HER2 spheroid (Fig. 3F). We found a very sharp decay of killing activity as a
function of distance from the high-HER2 spheroid and estimated a radius of off-target
killing to be <100 mm (Fig. 3G). The circuit T cells only infiltrated, expanded, and launched
a killing response in high—antigen-density spheroids (fig. S7, B and C). Many aspects of T
cell activation, including increased adhesion and production of local cytokine gradients, may
contribute to this high level of spatial discrimination.

Finally, we evaluated the density discrimination of synNotcho affinity —> CARhigh affinity
(scFv Ky 210 nM synNotch, 17.6 nM CAR) circuit T cells in multiple mouse tumor models
(Fig. 4A). We first implanted immunocompromised NOD scid gamma (NSG) mice with a
high—-HER2-density K562 tumor on one side and a low—HER2-density K562 tumor on the
opposite side. After establishing the tumors, we injected the tail vein with a mix of equal
numbers of CD4+ and CD8+ primary human T cells transduced with the synNotchyqy affinity
— CARyigh affinity Circuit. The circuit T cells showed strong density discrimination (Fig. 4B
and fig. S9A); the high-density tumors were cleared rapidly, but the low-density tumors
grew at similar rates to those observed for untransduced T cells. This tumor discrimination
was also observed at a fivefold higher effector-to-target ratio (fig. S12). The circuit T cells
show significant expansion and induced CAR expression only within the high-density
tumors (Fig. 4, C and D, and fig. S11). Consistent discrimination was observed with other
pairs of human cancer cell lines that expressed high (~107-% molecules per cell) or low (~10°
molecules per cell) amounts of HER2 (Fig. 4, E and F, and fig. S9, B and C). We performed
control experiments with untransduced T cells (fig. S10) or T cells constitutively expressing
either a low- or a high-affinity anti-HER2 CAR (fig. S8). The constitutive low- or high-
affinity CAR-T cells showed poor density discrimination, clearing both the low- and high-
density tumors (fig. S8).

This work demonstrates that a general design principle, the use of a two-step regulatory
circuit to generate an ultrasensitive dose-response behavior, can be used to engineer T cells
that discriminate between target cells with high— and low-antigen-density expression. These
two-step synNotch-to-CAR circuits function well both in vitro and in vivo, and the threshold
can be tuned by altering the affinities of the synNotch and CAR receptors. This approach
should enable expansion of the repertoire of target antigens to include other examples that
are overexpressed in cancer cells compared with normal cells. Indeed, we were able to show
that engineered T cells with a low-affinity synNotch receptor to a high-affinity CAR circuit,
built from anti-EGFR binding domains (30, 31), resulted in ultrasensitive EGFR density—
sensing T cells (fig. S13).
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The effective deployment of therapeutic T cells to treat solid tumors will require overcoming
several other challenges, including tumor heterogeneity and suppressive tumor
microenvironments, as well as improving trafficking of cells to the tumors. However, the
ability to achieve ultrasensitive antigen-density discrimination provides a critical tool for
widening the therapeutic window of engineered T cells against solid cancers, in which many
tumor-associated antigens are overexpressed but not absolutely tumor specific.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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discrimination requires a sigmoidal ultrasensitive dose-response curve. (B) Design of two-
step recognition circuit. A synNotch receptor detects an antigen (HER2) with low affinity.
This synNotch receptor, when fully activated, induces expression of a high-affinity CAR.
The low-affinity synNotch acts as a high—antigen-density filter, and the high-affinity CAR
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Densities of the tumor-associated antigen HER2 on engineered stable cell lines of human
leukemia K562. Representative flow cytometry plots (7= 3) are shown. These cell lines can
be compared to tumor cell lines (fig. S1A). The average HER2 molecules per cell was
measured (/7= 3) as shown in fig. S1A. To construct different HER2 sensing systems, we
used a series of anti-HER2 scFvs with affinities spanning a 100-fold range. Ab, antibody;
APC, allophycocyanin; AU, arbitrary units. (D) Binding affinities for anti-HER2 scFvs used
in this study (for details of sequences and binding affinity measurements, see fig. S2).
Biolayer interferometry sensograms show the binding kinetics for human HER2 and
immobilized anti-HER2 scFvs. Data are shown as colored lines, and the best fit for data to a
1:1 binding model is shown in pink. HER2 concentrations used for binding affinity
measurements are indicated. BLI, biolayer interferometry.
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(A) In vitro cell killing curves as a function of target cell antigen density, using human
primary CD8+ T cells expressing a constitutive CAR of high (scFv Ky = 17.6 nM) or low
affinity (scFv Ky = 210 nM) (top) or a two-step circuit in which the low-affinity synNotch
receptor induces expression of either a low- or a high-affinity CAR (scFv Ky =210 nM
synNotch, 17.6 nM CAR) (bottom). For the circuits, lines are fitted to a Hill equation (Hill
coefficient for each curve is indicated) (fig. S4A). For constitutive CARs, the lines are drawn
on the basis of inspection. The percentage of specific lysis was determined by using flow
cytometry to count the number of target cells after 3 days relative to a coculture of targets in
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the presence of untransduced T cells (see fig. S3C for gating details). Data points denote
means, and error bars represent SEM (7= 3). (B) Representative fluorescence-activated cell
sorting (FACS) distributions (7= 3) for CAR expression and T cell proliferation measured as
a function of target cell HER2 density (at 3 days) for T cells expressing a low- to high-
affinity recognition circuit. T cell proliferation was only observed at HER2 densities of >10°
(fig. S4C). CFSE, carboxyfluorescein diacetate succinimidyl ester. (C) Model for the
mechanism of a two-step circuit expressing a low-affinity synNotch to a high-affinity CAR.
In principle, cells with this circuit display two very different responses; in the presence of a
low-antigen-density target (left), the T cell activity is dominated by the low-affinity
synNotch and low amounts of a CAR. In the presence of a high—antigen-density target
(right), the expression of a CAR is increased, and the T cell activity is dominated by the
high-affinity CAR response that activates proliferation and killing. T cell activity is
predicted to show a sigmoidal response curve (shown in red) because as antigen density
increases, CAR expression also gradually increases, transiting between the series of linear
response curves shown in purple.
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Fig. 3. Low-to-high synNotch-to-CAR circuit: Discrimination between high- and low-density
tumor cancer cell linesand 3D spheroids.

(A) Representative FACS distributions (n7= 3) showing the HER2 expression of low- and
high-HER2 cell lines. The HER2 score (as defined by ASCO-CAP scoring guidelines) is
shown to the left, and the average HER2 density is shown to the right. (B) Area occupied by
target cells as a function of time, normalized by the area occupied by target cells at time 0
(left). Low-HER2-density cancer cells (top plot), PC3 (1+ tumor line), or high-HER2-
density cancer cells (bottom plot), SKOV3 (3+ tumor line), were cultured with human

Science. Author manuscript; available in PMC 2021 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hernandez-Lopez et al. Page 13

primary CD8+ T cells expressing either a two-step circuit low-affinity to high-affinity CAR
(scFv Ky =210 nM synNotch, 17.6 nM CAR) (purple lines) or a high-affinity CAR (scFv
Ky =17.6 nM) (blue lines). Gray lines correspond to the target area in the presence of
untransduced T cells. Solid lines show the average normalized target area, and the shaded
areas depict the SEM (7= 3 wells, three fields of view per well). To the right, representative
images of the in vitro cell killing experiment are shown. T cells are shown in blue, the low-
HER2-density cells in green, and the high—-HER2-density cells in red (for data from
additional cell lines, see fig. S6; see also movies S1 and S2). (C) Schematics of T cell killing
assay of spheroids made of MCF10A cells expressing high or low HER2. A caspase dye
(shown in green) was used to track cell death. The FACS distributions show the HER2
expression on MCF10A lines used to make the 3D spheroids. The MCF10A line engineered
to express high HER2 is shown in blue, and wild-type MCF10As that express low levels of
HER?2 are shown in red. (D) Representative images of spheroids expressing low (shown in
red) or high (shown in blue) HER2 in the presence of untransduced T cells (left) or T cell
expressing either a low-affinity CAR (middle) or a two-step low-to-high recognition circuit
(right). The caspase 3/7 signal is in green, and the T cells are labeled in yellow. (E) Violin
plots showing the distributions of mean caspase 3/7 signal per spheroid. The distributions for
the low—-HER2-density spheroids are shown to the left in red and the ones for the high—
HER2-density spheroids to the right in blue. The mean of the distribution is shown as a
white circle, and the number of analyzed spheroids in each case is shown at the bottom. The
statistical significance of differences in mean caspase 3/7 signal in each coculture condition
was determined by a Kruskal-Wallis test with Bonferroni’s post hoc for multiple
comparisons [not significant (ns) > 0.05, *£< 0.05, ****P < 0.0001]. (F) Schematics of
experiment to study the distance dependence of Killing activity of low-to-high—circuit T cells
in a 3D culture system. High—-HER2-density spheroids were mixed with a large excess of
low-HER2-density cells and engineered low-to-high—circuit T cells. A caspase 3/7 dye was
used as a reporter for cell killing. The spheroids and cells were embedded in a thin slab of
cell-laden Matrigel to constrain their position along the z axis. A representative image of a
high-HER2 spheroid is shown in blue surrounded by low-HER2 spheroids, highlighted in
red circles, after 3 days of coculture. The corresponding image for the caspase 3/7 activity is
shown below. (G) Caspase 3/7 activity (fluorescence per pixel within spheroids) is plotted as
a function of distance from a high-HER2 spheroid, located at the origin. The distances for
each low-density spheroid to the closest high-density spheroid were binned in 50-pum bins,
and the means of the caspase signal of all spheroids within the bin were computed (on a per-
pixel basis to account for differences in spheroid size). The gray bars show the mean values
of caspase signal for spheroids cocultured with untransduced T cells; the purple bars show
the mean values of caspase signal for spheroids cocultured with low-to-high—circuit T cells.
The error bars indicate the SEM. A two-sample Kolmogorov-Smirnov test was used to
determine the significance of distributions differences (ns > 0.05, *P< 0.05, ***P < 0.001).
For representative images for each channel showing high-density spheroids (blue)
surrounded by low-HER2 spheroids, see fig. S7. T cells were labeled with a yellow cell trace
dye.
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Fig. 4. Low-0-high synNotch-to-CAR circuit: Antigen density discrimination in mouse models.
(A) Schematics of a two-tumor mouse model experiment to test the efficacy and safety of

ultrasensitive antigen density—sensing T cells: low-affinity synNotch to high-affinity CAR
circuit (scFv Ky = 210 nM synNotch, 17.6 nM CAR). Low- and high-HER2 tumor cells
were injected subcutaneously in the flanks of NSG mice. Engineered primary human CD4+
and CD8+ T cells were injected intravenously at the indicated times after tumor injection.
Tumor volume was monitored through caliper measurement over several days after tumor
injection. (B) FACS distributions showing the HER2 expression of cell lines used in the
experiment. The doses and injection times for tumors and T cells are indicated in the gray
box. Tumor volumes of cells with high and low K562 HER2 density after treatment with T
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cells expressing a two-step circuit (low-affinity synNotch to high-affinity CAR) are shown.
The high-density tumor is shown in dark purple and the low-density tumor in pink. The solid
lines connect the means, and the error bars indicate the SEM (n= 7). The gray and black
dotted lines show the low-density and high-density tumor volumes after treatment with
untransduced T cells, respectively (for details of control experiment, see fig. S10A). UnT,
untransduced. (C) Fraction of CD3+ T cells infiltrated in high or low K562 tumors 7 days
after T cell injection. Representative FACS distributions (/7= 3) showing the CAR
expression (mCherry tagged) in CD3+ engineered T cells are given. (D) Schematics of a
dual-tumor mouse model to test the circuit T cell distribution. The doses and injection times
for tumors and T cells are indicated in the gray box. A representative image of luciferase
activity in dual-tumor mice treated with low-to-high—circuit T cells 9 days after T cell
injection is shown. Luciferase signal was only detected in the high-HER2 tumor, indicating
localized expansion (n= 2). effLuc, firefly luciferase. (E) Tumor volumes of cancer lines
PC3 (low) and SKOV3 (high) after treatment with T cells expressing a two-step circuit (low-
affinity synNotch to high-affinity CAR) (n7=5). The doses and injection times for tumors
and T cells are indicated in the gray box. (F) Tumor volumes of cancer lines MDA-231
(low) and HCC1569 (high) after treatment with T cells expressing a two-step circuit (low-
affinity synNotch to high-affinity CAR) (7= 6). The doses and injection times for tumors
and T cells are indicated in the gray box. For more details and individual mouse tumor
volume plots, see fig. S9. Statistical longitudinal analyses were performed over entire
segments of the tumor growth curves by using TumGrowth (32). See materials and methods
for more details.
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