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C A N C E R

SynNotch CAR circuits enhance solid tumor  
recognition and promote persistent antitumor  
activity in mouse models
Axel Hyrenius-Wittsten1,2, Yang Su3, Minhee Park1†‡, Julie M. Garcia1, Josef Alavi1, 
Nathaniel Perry1, Garrett Montgomery1, Bin Liu2,3,4*, Kole T. Roybal1,2,4,5,6,7*

The first clinically approved engineered chimeric antigen receptor (CAR) T cell therapies are remarkably effective 
in a subset of hematological malignancies with few therapeutic options. Although these clinical successes have 
been exciting, CAR T cells have hit roadblocks in solid tumors that include the lack of highly tumor-specific anti-
gens to target, opening up the possibility of life-threatening “on-target/off-tumor” toxicities, and problems with 
T cell entry into solid tumor and persistent activity in suppressive tumor microenvironments. Here, we improve 
the specificity and persistent antitumor activity of therapeutic T cells with synthetic Notch (synNotch) CAR circuits. 
We identify alkaline phosphatase placental-like 2 (ALPPL2) as a tumor-specific antigen expressed in a spectrum of 
solid tumors, including mesothelioma and ovarian cancer. ALPPL2 can act as a sole target for CAR therapy or be 
combined with tumor-associated antigens such as melanoma cell adhesion molecule (MCAM), mesothelin, or hu-
man epidermal growth factor receptor 2 (HER2) in synNotch CAR combinatorial antigen circuits. SynNotch CAR 
T cells display superior control of tumor burden when compared to T cells constitutively expressing a CAR targeting 
the same antigens in mouse models of human mesothelioma and ovarian cancer. This was achieved by prevent-
ing CAR-mediated tonic signaling through synNotch-controlled expression, allowing T cells to maintain a long-
lived memory and non-exhausted phenotype. Collectively, we establish ALPPL2 as a clinically viable cell therapy 
target for multiple solid tumors and demonstrate the multifaceted therapeutic benefits of synNotch CAR T cells.

INTRODUCTION
Genetically modified T cells armed with chimeric antigen receptors 
(CARs) have shown unparalleled clinical efficacy in certain B cell 
malignancies by targeting lineage-restricted surface molecules (1). 
However, CAR T cell therapies for solid tumors have been largely 
ineffective due to the lack of high-quality antigen targets and poor 
tumor infiltration and activity. Most solid tumor antigens that have 
been targeted by CAR T cells are tumor-associated, rather than tumor-
specific, meaning that they are not only highly expressed on the tu-
mor but also expressed at low abundance in normal tissues, which 
can lead to severe on-target/off-tumor toxicities. For example, 
human epidermal growth factor receptor 2 (HER2)–targeted CAR 
T cells caused massive toxicity in the lungs of a patient within a half 
hour of administration, leading to death within days (2). Thus, dis-
covery of new tumor-specific antigens or combinations of antigens 
that could be paired with HER2 or other tumor-associated antigens 
for more specific recognition of tumors is of particular interest in 
cell therapy.

Beyond enhanced tumor recognition, the phenotypic character 
and state of CAR T cells can greatly affect their therapeutic potency. 

CAR T cells with a more long-lived memory phenotype exhib-
it superior antitumor efficacy when compared to terminal effector-
like CAR T cells, emphasizing the importance of persistent activity 
for clinical success (3). CAR T cell phenotype and fitness is influ-
enced by many factors, but chronic antigen-independent tonic sig-
naling is now a well-appreciated problem that plagues many CARs, 
leading to premature CAR T cell differentiation and exhaustion (4). 
Tonic signaling is a function of the specific CAR architecture and 
high receptor cell surface densities that can facilitate receptor aggre-
gation before antigen binding (5). Temporary suspension of CAR 
signaling or receptor redesigns have been proposed means to enhance 
antitumor activity by reduction of tonic signaling (6–8). Alterna-
tively, tonic signaling can be reduced through targeted genomic inte-
gration into the TRAC locus, which allows for more controlled and 
dynamically regulated expression of CARs similar to the natural 
T cell receptor (9).

Here, we focus on the development of more specific and potent 
next-generation engineered T cell therapies for mesothelioma and 
ovarian cancer. Mesothelioma is a highly aggressive chronic inflammation–
driven cancer with an exceedingly poor prognosis that has three 
histological subtypes: epithelioid (69% of cases, median overall 
survival ~14 months), biphasic (12%, ~10 months), and sarcomatoid 
(19%, ~4 months) (7, 8). Mesothelioma is inherently hard to treat 
with traditional modes of cancer therapy, and recent trials exploring 
mono- or combination immune checkpoint inhibitors (ICIs) have 
also had limited impact (10, 11). CAR T cells targeting tumor-associated 
antigens such as mesothelin or fibroblast activation protein have 
shown preclinical promise and are now in clinical trials alone or in 
combination with ICI (ClinicalTrials.gov identifiers: NCT02414269 
and NCT01722149) (12, 13). Ovarian cancer is also an aggressive tumor 
type and the fifth leading cause of cancer-related deaths among 
females (14). Current clinical CAR T cell trials have focused on 
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tumor-associated antigens such as HER2, mesothelin, and MUC16 
(also known as CA125) (ClinicalTrials.gov identifiers: NCT01935843, 
NCT01583686, and NCT02498912), but little success has been 
observed thus far (15).

We have taken a comprehensive approach to develop potentially 
more safe and efficacious engineered T cell therapies for mesothelioma 
and ovarian cancer. To accomplish this, we identified alkaline phos-
phatase placental-like 2 (ALPPL2) as a tumor-specific antigen that 
is expressed in a spectrum of solid tumors including mesothelioma 
and ovarian cancer. We then engineered synthetic Notch (synNotch) 
CAR combinatorial antigen circuit T cells that recognize the combi-
nation of ALPPL2 and the tumor-associated antigens melanoma cell 
adhesion molecule (MCAM), mesothelin, or HER2 to more precisely 
target the T cells to the tumors. We also show that synNotch CAR 
T cells have unexpected benefits beyond enhanced tumor specificity, 
as they display more persistent and potent activity in vivo compared 
to conventional CAR T cells through dynamically regulated CAR 
expression that prevents tonic signaling and maintains a long-lived 
memory and non-exhausted T cell phenotype.

RESULTS
ALPPL2 is a highly specific and broadly applicable tumor 
antigen for combinatorial antigen recognition of solid 
tumors using synNotch CAR T cells
We have previously described ALPPL2 as a highly specific and target
able cell surface antigen in all subtypes of mesothelioma (16, 17). 

We can now show that ALPPL2 not only is relevant to mesothelioma 
but also is expressed on other solid tumor types. Immunohisto-
chemistry (IHC) on tumor tissue arrays revealed that ALPPL2 is 
expressed in 43% of mesotheliomas (39 of 91), 60% of ovarian can-
cers (36 of 60), 36% of pancreatic cancers (18 of 50), 18% of gastric 
cancers (13 of 72), and 100% of seminomas (11 of 11) (Fig. 1A and 
table S1). Analysis of IHC data from the public protein expression 
database, the Human Protein Atlas, yielded similar results (table S1). 
ALPPL2 expression appears to be homogeneous in seminoma. In 
mesothelioma, ovarian, and gastric cancer, limited intraspecimen 
variation is observed. However, in pancreatic cancer, ALPPL2 exhibits 
more intraspecimen variation.

To design a CAR targeting ALPPL2, we used an ALPPL2 binding 
single-chain variable fragment (scFv) M25 (16, 17). Second-generation 
anti-ALPPL2 M25 scFv 4-1BB–based (BB) CARs or two affinity-
matured clones (M25ADLF and M25FYIA) (17) all effectively triggered 
activation of CD8+ T cells when stimulated with ALPPL2-positive 
tumor cells. With the exception of M25ADLF, CARs carrying M25 or 
M25FYIA responded with high specificity to ALPPL2 but not the closely 
related (89%) homolog, alkaline phosphatase, intestinal (ALPI), ex-
pressed in the healthy intestine (fig. S1A). To further verify the 
tissue specificity of M25FYIA, a human tissue array that covers 20 
different organs in duplicates (40 tissue cores total) was stained with 
M25FYIA or a control nonbinding scFv (YSC10). Positive staining by 
M25FYIA was only observed in placental trophoblasts, with no stain-
ing observed in any other normal tissues (fig. S1B and table S2), in 
line with what we have previously observed for the corresponding 
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Fig. 1. ALPPL2 is a highly specific and broadly applicable tumor antigen for combinatorial antigen recognition of solid tumors with synNotch CAR T cells. 
(A) ALPPL2 expression in FFPE sections of solid tumor tissues was measured by IHC. Positive staining (brown) was observed in mesothelioma, seminoma, gastric cancer, 
ovarian cancer, and pancreatic cancer. Scale bar, 100 m for mesothelioma, pancreatic cancer, and gastric cancer; 200 m for ovarian cancer and seminoma. (B) Represent
ative images of ALPPL2 and MCAM coexpression in mesothelioma tissues. Scale bar, 50 m. (C) ALPPL2 is a highly tumor-specific antigen found in a range of solid tumor 
types that display minimal expression in normal tissues. ALPPL2 can not only be targeted directly using an ALPPL2 CAR but also function as a priming switch for CARs 
targeting other tumor-associated antigen through synNotch CAR circuits to minimize on-target/off-tumor toxicity. We identified ALPPL2/MCAM as an antigen signature 
with coverage across mesothelioma subtypes. Mesothelin is mainly restricted to epithelioid mesothelioma. In addition, ALPPL2/HER2 is a potential combinatorial antigen 
signature for ovarian cancer.
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full immunoglobulin G1 (IgG1) antibodies (17). Although the func-
tional role of ALPPL2 in tumor cells is unknown, ALPPL2 expres-
sion was recently described to be associated with and functionally 
essential for the establishment and maintenance of naïve pluripotency 
in various types of human pluripotent stem cells (18). The broad 
tumor expression and highly restricted normal tissue expression of 
ALPPL2, combined with the proposed function of ALPPL2 in vari-
ous types of stem cells, indicate that it might serve as an oncofetal 
antigen and carry high potential as immunotherapeutic target.

Solid tumors can be targeted with ALPPL2 synNotch CAR 
combinatorial antigen recognition circuits
Advances in synthetic biology and immune cell engineering have 
led to approaches to engineer combinatorial antigen sensing capa-
bilities into therapeutic T cells (19). We have previously engineered 
a new class of synthetic receptors based on the Notch receptor we 
call synNotch that enables custom gene regulation in response to a 
tissue- or disease-related antigen cue. SynNotch receptors can be 
engineered to sense a tumor antigen and induce the expression of a 
CAR to a second tumor-related antigen (20). These synNotch CAR–
inducible circuits confine CAR expression and thus T cell activation 
to the site of disease. Here, we sought to develop a clinically relevant 
synNotch CAR circuit for mesothelioma that senses the combination 
of the recently identified tumor-specific antigen ALPPL2 in addition to 
MCAM (also known as CD146 or MUC18), a mesothelioma-associated 
antigen found expressed in both epithelioid and sarcomatoid meso-
thelioma, as well as tumor-associated blood vessels (16, 21). MCAM 
is reported to be restricted to few normal tissues (22, 23). To deter-
mine the coexpression pattern of ALPPL2 and MCAM, we per-
formed dual-antibody IHC on human mesothelioma arrays. Using 
two different MCAM antibodies (table S3), we observed ~52 to 81% 
MCAM costaining in ALPPL2-positive tissue cores (Fig. 1B and 
table S4). ALPPL2/MCAM cell surface coexpression was also seen 
on the mesothelioma cell lines M28 (epithelioid) and VAMT-1 
(sarcomatoid) using our anti-ALPPL2 scFv (M25FYIA) and anti-MCAM 
scFv (M1) (fig. S1C) (24). ALPPL2 CAR–expressing CD8+ T cells 
effectively recognized and killed both mesothelioma cell lines 
(fig. S1D). Together, these results suggest that the majority of ALPPL2-
expressing tumors also express MCAM, providing a rationale for 
dual targeting of ALPPL2/MCAM using an ALPPL2 synNotch de-
sign (Fig. 1C). In addition, for patients with epithelioid mesothelioma, 
an alternative opportunity would be to use the well-established 
mesothelioma biomarker mesothelin as a secondary target, thereby 
reducing the risk of on-target/off-tumor toxicity associated with 
mesothelin (25). This approach would be mainly restricted, but 
generally applicable, to epithelioid mesothelioma for which meso-
thelin is found expressed in 84 to 93% of patients (Fig. 1C) (26, 27).

ALPPL2 synNotch circuits can also be applied to cancers beyond 
mesothelioma, as 60% of ovarian cancer is ALPPL2 positive. Epithelial 
ovarian cancer constitutes the majority of ovarian cancers and is the 
type of gynecological cancer with the highest mortality rate (14). 
Mesothelin is expressed in about 70% of epithelial ovarian cancer 
(28), and HER2 is found at immunologically relevant expression in 
primary ascites and solid tumor samples from epithelial ovarian 
cancer (29), but with some controversy (30). Thus, we have engi-
neered ALPPL2 synNotch CAR circuits that target the combination 
of ALPPL2 and MCAM, mesothelin, or HER2 to show the power of 
ALPPL2 to enhance the recognition of multiple solid tumors with 
high unmet therapeutic need (Fig. 1C).

SynNotch CAR T cells exhibit multiantigen  
specificity and paced elimination of mesothelioma 
and ovarian tumor cells
We first constructed BB CARs targeting either MCAM, mesothe-
lin, or HER2 as well as a CD28-based (28) mesothelin CAR, which 
is currently in clinical trials (fig. S2A). To confine CAR expression 
locally to tumor tissues, we generated an ALPPL2-sensing synNotch 
using the M25FYIA scFv and linked it to inducible genetic circuits 
containing either the MCAM (BB) CAR, a mesothelin (BB or 28) 
CAR, or HER2 (BB) CAR (Fig. 2A). Both CD4+ and CD8+ T cells 
equipped with these circuits were all able to selectively drive expres-
sion of the respective CARs when stimulated with target cells ex-
pressing ALPPL2 (Fig. 2A and fig. S2, B to E). As with T cells 
constitutively expressing the CARs, both the ALPPL2 synNotch–
MCAM, mesothelin, and HER2 CAR circuits induced T cell activa-
tion, proliferation, and T helper cell 1 (TH1) cytokine production 
(figs. S3 and S4). We also compared synNotch CAR T cells to CAR 
T cells in their ability to simultaneously produce several cytokines 
[interleukin-2 (IL-2), interferon- (IFN-), and tumor necrosis 
factor– (TNF)], a phenotype referred to as polyfunctionality. Poly-
functionality of the synNotch CAR T cells was comparable to the 
CAR T cells with the exception of the ALPPL2 synNotch–HER2 
CAR T cells, which exhibited a lower fraction of polyfunctionality 
than the constitutive HER2 CAR T cells (fig. S5). Target K562 killing 
was dependent on expression of the correct antigen combination 
(fig. S6A). In general, the full set of synNotch CAR T cells exhibited 
dual antigen recognition and robust activity in response to target 
tumor cells.

Both constitutive- and ALPPL2-primed expression of MCAM CAR 
was able to elicit an effective cytotoxic response toward M28 and 
VAMT-1 tumor cell lines in vitro (Fig. 2B), whereas mesothelin CARs 
only effectively targeted the epithelioid M28 cell line (fig. S6B). There was 
a marked difference in the kinetics of cytotoxicity between constitutive- 
and circuit-controlled CAR expression, with the latter displaying 
slower tumor killing rates (Fig. 2C). Similarly, ALPPL2 synNotch–
HER2 CAR circuit T cells showed more paced killing of epithelial 
ovarian SK-OV-3 tumor cells compared to ALPPL2 and HER2 CAR 
T cells (fig. S6C). This slower cytotoxic response of the synNotch 
CAR circuit T cells can be attributed to the requirement for tran-
scriptional regulation of CAR expression, and as a population, the 
circuit T cells do not up-regulate the CAR in perfect unison.

ALPPL2 synNotch circuits are sensitive to a range of antigen 
densities expressed by multiple tumor cell types
Protein expression of ALPPL2 varies within and between tumors 
based on IHC of various tumor types. Therefore, we wanted to con-
firm that our ALPPL2 synNotch remained responsive to lower anti-
gen densities. For this purpose, we designed target cells for which 
the amount of ALPPL2 expression could be controlled through 
titration of doxycycline (Fig. 3A and fig. S7A). Using this system, 
we show that low expression of ALPPL2 is sufficient to induce ro-
bust expression of the MCAM CAR through the anti-ALPPL2 M25FYIA–
based synNotch, allowing for T cell activation through combinatorial 
antigen sensing (Fig.  3A). Beyond the priming antigen ALPPL2, 
varying densities may also be encountered by the secondary CAR 
antigen. To ensure that ALPPL2 synNotch CAR T cells showed 
comparable sensitivity to low antigen expression to constitutively 
expressed CARs, we further developed ALPPL2+ target cells able to 
display varying densities of MCAM, mesothelin, or HER2 (Fig. 3B 
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and fig. S7B). The ALPPL2 synNotch CAR T cells and conventional 
CAR T cells exhibited robust and comparable activity to the 
ful l  spectrum of antigen expression we were able to achieve 
(Fig. 3, C  to E, and fig. S7C). We also engineered adherent A549 
lung epithelial tumor cells to express ALPPL2 in combination with 
either low or high densities of MCAM or HER2 to assess the cyto-
toxicity potential of synNotch CAR T cells to low and high CAR 
antigen expression with time (Fig. 3E). ALPPL2 synNotch MCAM 
or HER2 CAR circuit T cells were able to effectively recognize 
and kill the tumor cells regardless of the amount of CAR antigen, 
albeit with varying kinetics (Fig. 3F). Collectively, our ALPPL2 
synNotch CAR T cells are capable of driving CAR expression to 
a broad range of ALPPL2 densities, and the induced CAR responds 
to low antigen expression, similar to that of a constitutively 
expressed CAR.

SynNotch regulation of CAR expression promotes 
maintenance of long-lived T cells
Another limiting factor in CAR T therapy of solid tumors is the in-
trinsic maintenance of multifunctional T cell states and the prevention 
of T cell exhaustion/dysfunction. In the absence of antigen, consti-
tutive expression of CARs is known to elicit tonic signaling. This 
low-intensity signaling is linked to detrimental effects on the phe-
notypic state of CAR T cells, such as differentiation of long-lived 
T cell memory phenotypes toward short-lived effector states and 
the up-regulation of inhibitory receptors (4, 5, 9). Although most of 
the components of CAR domain architecture affect tonic signaling, 
including the scFv, hinge, and signaling domains, surface density 
remains as the unifying determinant (4). We thus reasoned that re-
stricting the timing of CAR expression and location of expression to 
the tumor tissue with synNotch could prevent CAR-mediated tonic 
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signaling and the detrimental effects thereof. Indicative of tonic signaling, 
we observed increased antigen-independent expansion for consti-
tutive CAR T cells in both CD4+ (P < 0.001) and CD8+ (P < 0.001 
for donor 1 and P = 0.03 for donor 2) as opposed to corresponding 
ALPPL2 synNotch CAR T cells (Fig. 4, A and B, and fig. S8A).

Furthermore, we observed that constitutive expression of the 
MCAM CAR in CD8+ T cells affected T cell differentiation and dis-
played a smaller fraction of T cells immunophenotypically resembling 
long-lived T stem cell memory–like (TSCM) cells, defined as CC-
chemokine receptor 7 (CCR7)+CD45RO−CD27+CD45RA+CD95+, 
and a higher proportion of T effector memory cells, defined as 
CCR7−CD45RO+ (TEM), in contrast to the ALPPL2 synNotch–MCAM 
CAR circuit (P = 0.03 for TSCM and P = 0.02 for TEM; Fig. 4, C and D). 

In line with this, constitutive CAR expression led to higher expres-
sion and coexpression of surface markers linked to T cell exhaustion 
that was avoided by synNotch transcriptional regulation (P < 0.001 
for T cells expressing no markers; Fig. 4E and fig. S8, B to D). Fur-
thermore, Jurkat T cell reporter systems for activator protein 1 (AP-1), 
nuclear factor of activated T cells (NFAT), and nuclear factor B 
(NF-B) transcriptional activity showed that constitutive expres-
sion of the MCAM CAR was sufficient to induce NF-B–mediated 
transcription (Fig. 4F and fig. S9A). NF-B transcriptional activity 
was not observed when the MCAM CAR was under the control of 
the ALPPL2 synNotch, suggesting that synNotch-regulated CAR ex-
pression maintains the engineered T cell population in a superior 
functional state by circumventing unfavorable tonic signaling. NF-B 
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Fig. 3. ALPPL2 synNotch circuits are sensitive to a range of antigen densities across multiple tumor types. (A) K562 cells constructed with doxycycline (Dox)–
inducible ALPPL2 expression show dose-dependent induction of ALPPL2 after 72 hours of doxycycline treatment. CD8+ T cells engineered with an ALPPL2 (BB) CAR or 
ALPPL2 synNotch MCAM (BB) CAR circuit were challenged with K562 cells displaying a range of ALPPL2 expression and analyzed for antigen-specific CAR expression, as 
determined by GFP expression, and T cell activation, as determined by CD69 expression (representative of at least two independent experiments). (B) ALPPL2+ K562 cells 
were constructed to display dose-dependent expression of either MCAM or HER2 upon treatment with doxycycline. MCAMMED represents endogenous expression, and 
HER2HI represents cells expressing HER2 driven by the SFFV promoter. (C and D) CD8+ T cells engineered with either an MCAM (BB) CAR (C) or HER2 (BB) CAR (D) either 
under a constitutive SFFV promoter or ALPPL2 synNotch circuit were challenged with doxycycline-treated K562 target cells and assessed for CD25 expression after 
48 hours. (E) ALPPL2+ A549 tumor cells were engineered to express either low or high densities of MCAM or HER2. (F) Cytotoxic kinetics for CD8+ T cells engineered with 
ALPPL2 synNotch circuits driving either an MCAM (BB) CAR or HER2 (BB) CAR challenged with A549 tumor cells expressing low or high densities of MCAM or HER2. Data 
are means ± SD.
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signaling has previously been associated with tonic signaling in BB 
CARs and has been linked to high CAR expression (31).

For lentiviral vector expression of CARs, the constitutive pro-
moter dictates the strength of transgene expression (32). Because 
high CAR expression can contribute to tonic signaling, we tested 
whether a weaker constitutive promoter could mitigate tonic sig-
naling similar to a synNotch CAR circuit. Therefore, we expressed 
the MCAM (BB), mesothelin (BB or 28), and HER2 (BB) CARs 
under the strong spleen focus-forming virus (SFFV) and elongation 
factor 1 (EF1) promoters or the weaker human phosphoglycerate 
kinase (hPGK) promoter (fig. S9B). Generally, T cells with weaker 
CAR expression through the hPGK promoter more closely resem-
bled those carrying the corresponding CAR in synNotch circuits in 
memory phenotype and CD39 expression (fig. S9, C and D), similar 
to what have been shown before (9, 33). In line with this, hPGK 
promoter MCAM (BB) and mesothelin (BB) CAR expression 

caused lower tonic NF-B–mediated transcriptional activity as op-
posed to SFFV and EF1 in the Jurkat reporter system (fig. S9E). It 
has been suggested that weak CAR expression through a truncated 
PGK promoter displays better antitumor activity and increased per-
sistence to that of an EF1-driven CAR (33). However, the CAR 
expression profile from the hPGK promoter is highly variable, lead-
ing to a less uniform T cell therapeutic (fig. S9B).

SynNotch CAR circuits regulate T cell differentiation before 
and after antigen stimulation in vitro
We next sought to determine whether dynamically regulated CAR 
expression by synNotch is a general approach to prevent premature 
T cell differentiation beyond the MCAM CAR. Thus, we performed 
a long-term assay in which CD4+ and CD8+ T cells expressed the 
MCAM (BB), mesothelin (BB or 28), or HER2 (BB) CARs con-
stitutively or under the control of the ALPPL2 synNotch. The T cells 
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Fig. 4. SynNotch regulation of CAR expression maintains T cell stemness before therapeutic administration. (A and B) Expansion of engineered CD4+ (A) or CD8+ 
(B) T cells expressing an MCAM (BB), mesothelin (BB or 28), or HER2 (BB) CAR either constitutively or through ALPPL2 synNotch circuit in two donors after removal of 
CD3/CD28 Dynabead stimulation. (C) Gating strategy for identifying T cells immunophenotypically resembling T stem cell memory–like (TSCM), T central memory (TCM), 
and T effector memory (TEM) cells. SSC-A, side scatter area. (D) Composition of TSCM, TCM, and TEM in non–antigen-exposed CD8+ T cells from four different donors engi-
neered to express an MCAM (BB) CAR either constitutively or through an ALPPL2 synNotch circuit 14 days after initial CD3/CD28 Dynabead stimulation. (E) Expression 
pattern analysis of CD39, LAG-3, PD-1, and TIM-3 in non–antigen-exposed CD8+ T cells from three different donors engineered to express an MCAM (BB) CAR either 
constitutively or through ALPPL2 synNotch circuit 14 days after initial CD3/CD28 Dynabead stimulation. (F) Jurkat cells carrying AP-1, NFAT, or NF-B response elements 
expressing an MCAM (BB) CAR constitutively or through an ALPPL2 synNotch circuit. The control circuit is ALPPL2 synNotch driving GFP expression (representative of 
two independent experiments). Statistics were calculated using two-way analysis of variance (ANOVA) with Šidák’s post hoc test comparing CAR and circuit (A and B) or 
unpaired (C) Student’s t test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; n.s., not significant.
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were left unstimulated or underwent two rounds of stimulation over 
the course of 2 weeks, and the differentiation state of the T cells was 
assessed periodically to longitudinally map the evolution of the memory 
and effector T cell populations (Fig. 5A). At baseline, T cells with 
constitutive expression of CARs showed a higher presence of effector 
memory phenotype than their ALPPL2 synNotch–regulated counter-
part. This was true in both CD4+ and CD8+ T cells, except for the 
mesothelin (28) CAR in CD4+ T cells (Fig. 5, B and C). When un-
stimulated, this phenotypic difference was conserved and with an 
enhanced accumulation of TEM (defined as CD45RA−CD62L−) in 
CD4+ T cells (P < 0.001 at day 14) and T effector memory cells re-
expressing CD45RA (TEMRA, defined as CD45RA+CD62L−) in CD8+ 
T cells (P < 0.001 at day 14) with constitutively expressed CARs 
(Fig. 5, D and E, and fig. S10, A and B). With two rounds of stimu-
lation with dual antigen–positive target cells, the synNotch circuit 
CAR T cells followed a similar differential pattern to that of regular 
CAR T cells, but with a higher fraction of retained TCM (defined as 
CD45RA−CD62L+) (P < 0.001 at day 14; Fig. 5, D and E, and fig. 
S10, A and B). Constitutively expressed CARs also displayed higher 
fractions of T cells coexpressing CD39, LAG-3, PD-1, and TIM-3 
compared to synNotch circuit CAR T cells after the initial stimula-
tion (P < 0.001 for T cells coexpressing all four markers; fig. S10C). 
Thus, synNotch-mediated CAR regulation is a general means to con-
trol tonic signaling and prevent detrimental T cell differentiation 
before antigen exposure, and this effect is sustained during long-
term ex vivo T cell culture and repeated antigen exposure.

SynNotch CAR circuit T cells exhibit superior efficacy 
and persistence relative to conventional CAR T cells in vivo
To verify that ALPPL2 synNotch–MCAM CAR circuit T cells selec-
tively targeted tumors expressing the combination of ALPPL2 and 
MCAM, we subcutaneously implanted NSG mice contralaterally with 
either ALPPL2 wild-type (WT) M28 tumor cells or ALPPL2 knock-
out (KO) epithelioid M28 tumor cells (Fig. 6A). Seven days later, 
mice were infused T cells engineered with the ALPPL2 synNotch–
MCAM CAR or untransduced T cells as control. Mice treated with 
circuit CAR T cells showed selective reduction of the tumor ex-
pressing both ALPPL2 and MCAM (P < 0.001), which was not seen 
for the tumor only expressing MCAM or for mice treated with un-
transduced T cells. This dual antigen–dependent tumor reduction 
indicates exclusive AND-gated targeting of tumors expressing the 
correct antigen combination.

To further evaluate the therapeutic efficacy of our new CARs and 
our clinically viable synNotch circuits, NSG mice were implanted 
subcutaneously with epithelioid M28 tumors 7 days before receiving 
an infusion of ALPPL2 CAR T cells, MCAM CAR T cells, or ALPPL2 
synNotch–MCAM CAR circuit T cells. Constitutive MCAM CAR 
T cells exhibited inconsistent ability to control M28 tumor growth, 
whereas ALPPL2 CAR T cells showed a distinct reduction in tumor 
growth (P = 0.001 at the end of the experiment; Fig. 6B). However, 
the greatest effect was observed for the ALPPL2 synNotch–MCAM 
CAR circuit T cells, for which complete response was observed in a 
majority of the mice (P < 0.001 at the end of the experiment; Fig. 6B). 
There was a clear correlation between both the number of CD4+ 
(P = 0.010) and CD8+ (P = 0.002) engineered T cells in the spleen 
and the ability to control tumor growth (fig. S11A), suggesting that 
T cell persistence plays a pivotal role in therapeutic efficacy. In the 
spleens of tumor-bearing mice 9 days after T cell infusion, synNotch-
regulated MCAM CAR expression was highly associated with increased 

presence of T cells with a long-lived memory phenotype in both 
CD8+ and CD4+ T cells (P < 0.001; fig. S11B). To enable isolation of 
tumor-infiltrating T cells (TILs), M28 tumors were implanted sub-
cutaneously in NSG mice and allowed to establish and grow for 
3 weeks before infusion of the engineered T cells (Fig. 6C). In line 
with their enhanced antitumor activity, ALPPL2 synNotch–MCAM 
CAR circuit T cells displayed higher numbers of total CD4+ (P < 0.001) 
and CD8+ (P = 0.03) TILs in contrast to MCAM CAR T cells (Fig. 6D). 
Furthermore, circuit CAR T cells displayed higher numbers of cir-
culating T cells (P < 0.001) as well as T cells residing in the spleen 
(P < 0.001; Fig. 6, E and F), consistent with a higher persistence for 
these cells. CD8+ circuit CAR TILs displayed a smaller fraction of 
PD-1+CD39+ T cells as opposed to T cells constitutively expressing 
the MCAM CAR (P < 0.001; Fig. 6G and fig. S11C), a population 
linked to exhausted T cells (34, 35).

ALPPL2 synNotch CAR circuits are adaptable to other 
tumor-associated antigens
Combinatorial antigen targeting will likely be of benefit for precise 
recognition of a range of solid tumors (36). We therefore wanted to 
validate the therapeutic feasibility of ALPPL2 synNotch CAR circuits 
that target other tumor-associated antigens such as mesothelin. Thus, 
we treated NSG mice implanted with epithelioid M28 mesothelioma 
with T cells engineered with ALPPL2 synNotch–mesothelin CAR 
circuits where the CAR had either a 4-1BB or CD28 costimulatory 
domain. Both circuit options allowed T cells to reliably target and 
effectively clear M28 mesothelioma tumors in all mice (Fig. 7A).

To address the applicability of ALPPL2 as cell therapy target be-
yond mesothelioma, NSG mice were implanted with subcutaneous 
ALPPL2+HER2+ SK-OV-3 epithelial ovarian tumors 7 days before 
receiving an infusion of ALPPL2 CAR T cells, HER2 CAR T cells, or 
ALPPL2 synNotch–HER2 CAR circuit T cells. At a dose of 3 × 106 
CD4+ + 3 × 106 CD8+ (total of 6 × 106 T cells), all experimental groups 
effectively cleared the SK-OV-3 tumors (Fig. 7B). To more stringently 
assess whether synNotch-regulated CAR expression enhanced T cell 
persistence for HER2 CAR T cells, ALPPL2+HER2+ SK-OV-3 tumor-
bearing mice were treated with a lower dose of engineered T cells 
(total of 1.5 × 106 T cells, 1:1 ratio of CD4+:CD8+) 7 days after tumor 
implantation, for which a majority of mice still controlled the primary 
tumor growth (Fig. 7C). Therefore, to determine the functionality 
and persistence of the infused T cells, we rechallenged the mice with 
a fast-growing ALPPL2+HER2+ K562 tumor on the contralateral 
flank 31 days after initial tumor inoculation. ALPPL2 synNotch–
HER2 CAR circuit T cells displayed superior tumor control com-
pared to HER2 CAR T cells upon rechallenge (P = 0.021; Fig. 7C), 
suggesting that synNotch CAR T cells persist and retain activity longer 
than the CAR T cells in vivo. Mice receiving ALPPL2 synNotch–HER2 
CAR circuit T cells retained more circulating T cells than mice with 
HER2 CAR T cells, where the CAR T cells were barely detected at end-
point (P = 0.010; Fig. 7D). Collectively, we show that ALPPL2 synNotch 
CAR circuits are a viable and potentially superior T cell therapy to 
conventional CAR T cells for solid tumors, as they enhance specificity 
and persistent activity of the T cells through controlled CAR expression, 
which was associated with maintenance of a T cell memory phenotype.

DISCUSSION
The field of engineered T cell therapy suffers from the lack of tumor-
specific antigens, but it has recently been reported that there are many 
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Fig. 5. SynNotch CAR circuits regulate T cell differentiation before and after antigen stimulation in vitro. (A) Experimental timeline of longitudinal T cell memory 
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potential opportunities to increase specificity when combinations 
of antigens are considered (36, 37). In particular, T cells that can 
reliably perform AND or AND-NOT logic could be of great benefit 
to improve tumor targeting (37). Here, we identified ALPPL2 as a 

highly tumor-specific antigen that can act as a singular target for 
CAR T cell therapy or can be sensed in combination with a second 
highly expressed tumor-associated antigen such as MCAM, meso-
thelin, or HER2 with synNotch CAR circuits (fig. S12). The exquisite 
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hCD45 (representative of two independent experiments). (G) Expression of PD-1 and CD39 in CD8+ TILs expressing an MCAM CAR either constitutively or through an 
ALPPL2 synNotch (representative of two independent experiments). Data are means ± SEM. Statistics were calculated using either two-way ANOVA with Šidák’s (A) or 
Tukey’s post hoc test (B), or unpaired Mann-Whitney’s t test (D to G). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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specificity of ALPPL2 was defined by IHC using our anti-ALPPL2 
antibodies as well as commercial antibodies (17). When we consider 
public databases with RNA sequencing information (https://www.
proteinatlas.org), there is a residual amount of ALPPL2 transcripts 
in some normal tissues such as lung and colon. In these tissues, 
transcripts per million (pTPM), on average, are 1 for lung and 0.2 
for colon. However, our IHC studies using multiple methods and 
antibody forms did not detect ALPPL2 expression in normal lung 
and colon [(17) and this study]. There is a possibility that the lack of 
detection is due to inherent limitations of IHC such as epitope alter-
ation during tissue processing even though we used frozen tissue 
samples, or the residual pTPMs seen in lung and colon could also 
be due to rare cells not detectable by IHC. Nonetheless, ALPPL2 
shows a much higher degree of tumor specificity when compared to 

many of the antigen currently targeted by CAR T cells in trials, in-
cluding mesothelin and HER2. Thus, ALPPL2 is an antigen that warrants 
further exploration for therapeutic targeting by cell therapies.

Although synNotch CAR circuits enhance specificity through 
multiantigen targeting, there is a chance that this feature could in-
crease the risk of tumor escape due to antigen loss. An approach 
to mitigate this potential problem is presented in our companion 
study by Choe et al. (38), where synNotch CAR circuits were de-
signed to achieve OR-gated tumor killing through induction of a 
bispecific CAR. The study also demonstrated that a small 
subset of synNotch-priming tumor cells is sufficient to eliminate 
surrounding single antigen tumor cells, showing that synNotch 
CAR circuits can eliminate tumors with heterogeneous antigen 
expression patterns.
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Fig. 7. ALPPL2 synNotch CAR circuit T cells effectively target mesothelin and HER2-positive tumors and exhibit persistent activity upon rechallenge. (A) NSG 
bearing subcutaneous M28 tumors were injected intravenously with 1:1 ratio of CD4+:CD8+ T cells engineered with an ALPPL2 synNotch regulating mesothelin (BB or 
28) CAR expression (n = 5 and n = 3, respectively) or untransduced T cells (n = 5) at 7 days after tumor implantation. Tumor size was monitored over 53 days. ALPPL2 
synNotch–mesothelin (28) CAR is offset by +20 on the y axis. (B) NSG mice bearing subcutaneous ALPPL2+ SK-OV-3 tumors were injected intravenously with 1:1 ratio of 
CD4+:CD8+ T cells engineered with an ALPPL2 CAR (n = 5), HER2 CAR (n = 5), an ALPPL2 synNotch regulating HER2 CAR expression (n = 5), or untransduced T cells (n = 5) 
at 7 days after tumor implantation. Tumor size was monitored over 40 days. (C) NSG mice bearing subcutaneous ALPPL2+ SK-OV-3 tumors on the left flank were injected 
intravenously with 1:1 ratio of CD4+:CD8+ T cells engineered with a HER2 CAR (n = 6) or an ALPPL2 synNotch regulating HER2 CAR expression (n = 4) at 7 days after tumor 
implantation. Control mice were injected with PBS (n = 4). After 24 days, mice were contralaterally rechallenged with a subcutaneous injection of ALPPL2+HER2+ K562 
tumor cells on the right flank. Tumor sizes were monitored over 51 days. (D) At 44 days after T cell infusion, the presence of persistent human CD45+ (hCD45+) engineered 
T cells in the peripheral blood was assessed in tumor rechallenged mice by flow cytometry. Data are means ± SEM. Statistics were calculated using two-way ANOVA with 
Tukey’s multiple comparison (C) or unpaired Mann-Whitney’s t test (D). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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We also explored the multidimensional advantages of synNotch 
CAR circuits, which circumvent some of the critical problems thought 
to prevent efficacy of cell therapies for solid tumors. SynNotch CAR 
circuits not only provide improved specificity through multiantigen 
sensing but also are a general means to enhance therapeutic efficacy 
through cell-autonomous and context-dependent regulation of CAR 
expression and prevention of tonic signaling, leading to the mainte-
nance of T cell memory subsets important for persistence and sus-
tained activity of the cell therapy (fig. S12B).

Although there are several strategies to develop T cells with 
AND-logic for improved tumor recognition, most rely on continu-
ous expression of CAR components prone to tonic signaling (19). 
An alternative is drug-controlled CAR signaling activity, through 
either small molecule–dependent receptor assembly or degradation 
or dampening of CAR signaling activity through the Src family 
kinase inhibitor dasatinib (7, 39–41). Induced rest of CAR T cells by 
pulsed inhibitor administration can improve persistence and memory 
formation (7, 42), further highlighting the benefit and need for dy-
namic CAR regulation for enhanced function. However, dasatinib is known 
to promote immunosuppression and to impair CD8+ T cell function 
(43, 44), warranting caution for its use in patients with solid tumors.

It is also unclear whether solely maintaining a beneficial T cell 
phenotypic state, through either genetic circuits or drug control, will 
be sufficient to combat the plethora of functional challenges pre-
sented to CAR T cells in solid tumors (45). Beside contextual and 
localized CAR expression, synNotch circuits offer the ability to drive 
tumor-localized production of genetically encoded therapeutic pay-
loads such as short hairpin RNAs (shRNAs), cytokines, chemokines, 
or antibodies along with the CAR (19, 46). These payloads can be 
used to enhance intrinsic T cell function or modulate immunosup-
pressive and refractory tumor microenvironments. However, rele-
vant and immunologically intact experimental tumor models are 
needed to fully assess the true impact and potential risk of such ad-
ditions. These models will also be crucial to study actual memory 
formation of CAR T cells, a field with limited insight. In addition, 
more systematic and in-depth characterization of the tumor micro-
environment in patient-derived tumor samples is needed to help 
prioritize payloads for specific tumor types.

Above we have discussed the limitations of our study including 
the inability to rule out low expression of ALPPL2 on normal tissue, 
lack of data addressing antigen escape, and incomplete modeling of 
the tumor microenvironment in our xenograft studies. Despite these 
limitations, we show marked benefits of synNotch CAR circuit T cells 
when compared to the current state-of-the-art CAR T cells. Dynamic 
antigen-dependent control of CAR expression with synNotch can 
lead to a T cell therapy that exhibits persistent antitumor activity at 
lower T cell doses concomitant with enhanced specificity. Because 
of these features, synNotch circuit T cells may prove to have thera-
peutic benefit in patients with solid tumors where conventional 
CAR T cells have been ineffective to date.

MATERIALS AND METHODS
Study design
The aim of this study was to determine the therapeutic potential of 
ALPPL2 as target in cell-based immunotherapy of solid tumors. We 
started by generating a second-generation ALPPL2 BB CAR based 
on affinity-matured scFv targeting ALPPL2 that we have previously 
described (17). We then determined clinically relevant antigen partners 

to ALPPL2 in mesothelioma and ovarian cancer that would allow 
for combinatorial targeting. We engineered synNotch CAR circuits 
for the resultant antigen signatures and assessed their ability to per-
form a range of T cell functionalities in vitro. We then investigated 
whether synNotch CAR circuits could circumvent the detrimental 
tonic signaling commonly seen for constitutively expressed CARs. 
Circuit CAR T cells were assessed for their specificity, efficacy, and 
persistence in a range of xenograft mice models. Sample sizes were 
selected on the basis of previous experience and published experi-
ments, and experiments included a minimum of three mice per group. 
For TIL immunophenotyping, only subsets with at least 100 recorded 
events were included. The number of biological replicates and ex-
periment replicates is described in the figure legends. For in vivo 
mouse experiments, mice were randomly assigned to each experi-
mental group. Investigators were not blinded to the experiments.

Recombinant scFv production
ScFv expression and purification was done as previously described 
(16, 47). Briefly, the scFv gene was cloned into the secretion vector 
pUC119mycHis to impart a c-myc epitope and a hexahistidine tag at the 
C terminus. Soluble scFv was harvested from the bacterial periplasmic space 
and purified by immobilized metal affinity (HiTrap His, GE HealthCare) 
and ion-exchange (DEAE, GE HealthCare) chromatography.

Immunohistochemistry
IHC studies on frozen tissues and formalin-fixed paraffin-embedded 
(FFPE) tissue arrays were performed as previously described (17). 
Briefly, frozen normal human tissue arrays (US Biomax) were blocked 
with 3% H2O2 and avidin/biotin (Vector Laboratories), washed three 
times with phosphate-buffered saline (PBS) containing 0.1% Tween 
20 (PBST), and incubated with biotinylated scFvs (10 g/ml) (M25FYIA 
and a nonbinding YSC10) at 4°C overnight, followed by detection with 
streptavidin–horseradish peroxidase (HRP; Jackson ImmunoResearch 
Laboratories) using DAKO Liquid DAB+ (Agilent). For MCAM/ALPPL2 
costaining on FFPE tissue arrays (US Biomax), the ImmPRESS Duet 
Double Staining HRP/AP Polymer Kit was used [HRP anti-mouse 
IgG and alkaline phosphatase (AP) anti-rabbit IgG; Vector Laboratories]. 
After deparaffinization and antigen retrieval with tris buffer [10 mM 
tris base (pH 10.0)] containing 0.05% Tween 20, endogenous peroxi-
dase activity was blocked by BLOXALL blocking solution (Vector 
Laboratories) for 15 min followed by PBST wash. The slides were further 
blocked with 2.5% normal horse serum at room temperature (RT) for 
1 hour, washed three times with PBST, and incubated with the fol-
lowing primary antibody pairs diluted into 2.5% normal horse se-
rum and incubated with the tissue slides at 4°C overnight: pair 1, 
anti-MCAM rabbit monoclonal antibody (mAb) and anti-ALPPL2 
mouse mAb (both at 1:200 dilution); pair 2, anti-MCAM rabbit 
polyclonal antibody and anti-ALPPL2 mouse mAb (both at 1:100 
dilution). Slides were washed three times with PBST and incubated 
with ImmPRESS Duet reagent at RT for 30  min, followed by se-
quential detection with ImmPACT DAB EqV and ImmPACT Vector 
Red substrates. Slides were counterstained with hematoxylin followed 
by bluing reagent (Scytek). After dehydration, the slides were 
mounted using Permount mounting medium (Thermo Fisher Scien-
tific) and scanned with Aperio XT and AT2 digital scanners (Leica).

Vector construction designs
All CARs contained the CD8 signaling peptide (MALPVTALLL-
PLALLLHAARP) followed by a FLAG-tag (DYKDDDDK) and either an 
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anti-CD19 (FMC63) (48), anti-ALPPL2 (M25, M25ADLF, or M25FYIA) 
(16, 17), anti-MCAM (M1 or M40) (16), anti-mesothelin (m912) (49), 
or anti-HER2 (4D5-8) (50) scFv. CARs were then fused to either the 
CD8 hinge/transmembrane domain, 4-1BB intracellular domain, 
and CD3 intracellular domain or CD28 hinge/transmembrane do-
main and CD3 intracellular domain. To determine expression, a 
T2A self-cleaving peptide preceding enhanced green fluorescent 
protein (eGFP) was attached to the CAR coding sequence. All con-
stitutive CARs were cloned into a modified pHR′SIN:CSW vector 
containing an SFFV promoter. For some experiments, CARs were 
cloned into a modified pHR′SIN:CSW vector containing an EF1 
or hPGK promoter. The ALPPL2 synNotch was constructed using 
the anti-ALPPL2 (M25FYIA) scFv as previously described (20). The 
ALPPL2-synNotch was cloned into a modified pHR′SIN:CSW vector 
containing an mPGK promoter. Inducible CAR response elements 
were constructed by subcloning the CAR-T2A-eGFP sequences into 
a modified pHR′SIN:CSW vector carrying five copies of the Gal4 
DNA binding domain target sequence (GGAGCACTGTCCTC-
CGAACG) 5′ to a minimal cytomegalovirus (CMV) promoter. These 
vectors also included an mPGK promoter constitutively driving the 
expression of either of the fluorescent reporters mCherry or blue 
fluorescent protein. For ectopic expression of ALPPL2, ALPI, me-
sothelin, and truncated HER2, coding sequences corresponding to 
NP_112603.2 (ALPPL2), NP_001622.2 (ALPI), NP_001170826.1 
(mesothelin), and NP_004439.2 (HER2; amino acids 1 to 730) were 
cloned into a modified pHR′SIN:CSW vector containing an SFFV 
promoter. For ALPPL2, either a FLAG-tag or a hemagglutinin (HA)–tag 
(YPYDVPDYA) was inserted 3′ of its predicted signaling peptides 
(MQGPWVLLLLGLRLQLSLG). For ALPI, a FLAG-tag was inserted 
3′ of its predicted signaling peptide (MQGPWVLLLLGLRLQLSLG). 
To establish nonperturbing nuclear fluorescent labeling, Sv40 NLS 
(PKKKRKV) was fused 5′ to mKate2 via a linker sequence (DPPVAT) 
and cloned into a modified pHR′SIN:CSW vector containing an EF1 
promoter. To establish doxycycline-controlled expression of ALPPL2 
(FLAG-tag), MCAM, mesothelin, and HER2 were cloned into a modi-
fied pHR′SIN:CSW vector containing a TRE3GS-inducible promoter 
with constitutive downstream cassette of an SFFV promoter driving 
the expression of rtTA3. To enable genetic KO of ALPPL2 and 
MCAM, the guide RNA (gRNA) sequences TGGGAGTGGTAAC-
CACCACA and AGGCGCAGCTCCCGGGCTGG were cloned into 
the pL-CRISPR.EFS.GFP vector, which was a gift from B. Ebert 
(Addgene, plasmid 57818). AP-1, NFAT, and NF-B response ele-
ments and the minimal promoters used for T cell activity reporters 
were a gift from P. Steinberger (Addgene, plasmids 118031, 118094, 
and 118095) and were cloned together with mCherry into a modi-
fied pHR′SIN:CSW vector. All constructs were cloned using In-Fusion 
cloning (Takara Bio).

Lentiviral production and cell lines
To produce pantropic vesicular stomatitis virus-G pseudotyped 
lentivirus, Lenti-X 293T cells (Takara Bio) were transfected with a 
transgene expression vector and the viral packaging plasmids 
pCMVdR8.91 and pMD2.G using TransIT-Lenti Transfection 
Reagent (Mirus Bio LLC). M28 and VAMT-1 tumor cells were orig-
inally obtained from B. Gerwin’s laboratory at the National Cancer 
Institute, and A549 (CCLZR013) and SK-OV-3 (CCLZR377) cells 
were obtained from the UCSF Cell and Genome Engineering Core. 
Expression of ALPPL2, ALPI, mesothelin, HER2, or CD19 on K562 
cells [American Type Culture Collection (ATCC), CCL-243], ALPPL2 

and overexpression of MCAM or HER2 on A549, mesothelin on M28 
cell, and ALPPL2 on SK-OV-3 was performed by lentiviral trans-
duction. Generation of ALPPL2 KO M28 tumor cells and MCAM 
KO K562 tumor cells was performed through lentiviral transduc-
tion with a vector carrying sgRNA-Cas9-P2A-eGFP. To enable real-
time counting of M28, VAMT-1, and SK-OV-3 target cells, nuclei 
were tagged with a nonperturbing fluorescent mKate2 reporter through 
lentiviral transduction. Inducible ALPPL2, mesothelin, and HER2 
K562 clonal target cells were generated through lentiviral transduc-
tion. Inducible MCAM was generated similarly but using MCAM 
KO K562 cells. AP-1, NFAT, and NF-B reporters were generated 
through lentiviral transduction of Jurkat (clone E6-1) cells (TIB-152, 
ATCC). Lenti-X 293T and A549 cells were cultured in Dulbecco’s 
modified Eagle’s medium (Gibco) with 10% fetal bovine serum (FBS; 
MilliporeSigma), penicillin (50 U/ml) and streptomycin (50 g/ml) 
(MP Biochemicals), and 1× sodium pyruvate (MilliporeSigma). 
K562 cells were cultured in Iscove’s modified Dulbecco’s medium 
(Gibco) with 10% FBS, penicillin (50 U/ml), and streptomycin 
(50 g/ml). Jurkat, M28, and VAMT-1 cells were cultured in RPMI 
1640 (Gibco) with 10% FBS, penicillin (100 U/ml) and streptomycin 
(100 g/ml), and 1× GlutaMAX (Gibco). SK-OV-3 cells were cultured 
in McCoy’s 5a Medium Modified (Gibco), 10% FBS (MilliporeSigma), 
penicillin (50 U/ml) and streptomycin (50 g/ml) (MP Biochemicals), 
and 1× GlutaMAX (Gibco).

Doxycycline-inducible surface ligand
Clonal lines of K562 cells carrying a doxycycline-inducible ALPPL2, 
HER2, MCAM, or mesothelin cassette were treated with doxycycline 
(Abcam) at doses ranging between 0.1 and 100 ng/ml for 2 to 3 days. 
Surface expression densities were assessed by flow cytometry right 
before being used in T cell stimulation assays.

Engineering of human T cells and functional assays
Primary CD4+ and CD8+ T cells were isolated, cultured, and lenti-
virally transduced as previously described (20). Transduced T cells 
were sorted to carry to correct transgene composition and expanded 
and rested until day 10 for in vivo experiments and days 14 to 16 for 
in vitro assays. For in vitro stimulation assays of engineered T cells, 
effector cells were combined with target cells at a 1:1 ratio in 96-well 
U-bottom plates and centrifuged for 1 min at 400g to force interaction 
between effector and target cells. To assess T cell activation, cells 
were analyzed for surface expression of CD69 and CD25 16 to 48 hours 
after target challenge. For proliferation assays, engineered T cells were 
stained with CellTrace Violet (CTV) Cell Proliferation Kit (Thermo 
Fisher Scientific) before being combined with target cells. CTV di-
lution was assessed 3 days after target challenge. Before intracellular 
cytokine (IC) assays, T cells were treated with Pierce Anti-c-Myc 
Magnetic Beads (Thermo Fisher Scientific) for 24 hours to prime 
CAR expression for inducible CAR circuits before blocking protein 
transport. After inducible CAR priming, K562 target cells were added 
in the presence of 1× brefeldin A solution (Thermo Fisher Scientific) 
and 1× monensin solution (BioLegend) for 6 hours. All experiments 
were performed in X-VIVO 15 (Lonza), 5% Human AB serum, and 
10 mM neutralized N-acetyl l-cysteine (Millipore Sigma) supplemented 
with recombinant human IL-2 (30 U/ml) (R&D Systems).

IncuCyte killing assay
For in vitro engineered T cell killing assays, mesothelin+ M28, VAMT-1, 
ALPPL2+ SK-OV-3, or engineered A549 tumor cells expressing nuclear 
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mKate2 were seeded in 96-well flat-bottom plates. After 24 hours, 
engineered T cells were added at an expected effector:target ratio of 
2:1. Plates were imaged every 2 hours using the IncuCyte S3 Live-Cell 
Analysis System (Essen Bioscience) for a duration of 5 days. Three 
images per well at ×10 magnification were collected and analyzed 
using the IncuCyte S3 Software (Essen Bioscience) to detect and count 
the number of mKate2+ nuclei per image. Experiments were performed 
in RPMI 1640 with 10% FBS, penicillin (100 U/ml) and streptomycin 
(100 g/ml), and 1× GlutaMAX supplemented with IL-2 (30 U/ml).

Flow cytometry antibodies, analysis, and sorting
For scFv binding analysis, M28 and VAMT-1 mesothelioma cells in 
exponential growth phase were incubated with M1 (MCAM) or 
M25FYIA (ALPPL2) scFv for 1 hour at RT, washed three times with 
PBS, further incubated with a secondary anti-6×His (Thermo Fisher 
Scientific, 4E3D10H2/E3, MA1-135-A647) at 1:1000 dilution for 
1 hour at RT, and washed three times with PBS before analysis. For 
immunophenotyping, samples were stained in 50 to 100 l of PBS 
supplemented with 2% FBS for either 20 to 30 min at 4°C or 30 min 
at RT. Stains including CCR7 were performed for 15 min at 37°C 
followed by 15 min at RT. For extracellular stains, cell washes and 
final resuspension were performed with PBS supplemented with 2% 
FBS. IC stains were performed using the Intracellular Fixation & 
Permeabilization Buffer Set (Thermo Fisher Scientific) per the 
manufacturer’s instructions. Dead cells were excluded with Draq7 
(Abcam) or Zombie NIR Fixable Viability Kit (BioLegend).

Antibodies used for immunophenotyping can be found in table S5. 
Cells were analyzed using either Accuri C6, LSR II SORP, FACSymphony 
X50 SORP or, for cell sorting, FACSAria II SORP, FACSAria IIIu 
SORP, or FACSAria Fusion SORP (all BD Biosciences). Cell counts 
were performed using flow cytometry with CountBright Absolute 
Counting Beads (Thermo Fisher Scientific) per the manufacturer’s in-
structions. Data were analyzed using FlowJo software (BD Biosciences).

Xenograft tumor models
All mouse experiments were conducted according to an Institutional 
Animal Care and Use Committee–approved protocol (AN177022) or 
through the UCSF Helen Diller Family Comprehensive Cancer Center 
Preclinical Core. Sex- and age-matched NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ 
(NSG) (RRID:IMSR_JAX:005557) mice were used for all experiments, 
starting at an age of 8 to 12 weeks. For unilateral tumors, NSG mice 
were implanted with either 4 × 106 M28, mesothelin+ M28, or 
ALPPL2+ SK-OV-3 tumor cells subcutaneously. Seven days after 
tumor implantation, a total of 3 × 106 to 6 × 106 primary T cells at a 
1:1 ratio of CD4+:CD8+ T cells were infused intravenously through 
tail vein injection. Tumor size was monitored using a caliper. To en-
able isolation of TILs from M28 tumors, mice were implanted with 
4 × 106 M28 21 days before T cell infusion. Tumor discrimination 
experiments were performed by contralateral tumors, for which NSG 
mice were implanted with 4 × 106 ALPPL2 WT M28 tumor cells on 
the left side and with 4 × 106 ALPPL2 KO M28 tumor cells on the 
right side. Seven days after tumor implantations, a total of 3 × 106 pri-
mary T cells were infused intravenously through tail vein injection. 
Tumor sizes were monitored weekly using a caliper. For tumor re-
challenge, NSG mice were initially challenged with 4 × 106 ALPPL2+ 
SK-OV-3 on the left flank 7 days before a T cell infusion of 1.5 × 
106 primary T cells at a 1:1 ratio of CD4+:CD8+. After an additional 
24 days, 1 × 106 ALPPL2+HER2+ K562 tumor cells were implanted on 
the right flank. For immunophenotypic analysis, peripheral blood 

was collected with EDTA-coated Capillary Blood Collection tubes 
(RAM Scientific) and subjected to red blood cell lysis (ACK; KD Medical), 
spleens were manually dissociated and subjected to red blood cell 
lysis (ACK; KD Medical), and tumors were finely minced and di-
gested for 30 min at 37°C in RPMI 1640 (Gibco) supplemented with 
deoxyribonuclease I (0.1 mg/ml) (Sigma-Aldrich) and collagenase 
IV (4 mg/ml) (Worthington Biochemical Corporation).

Statistical analysis
Data are presented as means ± SEM, means ± SD, or mean with 
individual data points as indicated in the figure legends. Data show 
technical replicates unless otherwise stated. Statistics were calculat-
ed using paired or unpaired t test and two-way analysis of variance 
(ANOVA) with Šidák’s (when comparing two groups) or Tukey’s 
(when comparing multiple groups) post hoc test as stated in the 
figure legends. For Student’s t test, normality was first determined 
using Shapiro-Wilk normality test. Correlation was determined us-
ing Spearman’s rank correlation coefficient. All statistical analyses 
were performed with Prism software version 9.0.1 (GraphPad Software). 
Raw data are provided in data file S1.
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