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Adoptive cell therapy using chimeric antigen receptor (CAR)
T cells has proven to be lifesaving for many cancer patients.
However, its therapeutic efficacy has been limited in solid tu-
mors. One key factor for this is cancer-associated fibroblasts
(CAFs) that modulate the tumor microenvironment (TME)
to inhibit T cell infiltration and induce “T cell dysfunction.”
Additionally, the sparsity of tumor-specific antigens (TSA)
and expression of CAR-directed tumor-associated antigens
(TAA) on normal tissues often results in “on-target off-tumor”
cytotoxicity, raising safety concerns. Using TALEN-mediated
gene editing, we present here an innovative CAR T cell engi-
neering strategy to overcome these challenges. Our allogeneic
"Smart CAR T cells” are designed to express a constitutive
CAR, targeting FAP+ CAFs in solid tumors. Additionally, a sec-
ond CAR targeting a TAA such as mesothelin is specifically in-
tegrated at a TCR signaling-inducible locus like PDCD1.
FAPCAR-mediated CAF targeting induces expression of the
mesothelin CAR, establishing an IF/THEN-gated circuit sensi-
tive to dual antigen sensing. Using this approach, we observe
enhanced anti-tumor cytotoxicity, while limiting "on-target
off-tumor" toxicity. Our study thus demonstrates TALEN-
mediated gene editing capabilities for design of allogeneic
IF/THEN-gated dual CAR T cells that efficiently target
immunotherapy-recalcitrant solid tumors while mitigating po-
tential safety risks, encouraging clinical development of this
strategy.

INTRODUCTION
In recent years, autologous chimeric antigen receptor (CAR) T cell
therapy1 has revolutionized the treatment of hematologic malig-
nancies, offering new hope to patients with diseases like leukemia,
lymphoma, and multiple myeloma.2–5 However, the application of
CAR T cell therapy in solid tumors has proven to be more chal-
lenging. Solid tumors present unique obstacles, including tumor an-
tigen heterogeneity, a hostile tumor microenvironment that favors
immune escape, and limitations in CAR T cell persistence and infil-
tration.6–8 Consequently, results of CAR T cell trials targeting widely
expressed tumor antigens such as mesothelin (ML), GPC3, and
mucin-1 (MUC1) in a broad range of cancers have so far been
disappointing.8,9
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Unlike most hematological malignancies, most solid tumors evolve a
complex tumor microenvironment (TME) characterized by desmo-
plasia and a heterotypic immune profile that together ablate CAR
T cell infiltration and persistence while promoting T cell exhaus-
tion.6–11 Moreover, while the TME obstructs CAR T cell function,
the tumor cells themselves pose their own challenges for CAR target
selection. Apart from a few surface neoantigens that are unique to tu-
mor cells, called tumor-specific antigens (TSAs), most other antigens
are overexpressed on tumor cells, while also expressed at albeit lower
levels on healthy tissues.6,12,13 These tumor-associated antigens
(TAAs) pose a critical safety concern for the application of CAR
T cell therapy against them since they pose the risk of serious “on-
target off-tumor” toxicities.8,9 Furthermore, CAR-mediated targeting
of a single tumor antigen is susceptible to partial response and
frequent relapse due to the clonal heterogeneity of these tumors,
wherein different cellular sub-populations express distinct surface
antigens.6,7

Despite these challenges, considerable efforts are being made to
advance CAR T cell therapy for solid tumors. Technological ad-
vances in genetic modifications have enabled innovative approaches
for CAR T cell engineering aimed at circumventing the obstacles
described above. These include incorporation of novel co-stimula-
tory domains to promote T cell persistence and evade dysfunc-
tion.14–18 Additionally, development of “armored” CAR T cells
that incorporate transgenic “payloads” that enhance CAR T cell
anti-tumor function.18–20 Prominent among these are fourth-gener-
ation armored CAR T cells that can stably or inducibly secrete cyto-
kines to create an immune-reactive TME.20 We have previously
described a TALEN-mediated genetic network repurposing strategy
that enables CAR-activation-dependent secretion of the interleukin
(IL)-12 cytokine.21 These allogeneic armored CAR T cells demon-
strate increased CAR T cell cytotoxicity and extend survival of he-
matological tumor-bearing mice.
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Here we repurpose the endogenous components of T cell biology by
using TALEN-mediated gene editing for generation of non-alloreac-
tive, PD-1-inactivated T cells constitutively expressing a TME-target-
ing CAR, which upon activation in the tumor milieu induces expres-
sion of a TAA-targeting CAR. Our tailored dual inducible UCAR
T cells thus single-handedly incorporate a three-pronged approach
for effective and safe solid tumor targeting by (1) attenuating TME-
mediated CAR T cell tumor exclusion, (2) direct tumor cell killing,
and (3) circumventing “on-target, off-tumor” toxicities.

RESULTS
FAP+ cancer-associated fibroblasts localize to the solid tumor

microenvironment and inhibit T cell infiltration and anti-tumor

cytotoxicity of CAR T cells

A specialized population of cells termed cancer-associated fibroblasts
or CAFs are critical contributors to immune suppression and T cell
exclusion in most solid tumors.22 TME CAFs evolve from quiescent
resident fibroblasts in response to activating cues from transformed
cells. In turn, the CAF secretome, which includes a plethora of cyto-
kines and extracellular matrix proteins, manifests as physical and
chemical barriers that can inhibit intra-tumoral T cell infiltration
and anti-tumor activity.23–27 Thus, targeting CAFs is a promising
avenue for enabling tumor infiltration and cytotoxicity of CAR
T cells and is an active area of investigation.28–34

To assess the potential benefit of CAF targeting for enabling CAR
T cell activity in solid tumors, we established a three-dimensional
spheroid model that can physiologically proximate tumor architec-
ture and tumor-supportive CAF properties. We confirmed that
spheroids derived from two triple-negative breast cancer (TNBC)
cell lines HCC70 and MDA-MB-231 co-cultured with two different
TNBC patient-derived primary CAF cell lines displayed significant
inhibition of intra-spheroid T cell infiltration when incubated with
activated primary human T cells, recapitulating “cold” tumor proper-
ties (Figures 1A, 1B, and S1A).11 Furthermore, anti-tumor cytotox-
icity of non-alloreactive TRACKO mesothelin CAR T (TRACKO;
MLCAR T) cells was significantly attenuated against mesothelin-pos-
itive MDA-MB-231 spheroids when co-cultured with patient-derived
CAFs (Figures 1C, 1D, S1B, and S1C). Overall, our results validate the
role of CAFs in inhibiting T cell infiltration and anti-tumor cytotox-
icity in a therapeutically pertinent tumor model that can be used
further to assess the effect of CAF depletion on CAR T cell efficacy.

Since CAFs are specialized cells that differentiate specifically in an in-
flamed TME,22 they are characterized by a unique surfaceome that
Figure 1. Tumor localized FAP+ CAFs inhibit CAR T cell intra-tumoral infiltratio

(A) Schematic illustrating T cell infiltration assay in tumor spheroids plated with or without

spheroids with or without CAFs, represented as percentage of T cell input. Bars showme

significant, *p % 0.05, **p % 0.01, ***p % 0.001. (C) Schematic of TRACKO ML CAR T

alone or co-cultured with TNBC-derived CAFs. (D) Bar graph representing percentag

Effector:Target ratio = 5:1. Bars show means ± SD, n = 3; p values determined by S

Immunohistochemistry for detection of human FAP protein in tissue microarray of patie

stained for human FAP protein in immunohistochemical analysis of healthy human tiss
lends itself to precise targeting by CAR T cells. We recently described
the development and efficacy of one such allogeneic CART cell candi-
date (FAP UCAR T cells)35 that targets a CAF surface protein called
fibroblast activation protein-a or FAP.23,36 The FAP CAR used in this
study is specific to human FAP protein and does not cross-react with
mouse FAP.35 To assess whether FAP targeting by CAR T cells can be
tumor-specific, we determined the distribution of FAP protein
expression by analyzing tissue microarrays of patient tumor biopsies
as well as healthy organ tissues using immunohistochemistry.
Consistent with previous observations, FAP was prominently ex-
pressed in the stroma of various tumor types (Figures 1E and S1C;
Table S1).28,30,34,36 On the other hand, FAP expression was largely un-
detectable in most of the 30 healthy tissue types assayed (Figures 1F
and S1D; Table S2). In some instances, such as skeletal muscle,
lung, and thyroid, FAP expression was heterogeneous between tissue
samples collected from different donors, which could be due to undi-
agnosed inflammation, a condition that can also activate resident fi-
broblasts to express FAP.30 The placenta, stomach body, and adrenal
glands were the only three tissues where FAP protein was detected in
all three healthy donors. Most remarkably though, even where
detected, FAP expression was limited to less than a quarter of each
sample area, indicating the sparsity of FAP+ cells in healthy peripheral
tissues. Overall, our results confirm low basal expression of FAP pro-
tein on a sub-set of healthy peripheral tissues. Combined with an
encouraging safety profile of FAP CAR T cell therapy as determined
in a clinical trial wherein three patients were treated with a low dose of
FAP CAR T at a local FAP+ mesothelioma site,37 FAP can be a prom-
ising targetable tumor antigen that merits further efficacy and safety
assessment. It is necessary to point out though that exceptions to this
could be inflamed tissue during wound healing or fibrosis—a param-
eter to include during patient enrollment when considering FAP tar-
geting as a therapeutic approach.30

Engineering non-alloreactive, checkpoint-evasive dual

inducible CAR T cells via multiplex gene editing

In our previous study, we demonstrated the efficacy of a therapeutic
strategy wherein pre-treatment of orthotopic TNBC-bearing mice
with FAP CAR T cells targeting patient-derived CAFs increased the
infiltration and anti-tumor cytotoxicity of subsequent ML CAR
T cell therapy.35 While the combination CAR T cell therapy success-
fully led to tumor regression, the relatively promiscuous expression of
mesothelin on cells in the pleura, pericardium, peritoneum, and
sheath (in males) still poses the risk of ML CAR T cell-mediated
“on-target, off-tumor” toxicity, especially at efficacious doses.38,39

Case in point are results of a recent clinical trial that reported severe
n and anti-tumor cytotoxicity

CAFs. (B) Graph depicting flow cytometry quantitation of T cells infiltrated per tumor

ans ± SD, n = 3; p values determined by Student t test (two-tailed, unpaired). ns, not

cell cytotoxicity assay against tumor spheroids of TNBC cell line MDA-MB-231-Luc

e MDA-MB-231-Luc tumor cell survival post cytotoxicity assay outlined in (C), at

tudent t test (two-tailed, unpaired). ns, not significant, *p % 0.05, **p % 0.01. (E)

nt samples from different cancers. (F) Heatmap depicting percentage positive area

ue microarray.
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pulmonary toxicity following ML CAR T cell infusion in the high-
dose patient cohort.40

Given our observations on significant tumor localized expression of
FAP and the high efficacy of combined FAP CAR T cell and ML
CAR T cell treatment,35 we repurposed the TCR signaling pathway
to devise an inducible IF/THEN logic gate where constitutive FAP
CAR expression induces expression of the ML CAR strictly in the tu-
mor milieu for resultant dual CAR anti-tumor cytotoxic output (Fig-
ure 2A). To do so, we used a previously described lentiviral construct
for stable expression of FAP CAR.35 Additionally, we generated an
AAV6 promoter-less donor template designed to integrate an ML
CAR35 at the PDCD1 locus by homologous recombination. This tem-
plate contains a 2A self-cleaving element upstream of the ML CAR
expression cassette and 300 base pair (bp) homology arms specific
for the PDCD1 locus. TALEN-mediated targeted integration of the
donor template at the PDCD1 locus disrupts production of the func-
tional PD-1 protein while simultaneously using its reading frame and
regulatory elements for expression of the ML CAR. Furthermore, the
ML CAR transgene donor template incorporates an EF1a promoter-
driven non-signaling truncated (D)LNGFR transgene after the ML
CAR expression cassette (PDCD1ML CAR;EF1aDLNGFR) (Figure S2A).
Since DLNGFR expression is independent of the PDCD1 promoter
activity, all T cells with the integration of this donor template will
constitutively express the DLNGFR surface protein. Consequently,
we can use the GMP compliant DLNGFR enrichment process using
magnetic activated cell sorting (MACS), enabling simultaneous co-
enrichment of PDCD1ML CAR

+ T cells.

Human primary T cells from healthy donors were transduced and
TALEN-transfected as outlined in Figure S2B. The engineering strat-
egy includes (1) lentiviral transduction to constitutively express the
FAP CAR to target FAP+ CAFs in the TME; (2) two TALEN-medi-
ated knockouts: TRAC, to prevent graft-versus-host disease, and
PDCD1 to inactivate expression of the immune checkpoint protein
PD-1, thereby conferring resistance to PD1-mediated immune sup-
pression; (3) AAV-mediated disruptive integration at the TALEN-
targeted PDCD1 locus of the ML CAR transgene for inducible expres-
sion in response to FAP CAR activation; (4) MACS-mediated
DLNGFR positive selection for enrichment of PDCD1ML CAR;
EF1aDLNGFR template-integrated cells; and finally (5) G-REX T cell
expansion. Successful enrichment ofDLNGFR+ T cells was confirmed
by flow cytometry (Figure S2C). Robust transduction of the FAP CAR
Figure 2. TALEN and AAV-mediated multiplex genome editing generates unive

(A) Schematic depicting IF/THEN-gate logic strategy wherein activation of constitutive e

through TALEN-mediated targeted disruption at the PDCD1 locus, resulting in enhan

representation of universal dual inducible CAR T cell developed by TALEN-mediated m

PD-1 expression, lentiviral FAP CAR random integration for stable surface expression A

locus, for inducible expression downstream of FAP CAR activation. (C) Flow cytometry p

cytometry plots showing frequency of TCRa/b (�)/PD-1 (�) viable engineered T cells po

of FAP CAR positive viable T cells, as determined in (C). Bars show the means ± SD, n =

viable T cells, as determined in (D). Bars show themeans ± SD, n = 3 donors. (G) Graph r

positive viable T cells post DLNGFR enrichment, as determined by droplet digital PCR
(Figure 2B) was confirmed by flow cytometry (Figures 2C and 2E),
and efficient TALEN gene editing of TRAC and PDCD1 loci was ob-
tained, as assessed by site-directed DNA sequencing (Figure S2D) as
well as flow cytometry post PMA/Ionomycin treatment-induced
PDCD1 activation (Figures 2D and 2F). Moreover, we successfully en-
riched for PDCD1ML CAR

+ T cells, attaining upwards of 75%ML CAR
allelic integration at the PDCD1 locus (Figure 2G). The editing
strategy employed here has been previously characterized by us
extensively,21 with cytogenetic and genomic characterization of
TRACKOPDCD1transgene T cells revealing no significant genomic
instability events such as off-site cleavage or chromosomal
translocations.

Henceforth for the sake of clarity, TRAC knockout T cells will be
referred to as universal T cells (UT). The dual inducible CAR
T cells expressing constitutive FAP CAR and PDCD1-integrated
ML CAR will be referred to as FAPCAR_DPD1MLCAR UT cells.
Reference controls for the study accounting for potential effects of
PDCD1 knockout alone, stable FAP CAR expression alone, or for
activation-independent ML CAR expression from PDCD1 (leakiness)
will be referred to as DPD1 UT cells, FAPCAR_DPD1 UT cells, and
DPD1MLCAR UT cells, respectively.

At the end of expansion, the engineered FAPCAR_DPD1MLCAR UT
cells were characterized by flow cytometry to determine the compo-
sition of their immune sub-populations. As is expected, CD4+/
CD8+ was variable between donors, with one outlier composed pre-
dominantly of CD4+ T cells while the other two with �1:1 CD4+/
CD8+ T cell ratio (Figure S2E). Interestingly, the CAR+ population
was strongly skewed toward a CD62L+ naive or stem-like population
(Figure S2F), a positive indicator of anti-tumor efficacy.21

Specificity and sensitivity of FAP CAR synthetic circuit to

regulate ML CAR expression and activity

To assess and validate specificity of FAP CAR-induced PDCD1-inte-
grated ML CAR expression, we incubated the engineered UT cells on
FAP protein-coated plates. FAPCAR_DPD1MLCAR UT cells alone
significantly expressed ML CAR upon FAP CAR activation, as deter-
mined by flow cytometry (Figures 3A and 3B). Notably, no significant
ML CAR expression was detected in either non-activated cells or in
FAP protein-activated DPD1MLCAR UT cells, confirming rigorous
regulation by the FAP CAR with little to no detectable leakiness
from the PDCD1 locus. We further monitored the kinetics of ML
rsal, PD-1-resistant dual inducible CAR T cells against solid tumor targets

xpression of FAP CAR specifically in TME induces activation of ML CAR integrated

ced tumor localized dual FAP CAR and ML CAR anti-tumor activity. (B) Pictorial

ultiplex editing of TRAC and PDCD1 gene loci to downregulate surface TCRa/b and

AV6 DNA repair matrix-mediated disruptive integration of ML CAR at PDCD1 gene

lots showing frequency of CAR expression among viable engineered T cells. (D) Flow

st activation with PMA/Ionomycin. (E) Graph representing quantitation of percentage

3 donors. (F) Graph representing quantitation of percentage of TCRa/b (�)/PD-1 (�)

epresenting quantitation of percentage of ML CAR allelic insertion at PDCD1 locus in

(ddPCR). Bars show the means ± SD, n = 3 donors.
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Figure 3. FAP CAR activation-dependent stringent regulation of ML CAR expression and activity in multiplex engineered FAPCAR_DPD1ML CAR UT cells

(A) Flow cytometry plots depicting FAP CAR and ML CAR expression in indicated UT cell groups, with or without human FAP (FAP) protein-mediated FAP CAR activation for

48 h. (B) Graph representing quantitation of percentage of MLCAR-positive viable T cells, as determined in (A). Bars show themeans ± SD, n = 3 donors; p values determined

by Student t test (two-tailed, unpaired). ns, not significant, *p % 0.05. (C) Graph depicting kinetics of FAP CAR and ML CAR expression following FAP protein-mediated

activation of FAP CAR on FAPCAR_DPD1ML CAR UT cells at 0 h. Each data point represents mean ± SD, n = 3 donors. (D) Graph representing time course of FAP CAR and

(legend continued on next page)
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CAR expression upon sustained exposure to the FAP protein and
observed early temporal upregulation of the ML CAR as the FAP
CAR interacted with its cognate ligand and was internalized, peaking
at 48 h, and then gradually decaying over time as surface FAP CAR
expression is restored (Figures 3C and S3A). No significant ML
CAR expression was observed over this time course for control
DPD1MLCAR UT cells exposed to the FAP protein in a similar manner
(Figures S3B and S3C). The ML CAR expression kinetics observed
thus indicates tight upregulation upon FAP CAR activation and sub-
sequent downregulation to baseline as the signal decays.

To test the agility of the system to respond to changes in the activating
cue, in this case the FAP protein, we performed an assay wherein the
engineered T cells were incubated on FAP-coated plates for 2 days
and then replated without FAP for 4 days. This was repeated in tan-
dem once, and surface ML CAR expression was measured by flow cy-
tometry (Figures 3D, S3D, and S3E). As evident in Figure 3D, the en-
gineered ML CAR-inducible circuit is highly responsive to FAP CAR
activation and can alternate between an “ON” or “OFF” state, subject
to FAP availability. This can be of great interest for alleviating “on-
target, off-tumor” cytotoxicity in instances where these cells circulate
out of an FAP+ML+ tumor milieu into FAP�ML+ peripheral sites. Yet
again, no ML CAR expression was detected on either FAP-activated
DPD1MLCAR UT cells or non-activated FAPCAR_DPD1MLCAR UT
cells (Figures S3F and S3G) in the same assay, validating rigorous
FAP CAR-specific induction.

Finally, we evaluated the cytotoxic activity of FAP CAR-induced
ML CAR, as outlined in Figure 3E. FAPCAR_DPD1MLCAR UT
cells activated with FAP protein for 48 h displayed significant
cytotoxicity against the ML+ mesothelioma cell line NCI-H226
(Figures 3F and S3H). As a control, we compared the cytotoxic activ-
ity of activated FAPCAR_DPD1MLCAR UT cells with constitutive
MLCAR_DPD1 UT cells. Forty-eight hours post FAP activation of
FAPCAR_DPD1MLCAR UT cells, the percentage of MLCAR+ cells
was comparable between the two cell populations and anti-NCI-
H226 cytotoxicity of activated FAPCAR_DPD1MLCAR UT cells
was not significantly different from that of constitutive MLCAR_
DPD1 UT cells (Figure S3I). Furthermore, this cytotoxic activity
dissipated upon removal of the FAP CAR activation signal.

We also determined the effect of persistent antigen stimulation of
both FAPCAR and MLCAR simultaneously on potential exhaustion
of FAPCAR_DPD1MLCAR UT cells. Mock transduced and FAPCAR_
DPD1MLCAR UT cells were serially stimulated with FAP-transduced
ML+ HCC70 cells over a period of 10 days (Figure S3J). As shown
in Figure S3K, while LAG3, TIGIT, and TIM3 were strongly induced
in the beginning, persistent upregulation of the monitored exhaustion
MLCAR expression upon FAP CAR stimulation and withdrawal of stimulus (FAP protein)

donors. (E) Schematic for assessing ML CAR cytotoxicity of indicated UT cells against M

and subsequent withdrawal of stimulus (FAP protein) for 4 days. (F) Bar graph represen

defined in (E). Cytotoxicity was measured 24 h post incubation of UT cells taken from ind

means ± SD, n = 2 independent experiments; p values determined by Student t test (t
markers was not observed in a majority of the cells by the end of the
assay. However, as mentioned previously, since exhaustion of T cells
in solid tumors can be induced by components of the TME, such a
possibility cannot be ruled out.

Overall, our results validate the stringent and agile regulation and
function of the inducible ML CAR, tailored to respond to FAP
CAR activity in our gated dual CAR T cells.

FAP CAR-dependent ML CAR induction begets enhanced T cell

cytotoxicity specifically directed against FAP+ tumor targets

To scrutinize the functional specificity and sensitivity of our inducible
system, wherein integrated FAP and ML CAR killing should only
transpire upon FAP CAR engagement (Figure 4A), we transduced
ML+ mesothelioma cell line NCI-H226 with FAP-containing lentivi-
ral particles to generate tumor pools with variable proportion of FAP+

cells (Figures S4A and S4B). These cells were used as targets in an
in vitro cytotoxic assay, outlined in Figure 4B. MLCAR_DPD1 UT
cells were engineered to use as positive controls for cytotoxicity (Fig-
ure S4C). Since all target cells are ML positive, MLCAR_DPD1 UT
cells displayed nearly 100% cytotoxicity of all target cell groups, vali-
dating ML CAR activity (Figure 4C) in this system. No cytotoxicity of
FAPCAR_DPD1ML CAR UT cells was observed against FAP(�) H226
target cells, which cannot activate the FAP CAR, indicating stringent
regulation of ML CAR expression by FAP CAR, with no detectable
leakiness. Interestingly, no significant cytotoxicity was detected with
either FAPCAR_DPD1 or FAPCAR_DPD1ML CAR UT cells against
FAP(LOW) H226 target cells, relative to both DPD1 UT and UT
cell controls. This indicates that a baseline proportion of FAP+ cells
is necessary in the target cell population to initiate the tailored
signaling cascade, an observation that is significant considering the
low proportion of FAP+ cells detected in our tissue microarray anal-
ysis of healthy donor tissues (Figures 1F and S1D). Most importantly,
we observed nearly 100% cytotoxic activity of FAPCAR_DPD1MLCAR

UT cells against both FAP(MED) and FAP(HIGH) target cells, which
was significantly greater than the FAPCAR_DPD1 UT. This is only
attainable by dual FAP CAR and ML CAR cytotoxicity against the
target cells, thus validating the high activity and specificity of our
dual inducible FAPCAR_DPD1MLCAR UT cells.

The CAR T cell engineering strategy described thus far is aimed at
creating an IF/THEN logic gate, wherein dual cytotoxic activity of
FAP and ML CAR against CAFs and tumor cells respectively should
result in superior tumor killing35 while staying restricted to the TME.
To test this hypothesis, we used our ex vivo heterotypic TNBC
spheroid model composed of the mesothelin-expressing TNBC
cell line NCI-HCC70 expressing a Nanoluciferase reporter
(HCC70-NanoLuc) (Figure S4D) and TNBC patient-derived CAFs,
from FAPCAR_DPD1ML CAR UT cells. Each data point represents mean ± SD, n = 3

L+FAP� NCI-H226-LUC tumor cells upon FAP CAR stimulation with FAP for 3 days,

ting percentage ML+FAP� NCI-H226-LUC tumor cell killing at different time points

icated time points in (E) with target cells at Effector:Target ratio = 1:1. Bars show the

wo-tailed, unpaired). ns, not significant, *p % 0.05.
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Figure 4. FAPCAR_DPD1ML CAR UT cells display efficient FAP CAR activation-dependent dual CAR tumor killing in vitro

(A) Pictorial representation of strategy designed to test activity and sensitivity of the IF/THEN logic gate in FAPCAR_DPD1ML CAR UT cells. As depicted, tumor cells with no FAP

expression should not induce FAP CAR-mediated ML CAR expression and should therefore survive, despite being ML positive. On the other hand, ML+FAP+ double-positive

cells should induce FAPCAR-mediated MLCAR expression, resulting in dual CAR activity and enhanced killing of target cells. (B) Schematic of engineered UT cell cytotoxicity

assay against tumor spheroids NCI-H226-Luc cells with or without varying proportions of FAP+ cells, co-incubated for 72 h at E:T = 2.5:1. (C) Heatmap representing

(legend continued on next page)

Molecular Therapy

3922 Molecular Therapy Vol. 32 No 11 November 2024



www.moleculartherapy.org
co-cultured at a 1:2 ratio. Homotypic TNBC spheroids composed of
HCC70-NanoLuc cells alone were used as controls in a CAR T cyto-
toxicity assay outlined in Figure 4E. Reminiscent of our results in Fig-
ure 1D with the MDA-MB231 tumor spheroids, while HCC70-GFP
alone spheroids were vulnerable to MLCAR_DPD1 UT cell cytotox-
icity, CAF addition to these tumor spheroids significantly decreased
MLCAR_DPD UT cell killing, as measured by both Nanoluciferase
activity of surviving target cells and interferon (IFN)g release
(Figures 4E and 4F). No cytotoxic activity against the HCC70-
NanoLuc homotypic spheroids was observed with either FAPCAR_
DPD1 UT or FAPCAR_DPD1MLCAR UT cells, once again reiterating
FAP-specific activation of ML CAR in the latter. Above all, while
FAPCAR_DPD1 CAR T cells did display some cytotoxicity against
the HCC70-NanoLuc + CAF spheroids, likely due to bystander killing
of HCC7-NanoLuc cells upon CAF cytotoxicity, maximum signifi-
cant HCC70-NanoLuc + CAF spheroid killing was attained by FAP-
CAR_DPD1MLCAR UT cells, substantiating the superior anti-tumor
activity of our designed dual CAR AND gate in a physiologically rele-
vant tumor context. Like the NCI-H226 cytotoxicity assay (Figures 4B
and 4C), we also titrated the level of FAP in this model by generating
HCC70-GFP and CAF co-culture spheroids at 1:1 and 2:1 ratio (Fig-
ure S4E). While similar results were obtained as in Figure 4E with
the HCC70-GFP (+) CAF spheroids at 1:1 ratio, no FAPCAR cytotox-
icity was observed with either FAPCAR_DPD1 UT or FAPCAR_
DPD1MLCAR UT cells against HCC70-GFP (+) CAF spheroids at
2:1 ratio, reiterating a baseline FAP expression/availability required
to activate FAPCAR activity and signaling. Overall, our ex vivo results
clearly demonstrate the enhanced anti-tumor activity of our dual
inducible CAR T cell engineering strategy, while limiting “on-target,
off-tumor” toxicity.

FAPCAR_PD1MLCAR UT cells effectively control CAF+ tumors

with no detectable “on-target, off-tumor” toxicity

To assess the robustness of our in vitro results under more physiolog-
ically pertinent conditions, we used two different mouse tumor
models that would allow us to evaluate respectively the “on-target,
off-tumor” toxicity and the tumoricidal activity of our FAP-
CAR_DPD1MLCAR UT cells. First, we developed amurine bilateral tu-
mor model wherein 100% ML+ NCI-H226 tumor cells were im-
planted subcutaneously on the left flank and 100% ML+ 40% FAP+

NCI-H226 (H226FAP40%) tumor cells were implanted subcutaneously
on the right flank of the same NSGmouse. Thus, while the right flank
H226FAP40% engraft represents a tumor site, the left flank H226
engraft is illustrative of “off-tumor” peripheral tissue expressing the
percentage target tumor cell cytotoxicity when treated with indicated UT groups, as o

different target cell groups, n = 2 independent experiments, two donors per experiment,

t test (two-tailed, unpaired). ns, not significant, *p% 0.05, **p% 0.01, ***p% 0.001. (D) S

line HCC70-NanoLuc alone or co-cultured with TNBC-derived CAFs at 1:2 ratio. Effecto

percentage of HCC70-GFP tumor cell cytotoxicity post cytotoxicity assay outlined in (D).

three technical replicates per donor per experiment. Bars show the means ± SD; p value

**p% 0.01. (F) Bar graph representing IFNg release in cytotoxicity assay outlined in (D), a

independent experiments, two donors per experiment, three technical replicates per don

(two-tailed, unpaired). ns, not significant, *p % 0.05.
ML antigen. These bilateral tumor-bearing mice were treated with
UCAR T cells and monitored as outlined in Figure 5A. One week
post UCAR T cell treatment, three mice from each cohort were hu-
manely euthanized and analyzed by flow cytometry. Control DPD1
and DPD1MLCAR UT cells, as measured by presence of human
CD45 (hCD45)+ cells, were nearly undetectable in all tumors, suggest-
ing no activation-dependent expansion (Figures 5B and S5A). Inter-
estingly, maximum intra-tumoral accumulation of both FAP-
CAR_DPD1 and FAPCAR_DPD1MLCAR UT cells was detected only
in right flank H226-FAP40% tumors, indicative of FAP CAR-mediated
T cell expansion. Further analysis of these populations revealed
downregulation of surface FAP CAR levels only in right flank
H226-FAP40% tumors, once again indicative of CAR internalization
post activation (Figures 5C and S5B). Most notable though was the
induction of surface ML CAR in FAPCAR_DPD1MLCAR UT cells in
the H226-FAP40% alone, validating in vivo FAP CAR-specific upregu-
lation of ML CAR (Figure 5D). Significant T cell accumulation
was also detected in FAP� left flank tumors treated with either
FAPCAR_DPD1 or FAPCAR_DPD1MLCAR UT cells, likely due to
recirculation of expanded cells from the FAP+ flank tumors. This is
supported by the fact that mice bearing FAP� H226 tumors
alone did not show this accumulation following treatment with
FAPCAR_DPD1 UT cells (Figures S5C–S5E).

These observed CAR expression profiles functionally correlated with
effects on tumor growth monitored throughout the course of the
study significantly. First, no differences were detected in left flank
H226 tumor growth between the different treatment groups, indi-
cating the absence of “on-target, off-tumor” toxicity (Figure 5E, top
panel). Furthermore, significant reduction in growth was only
observed for H226-FAP40% tumors when treated with FAPCAR_
DPD1MLCAR UT cells (Figure 5E, bottom panel; Figure S5F), relative
to both other treatment groups as well as the left flank H226 tumors
within the same mice. At the study endpoint, all mice were humanely
euthanized, and tumors were excised for further analysis. FAPCAR_
DPD1MLCAR UT cell treatment significantly reduced H226-FAP40%
tumor weight, relative to their H226 tumor counterpart (Figure S5G).
Since all engrafted tumor cells expressed a GFP reporter, all excised
tumors were also analyzed by immunohistochemistry for FAP and
GFP expression. FAP+ cells were cleared in the right flank H226-
FAP40% tumors by both FAPCAR_DPD1 and FAPCAR_DPD1MLCAR

UT cells, validating FAP CAR cytotoxic activity (Figure S5H). Inter-
estingly, while GFP+ area was the same for all left flank H226 tumors,
right flank H226-FAP40% tumors treated with FAPCAR_PD1MLCAR
utlined in (B). Brackets indicate statistical comparison of cytotoxic activity between

three technical replicates per donor per experiment; p values determined by Student

chematic of engineered UT cell cytotoxicity assay against 3D spheroids of TNBC cell

r and target spheroids co-incubated for 72 h at 5:1 ratio. (E) Bar graph representing

Data representative of n = 2 independent experiments, two donors per experiment,

s determined by Student t test (two-tailed, unpaired). ns, not significant, *p% 0.05,

smeasured by ELISA in co-culture supernatant on day 6. Data representative of n = 2

or per experiment. Bars show themeans ±SD; p values determined by Student t test
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UT cells displayed a necrotic center and had the least GFP+ area (Fig-
ure S5I), validatingmaximum tumor cell killing in this group. Overall,
our results confirm maximal anti-tumor activity of the FAPCAR_
DPD1MLCAR UT cells with no “on-target, off-tumor” toxicity
observed.

Finally, to gauge and compare the activity of the dual inducible
FAPCAR_DPD1MLCAR UT cells against FAPCAR_DPD1 orMLCAR_
DPD1UT cells alone in a physiologically relevantmodel, we orthotopi-
cally co-implanted HCC70 tumor cells with TNBC patient-derived
CAFs in the mammary fat pad of NSG mice. Tumor-bearing mice co-
horts were then treated with the different UCART cells andmonitored
for tumor growth as outlined in Figure 5F. The engrafted tumors dis-
played aggressive growth, reaching endpoint tumor burden within
weeks of implantation. Nevertheless, FAPCAR_DPD1MLCAR UT cell
treatment was still able to significantly decrease tumor growth (Fig-
ure 5G) and increase overall survival (Figure 5H), relative to all other
treatment groups.

Altogether, our dual inducible UCAR T cell strategy, targeted at elim-
inating both tumor cells and CAFs demonstrates enhanced anti-tu-
mor activity accompanied by a superior safety profile.

DISCUSSION
Antigenic complexities and an immune evasive, hostile niche render
most solid tumors recalcitrant to successful adoptive cell therapy. Ad-
vances in gene editing technologies has enabled ingenious strategies
devised to empower next-generation CAR T cells that can combat
these solid tumor challenges. In this study, our approach aims at ap-
propriating the TCR signaling pathway to create a synthetic gene cir-
cuit aimed at CAR-induced expression of a second CAR while simul-
taneously deactivating the PD-1 checkpoint pathway. We employed a
stably expressed CAR targeting FAP protein to induce the expression
of a TAA CAR targeting ML. The stringent expression regulation of
ML CAR by FAP CAR activity ensures that in the absence of FAP,
the ML CAR is not expressed or promptly downregulated and no
longer functional at a non-tumor site, as evidenced by both our
in vitro and in vivo results. Particularly, in our bilateral tumor mouse
model, control UT and PD1KOUT did not accumulate in the left flank
Figure 5. FAPCAR_DPD1ML CAR UT cells efficiently target FAP+ML+ tumors and

(A) Schematic of UCAR T cell treatment and analysis of bilateral subcutaneous tumors im

each with different T cell donors. (B) Bar graph representing quantitation of total number

post administration, as determined by flow cytometry. p values determined by Student t

0.01. (C) Bar graph representing percentage of FAP CAR+ cells among total hCD45+ ce

determined by flow cytometry. p values determined by Student t test (two-tailed, paire

representing percentage of ML CAR+ cells among total hCD45+ cells in tumors from mi

cytometry. p values determined by Student t test (two-tailed, paired), n = 3mice per coho

subcutaneous left flank NCI-H226 tumors of remaining mice treated as indicated over tim

n = 5mice per cohort. ns, not significant. Bottom panel: Graph representing growth kine

as indicated over time until study endpoint. p values determined by Student t test (two-ta

UT cell treatment and analysis of orthotopic TNBC tumors co-implanted with patient-

pendently conducted studies, each with different T cell donors. (G) Graph representing

p values determined by Student t test (two-tailed, unpaired), n = 3–5 mice per cohort. ns

TNBC tumor-implanted NSG mice treated as indicated (n = 3–5 per cohort). p values d
FAP�H226 implants due to lack of FAP CAR-mediated expansion. It
thus stands to reason that the FAPCAR_DPD1 and FAPCAR_
DPD1MLCAR UT cells accumulated at this FAP� site because of recir-
culation from the right flank H226FAP40% tumors, where these cells
did expand in response to FAP CAR stimulation. Yet, while the
FAPCAR_DPD1MLCAR UT cells in the right flank H226FAP40% tu-
mors expressed surface ML CAR, no ML CAR expression was de-
tected on these cells in the left flank H226 tumors, and no subsequent
regression of these tumors was observed. We can thus safely surmise
that in peripheral FAP� sites, expression of the inducible ML CAR is
rapidly downregulated and cannot illicit “on-target, off-tumor”
toxicity.

Dual CAR T cell development holds great promise for solid tumors,
especially since it can address the challenges of tumor heterogeneity
and low antigen abundance.41 In our current study, we go one step
further and intertwine dual CAR strategy with TME remodeling
and tumor-sensing circuitry to create IF/THEN logic-gated bivalent
CAR T cells that target different tumor components while circum-
venting “on-target, off-tumor” cytotoxicity. Using physiologically
relevant in vitro and in vivo models, we demonstrate how simulta-
neous FAP CAR-mediated targeting of CAF creates a CAR T cell
permissive TME wherein the ML CAR can now access and kill tumor
cells. Co-targeting of the TME and tumor cells thus results in
enhanced tumor control, relative to either single CAR T cell individ-
ually. Furthermore, the fine-tuning of ML CAR induction through
FAP antigen abundance, as observed both in vitro by the absence of
ML CAR cytotoxicity in FAP(LOW) target cells and in vivo by the
downregulation of ML CAR expression and loss of activity of
FAPCAR_DPD1 MLCAR UT cells in H226(FAP�) tumors validates
the precise and potent control of the tumor, with no observed “off-tu-
mor” toxicity.

Functionally, our approach manifests as an AND gate wherein our
multi-antigenic CAR T cells demonstrate superior anti-tumor toxicity
by targeting two tumor antigens, relative to single antigen-targeted
CAR T cells. Other “AND” logic gate CAR circuits described in liter-
ature include the dual signaling strategy described by Lanitis et al. that
physically separated the CD3z and co-stimulatory CD28 domains
impede CAF+ tumor growth with no “off-target” toxicity in vivo

planted in NSGmice. Data representative of two independently conducted studies,

of hCD45+ cells per gram of tumors frommice treated with indicated UT cells 7 days

test (two-tailed, paired), n = 3 mice per cohort. ns, not significant, *p% 0.05, **p%

lls in tumors from mice treated with indicated UT cells 7 days post administration, as

d), n = 3 mice per cohort. ns, not significant, *p % 0.05, **p % 0.01. (D) Bar graph

ce treated with indicated UT cells 7 days post administration, as determined by flow

rt. ns, not significant, *p% 0.05. (E) Top panel: Graph representing growth kinetics of

e until study endpoint. p values determined by Student t test (two-tailed, unpaired),

tics of subcutaneous right flank NCI-H226-FAP40% tumors of remaining mice treated

iled, unpaired), n = 5mice per cohort. ns, not significant, **p% 0.01. (F) Schematic of

derived CAFs in NSG mouse mammary fat pad. Data representative of two inde-

growth kinetics of orthotopic TNBC tumors in mice treated as indicated over time.

, not significant, *p% 0.05. (H) Kaplan-Meier curve for survival analysis of orthotopic

etermined by log rank (Mantel-Cox) test. ns, not significant, *p % 0.05.
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into two separate CARs with different antigen specificity,42 the
recently described LINK-CAR wherein the CD3z and co-stimulatory
domains are replaced with LAT and SLP6 for minimal “on-target, off-
tumor” toxicity43 and the synNotch receptor-CAR circuit that uses a
tumor-specific “priming signal” for flexible and precise CAR induc-
tion at the tumor site.44,45 While the latter also uses a tumor-anti-
gen-specific sensor to induce expression of an anti-TAA CAR, this
sensor acts solely as a transcription activator for the CAR. In contrast,
our strategy combines the tumor-sensing module with its own CAR
activity, resulting in expression of two CARs targeting two different
antigens. Furthermore, our dual inducible CAR T cells can target tu-
mor cells that express the priming antigen alone, as opposed to the
SynNotch-CAR cells where absence of the priming antigen would
result in no anti-tumor toxicity. Furthermore, even upon depletion
of the TSA+ sub-population, in this case the primary FAP+ CAF cells,
the gated-CAR once induced should be able to sustain its own expres-
sion driven by the TAA+ cells in the tumor milieu. An exception here
could be CAF� micrometastatic niches that like the FAP� H226 tu-
mors in our study (Figures 5B and 5D) could be infiltrated by the
expanded dual inducible CAR T cells, but would escape clearance
since the MLCAR expression is downregulated upon exiting the
FAP+ML+ primary tumor site.

Given the heterogeneous antigen expression profile of different solid
tumors and its evolution over time, this can provide a distinct advan-
tage during the therapeutic window. As illustrated by our in vitro and
in vivo CAF plus tumor models, our dual inducible CAR T cells can
exhibit cytotoxic activity in trans, targeting two different single anti-
gen-expressing cells. We can thus target different tumor-supportive
cell types within the TME, adopting a more comprehensive approach
for solid tumor targeting. Finally, by integrating our CAR-inducible
strategy into the endogenous gene regulation network, we bypass
the use of potentially immunogenic non-human transcription factors
and their cognate binding sequences. Overall, our current study deci-
sively illustrates the feasibility and distinct advantages of our strategy
for safe and effective targeting of solid tumors. Further refinement of
the approach will now be aimed at testing different co-stimulatory
domain combinations for CAR design as well as exploring additional
CAR-inducible gene loci for fine-tuning sensitivity to antigen
abundance and to synergistically improve activity and persistence
restricted to the tumor milieu.

Our proposed strategy can be extended to any relevant combination
of TSA- and TAA-targeted CARs, expressed either in cis on the same
target cells or in trans on different but proximal target cells, enabling
targeting of a vast array of heterogeneous cancers. TALEN-mediated
TRAC knockout enables us to engineer universal “off-the-shelf” CAR
T cells, which are increasingly demonstrating several advantages over
the autologous approach, including superior manufacturing effi-
ciency with low cost, production time, and stocking ability that can
enable rapid “bench-to-bedside,” as well as the ability to use healthy
donor T cells with higher potency and fitness relative to T cells of pa-
tients who may have undergone several lines of treatment.46,47

Furthermore, since TALEN editing can easily allow for precise inte-
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gration of the CAR transgene both in a disruptive or non-disruptive
manner, we can multiplex our gene editing tools to enable addition of
several useful attributes in our CAR T cells. This includes disruptive
CAR integration at gene loci whose activity promotes T cell exhaus-
tion or dysfunction, as well as targeted integration of bicistronic
transgenes at the inducible locus. These can be integration cassettes
that include more than one CAR with different co-stimulatory do-
mains and antigen specificity to generate multivalent CAR T cells
with potent activity, or even a CAR and an immune stimulatory cyto-
kine such as IL-12 or IL-15 to boost activity and persistence and
counter the immunosuppressive TME.

Overall, our work illustrates the therapeutic potential of an IF/THEN
logic-gated dual CAR T cell engineering strategy that can integrate tu-
mor-specific cues to output expansive tumoricidal activity against
solid tumors with no detectable “off-target” toxicity.

MATERIALS AND METHODS
Primary cells, cell lines, and cell culture

Cryopreserved human peripheral blood mononuclear cells (PBMCs)
were acquired from ALLCELLS (# PB006F). PBMCs were cultured in
CTS OpTmizer media (obtained from Gibco, # A1048501), contain-
ing IL-2 (Miltenyi Biotec, # 130-097-748), human serum AB (Seralab,
# GEM-100-318), and CTS Immune Cell SR (Gibco, # A2596101).
Human T cell TransAct (Miltenyi Biotec t# 130-111-160) was used
to activate T cells. PBMCs were cryopreserved in 90% albumin/
10% DMSO.

HCC70-GFP-Nanoluciferase were engineered from HCC70 cells
(ATCC, # CRL-2315) using an in-house rLV encoding NanoLuc_
T2A_EGFP construct and AMSbio (# LVP323-PBS), respectively, us-
ing the manufacturer’s protocols. MDA-MB-231-GFP-Luciferase and
NCI-H226-GFP-Luciferase were engineered from MDA-MB-231
cells (ATCC, #HTB-26) and NCI-H226 cells (ATCC, #CRL-5826)
were generated by transducing the cells with a lentivirus encoding
EF1a-Luciferase-2A-GFP (Neo; Amsbio #LVP438). TNBC patient-
derived CAFs were obtained from BioIVT (cancer fibroblasts
#HPCCAFBRTNB-05). All cell lines and CAFs were maintained in
DMEM supplemented with 10% heat-inactivated FBS in 5% CO2

at 37�C. HCC70-GFP-Nanoluciferase-FAP and NCI-H226-GFP-
Luciferase-FAP cells were generated by transducing HCC70-GFP-
Nanoluciferase and NCI-H226-GFP-Luciferase cells respectively with
human FAP lentivirus (#LVP1307, GenTarget Inc).

Spheroid T cell infiltration assay

To assess T cell infiltration in tumor cell spheroids, on day 0, 104

MDA-MB-231-Luciferase cells with or without CAFs at 1:2 ratio
were seeded on low adherence 96-well round bottom plates (Thermo
Fisher # 174925), in DMEM+10%FBS media. On day 4, T cells were
added to the spheroids at tumor cell:T cell ratio of 1:1. Cocultures
were cultivated at 37oC overnight. The next day, supernatant from
wells was aspirated and spheroids were washed twice with PBS to re-
move any surface T cells. Spheroids were then dissociated using 0.25%
Trypsin (Gibco) and single cells were suspended in full DMEM
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media, pelleted down, and stained by flow cytometry for CD8.
Spheroid infiltrated T cells were calculated as percentage of input
T cells.

UCAR T cell generation and expansion

Briefly, PBMCs were thawed, washed, resuspended, and cultivated in
CTS OpTmizer complete media (reconstituted CTS OpTmizer, 5%
human AB serum, 20 ng/mL IL-2). One day later, the cells were acti-
vated with Human T cell TransAct (25 mL of beads/106 CD3-positive
cells) and transduced with recombinant lentiviral vectors (Flash
Therapeutics) (Table S1) at a multiplicity of infection (MOI) of 15
for FAP CAR and 10 for Mesothelin CAR T cells, in retronectin-
coated culture vessels (Takara Bio USA Inc, #T100B). Cells were
transduced at a concentration of 2 � 106 cells/mL in full media
with TransAct and cultured at 37oC in the presence of 5% CO2 for
3 days. The cells were then split into fresh complete media and trans-
fected the next day according to the following procedure. On the day
of transfection, the cells were washed twice in Cytoporation buffer T
(BTX Harvard Apparatus, Holliston, Massachusetts), and resus-
pended at a final concentration of 28 � 106 cells/mL in the same so-
lution. The cellular suspension (5 � 106 cells) was mixed with 5 mg
mRNA encoding each TRAC TALEN arm (Trilink BioTechnology)
and 15 mg of mRNA encoding each arm of PDCD1 TALEN (Trilink
BioTechnology) in a final volume of 200 mL (Table S2). The cellular
suspension was transfected in 0.4-cm gap cuvettes using Pulse Agile
technology. The electroporation consisted of two 0.1-mS pulses at
2,000 V/cm followed by four 0.2-mS pulses at 325 V/cm. Electropo-
rated cells were transferred to a 12-well plate containing 2 mL of pre-
warmed OpTmizer media (supplemented with human serum and
IL-2) and incubated at 37�C for 15 min. The cells were then concen-
trated to 8E6 cells/mL in 250 mL of the same media in the presence of
AAV6 particles (MOI = 1E5 vg/cells) comprising the donor matrices
(Figure S2) in 48-well regular treated plates. After 2 h of culture at
30�C, 250 mL of OpTmizer media supplemented with 5% AB serum
and 20 ng/mL IL-2 was added to the cell suspension, and the mix
was incubated for 24 h under the same culture conditions. One day
later, the cells were seeded at a density of 106 cells/mL in complete
OpTmizer media and cultivated at 37�C in the presence of 5% CO2.
On day 8 post thawing, the cells were resuspended in fresh complete
medium supplemented with 20 ng/mL IL-2 and 5%CTS Immune Cell
SR. The cells were seeded in GREX6 (Wilson Wolf, #80240M) at
0.125 � 106 cell/mL and cultivated in the same media according to
the manufacturer’s guidelines.

Genomic DNA extraction

Cellswere harvested andwashed oncewithPBS.GenomicDNAextrac-
tion was performed using Mag-Bind Blood & Tissue DNA HDQ kits
(Omega Bio-Tek) following the manufacturer’s instructions.

Targeted PCR and NGS

To assess TALEN-mediated TRAC and PDCD1 knockout on the
genomic level, 100 ng genomic DNA from engineered UCART cells
was used per reaction in a 50 mL reaction with Phusion High-
Fidelity PCRMaster Mix (NEB). The PCR condition was set to 1 cycle
of 30 s at 98�C; 30 cycles of 10 s at 98�C, 30 s at 60�C, 30 s at 72�C; 1
cycle of 5 min at 72�C; hold at 4�C. The PCR product was then puri-
fied with Omega NGS beads (1:1.2 ratio) and eluted into 30 mL of
10 mM Tris buffer pH7.4. The second PCR that incorporates NGS
indices was then performed on the purified product from the first
PCR. Fifteen microliters of the first PCR product was set in a
50-mL reaction with Phusion High-Fidelity PCR Master Mix
(NEB). The PCR condition was set to 1 cycle of 30 s at 98�C; 8 cycles
of 10 s at 98�C, 30 s at 62�C, 30 s at 72�C; 1 cycle of 5 min at 72�C;
hold at 4�C. Purified PCR products were sequenced on MiSeq (Illu-
mina) on a 2 � 250 V2 cartridge.

In vitro FAP CAR activation assay

Human FAP (FAP) protein was obtained from LakePharma. One
milliliter of FAP protein at 2 mg/mL concentration in PBS was added
to each well of a 24-well tissue culture-treated plate. The plate was
incubated at 37oC for 2 h in a humidified incubator with 5% CO2.
Thereafter, the protein suspension was aspirated, and the wells
were washed twice with 1 mL of PBS. After the last wash, PBS was
aspirated and 1E6 FAP CAR+ or control UT cells were added to the
FAP-coated wells in 1 mL complete OpTmizer media. Plates were
incubated at 37oC in a humidified incubator with 5% CO2 for the
duration of the experiment. At pre-determined intervals, 50 mL of
cells was taken and analyzed by flow cytometry for FAP CAR and
ML CAR expression. For the resting period, cells were taken from
FAP-coated plates, spun down at 300 � g, and the pellet was resus-
pended at 1E6 cells/mL in complete OpTmizer media. This cell
suspension was now plated in non-FAP-coated 24-well plates and
incubated as above.

In vitro serial stimulation assay

To assess the exhaustion phenotype of FAPCAR_DPD1MLCAR UT
cells persistently stimulated to FAP and mesothelin protein, 105

FAP-transduced HCC70 target tumor cells were plated on a 12-well
plate; 5 � 105 mock transduced and transfected T cells or FAP-
CAR_DPD1MLCAR UT cells were added to the target cell well and
incubated at 37oC. On day 3, 104 T cells from this co-incubation
were stained and analyzed by flow cytometry. The remaining cells
were transferred to a fresh well of target tumor cells. This was
repeated for three rounds over a period of 10 days. T cells at every
round were analyzed for exhaustion markers using NovoCyte
Penteon flow cytometer (Agilent), and data were analyzed using
NovoExpress V.1.5.6, respectively.

In vitro T cell cytotoxicity assays

To assess UCAR T cell cytotoxicity against tumor cell spheroids, on
day 0, 104 NCI-H226-Luciferase cells or MDA-MB-231-Luciferase
cells with or without CAFs at 1:2 ratio were seeded on low adherence
96-well round bottom plates (Thermo Fisher # 174925), in
DMEM+10%FBS media. On day 3, UCAR T cells were added to
the spheroids at tumor cell: CAR+ T cell ratio of 1:5 or 1:2.5, respec-
tively. Cocultures were cultivated at 37�C for 3 days. On the day of
measuring cytotoxicity, ONE-Glo reagent was prepared following
the manufacturer’s instructions (Promega, #E6120). And 50 mL of
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Table 1. Antibody panel for flow cytometry staining

UCAR T phenotype

FAP protein Fluorescein (FITC) AcroBiosystems FAP-HF263

Mesothelin protein R-Phycoerythrin (PE) AcroBiosystems MSN-HP2H8

TCRa/b Allophycocyanin (APC) Miltenyi Biotec 130-098-859

PD-1 BV421 BioLegend 329920

Tumor analysis

Antigen Fluorochrome Company

hCD45 R-Phycoerythrin (PE) Miltenyi 130-110-632

mCD45
Brilliant Violet-421
(BV421)

BD Biosciences 560501

FAP Alexa Fluor 488 R&D Systems MAB9727-100

hMesothelin Allophycocyanin (APC) R&D Systems FAB32652P

hCD4 PE-Vio770 Miltenyi 130-113-227

hCD8 Brilliant Violet 510 BD Bioscience 563919

hCD62L R-Phycoerythrin (PE) Miltenyi 130-110-632

hCD45RA Brilliant Violet 421 BD Bioscience 562885

hCD45RO Allophycocyanin (APC) Miltenyi 130-095-460

LAG3 PerCP-eFluor-710 Thermo Fisher 46-2239-42

CTLA-4 Allophycocyanin (APC) Biolegend 349907

TIM3 Brilliant Violet 711 BD Bioscience 565567

TIGIT PE/Cyanine7 Biolegend 372714
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ONE-Glo reagent wasmixed at a 1:1 ratio with target:effector cells in a
white, flat-bottom plate. Plate was incubated for 3 min at room tem-
perature and luminescence was measured in a FLUOstar Omega mi-
croplate reader (BMG Labtech).

The following calculations were used to estimate the percentage of
lysis:

%Cytotoxicity = 100 � ½ðluminescence CAR against tumor cells =

luminescence control UT against tumor cellsÞ � 100�
To assess UCAR T cell cytotoxicity against Tumor-CAF spheroids, on
day 0, 104 triple-negative breast tumor cells HCC70-Nanoluciferase
cells were seeded either alone or with TNBC-derived CAFs at a 1:2
ratio on low adherence 96-well round bottom plates (Thermo Fisher
# 174925), in DMEM+10%FBS media. Tumor cells and CAFs were
given 3 days to organize themselves into spheroids. On day 3,
UCAR T cells were added to the spheroids at tumor cell:CAR+

T cell ratio of 1:5 and co-incubated for 72 h at 37oC. On day of
measuring cytotoxicity, supernatants from wells were aspirated and
100 mL of 0.26% Triton X-100 lysis buffer was added to each well.
Plate was incubated for 10 min, vortexing every 5 min for 30 s-
1 min at maximum power. Subsequently, the plate was spun down
at 1,500 rpm for 3 min and 25 mL surviving cell lysate was mixed at
1:1 ration with Nano-Glo buffer (Promega #N1110) in a white, flat-
bottom plate. Plate was incubated for 3 min at room temperature
3928 Molecular Therapy Vol. 32 No 11 November 2024
and luminescence was measured in a FLUOstar Omega microplate
reader (BMG Labtech).

The following calculations were used to estimate the percentage of
lysis:

%Cytotoxicity = 100 � ½ðluminescence CAR against tumor cells =

luminescence control UT against tumor cellsÞ � 100�

IFNg secretion assay

The levels of INFg were evaluated in supernatants obtained from
cytotoxicity assays using the Human IFN-Gamma Quantikine Kit
(R&D Systems, SIF50) following the manufacturer’s instructions.
As positive control, CAR T cells were activated with Ionomycin
and PMA).

Flow cytometry

For in vitro cell cultures, cells in a U-bottom 96-well plate were spun
down and washed with PBS (150 mL/well) at 300 � g for 2 min. Prior
to surface staining, cells were stainedwith Fixable Viability Dye eFluor
450 or eFluor 780 (eBiosciences) according to the manufacturer’s in-
structions. The cells were then stainedwith antibodies diluted in FACS
buffer (2% FBS + 5 mM EDTA + 0.05% azide in PBS, 50 mL/well)
for at least 30 min in the dark at 4�C. Cells were washed with PBS
(150 mL/well), spun at 300� g for 2 min, and resuspended in fix buffer
(4% paraformaldehyde in PBS, 100 mL/well). Sample collection was
performed on a FACSCanto II cytometer (BD) or NovoCyte Penteon
flow cytometer (Agilent), and data were analyzed using FlowJo
V.10.6.1 (Treestar) or NovoExpress V.1.5.6, respectively.

For tumor samples, tumor tissue was chopped finely with a razor in
5 mL Accutase (Biolegend, #4232201) and incubated at 37oC water
bath for 30 min. Digested tumor suspension was passed through a
100-mm strainer (Corning) and filtrate was spun at 300 � g for
10 min. Cell pellet was subsequently stained for flow cytometry as
described above. Staining was performed with the antibody panels
outlined in Table 1.

Mice and animal procedures

All procedures involving animals were approved by TheMispro Insti-
tutional Animal Care and Use Committee and were performed in
accordance with the guidelines of the PHS (Public Health Service)
Policy on Humane Care and Use of Laboratory Animals, OLAW
(Office of Laboratory Animal Welfare), and the USDA (United States
Department of Agriculture) AWA (Animal Welfare Act). Experi-
mental/control animals were co-housed.

All experiments were performed on 8-week-old, female NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice obtained from the Jackson
Laboratory (Stock # 005557). Animals were housed in an SPF animal
facility. Mouse room light cycles were on a 12-h on/off (on from
6 a.m. to 6 p.m. and off from 6 p.m. to 6 a.m.), temperature reading
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was maintained between 68 and 79 �F, and humidity between 30%
and 70%.

Bilateral subcutaneous tumor model

Immunodeficient NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, the
Jackson Laboratory), were received and acclimatized. NSG mice
(7–8 weeks old, female) were then injected with 5 � 106 NCI-H226
tumor cells in left flank and 5 � 106 NCI-H226-FAP40% cells in right
flank, as a suspension in PBS+matrigel (1:1; Corning, CB-40234C)
subcutaneously. Mice were randomized after day 6 based on average
tumor growth that was measured using digital calipers. Next day,
mice were adoptively intravenously transferred with 15 � 106 CAR+

UT cells or control UT cells in 100-mL PBS. The mice were monitored
for health and weighed at least once weekly. On day 7 post CAR T cell
administration, three mice from each treatment cohort were humane-
ly euthanized usingCO2 asphyxiation followed by cervical dislocation,
and tumors were harvested for flow cytometry and immunohisto-
chemistry (IHC) analysis. The remaining mice were monitored as
described above until study endpoint at day 28 post CART cell admin-
istration. Disease progression was monitored on a weekly basis by
measuring tumor dimensions using digital calipers and tumor volume
was calculated using the formula [length � (width)2/2].

Orthotopic triple-negative breast cancer model

For in vivo triple-negative breast cancer modeling and CAR T treat-
ment, 2 � 106 HCC70-GFP cells mixed with 5 � 105 TNBC-derived
CAFs in 50 mL of ice-cold PBS:Matrigel (1:1) were injected into the
mammary fat pad of 8-week-old, female NSG mice. Mice were
randomly enrolled into the study once tumor volume reached
�150 mm3. For CAR T cell treatment, tumor-bearing mice received
a single-dose treatment of 15 � 106 CAR+ UT or mock cells in
100 mL of PBS via intravenous injection. The mice were monitored
for health, weighed at least once weekly, and followed to measure sur-
vival. Disease progression was monitored on a weekly basis by
measuring tumor dimensions using digital calipers and tumor volume
was calculated using the formula [length � (width)2/2]. Humane
endpoint criteria for tumor models were (1) weight loss greater than
or equal to 20% from baseline; (2) abnormal gait, paralysis, or inability
to ambulate properly; (3) respiratory distress/labored breathing; (4)
lethargy or persistent recumbency; and (5) loss of righting reflex or
other abnormal neurological behaviors. The method for euthanasia
was CO2 asphyxiation followed by cervical dislocation to ensure death.

Histology and IHC

Human tumor tissue and healthy tissue microarray slides were ob-
tained from Novus Biologicals (NBP2-30234, NBP2-78082, NBP2-
30232, NBP2-30233, NBP2-30189). Mouse tumors were fixed in
10% buffered formalin (Thermo Fisher Scientific) overnight and
moved to 70% ethanol thereafter. Paraffin embedding, tissue
sectioning, H&E staining, IHC, and Trichrome staining was per-
formed by HistoWiz Inc. (histowiz.com) using a standard operating
procedure and fully automated workflow. Samples were processed,
embedded in paraffin, and sectioned at 4 mm. IHC was performed
on a Bond Rx autostainer (Leica Biosystems) with heat-induced
epitope retrieval (pH6 or pH9) using standard protocols. The bond
polymer refine detection (Leica Biosystems) was used according to
the manufacturer’s protocol. After staining, sections were dehydrated
and film coverslipped using a TissueTek-Prisma and Coverslipper
(Sakura). Whole-slide scanning (40x) was performed on an Aperio
AT2 (Leica Biosystems). For IHC, antibodies used were a-GFP
(#ab183734, Abcam, 1:100) and a-FAP (#ab227703, Abcam, 1:100).
Percentage FAP+ area was quantitation of using QuPath software.
A grid was applied to the TMA to extract the individual TMA cores
and the percentage of pixels positive for the FAP stain was calculated
for each TMA core.
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Figure S1. FAP+ CAFs are restricted to tumor microenvironment and inhibit intra-tumor T 

cell infiltration and CAR T-cell activity 
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(A) Flow cytometry plots representing infiltrated T cells in spheroids of MDA-MB-231 and 

HCC70 tumor cells, either alone or co-cultured with TNBC patient-derived CAFs. (B) Analysis 

of Mesothelin (ML) expression on surface of MDA-MB-231-Luc tumor cells, as determined by 

flow cytometry. (C) Heatmap depicting percentage positive area stained for human FAP protein 

in immunohistochemical analysis of patient tumor tissue microarray, corresponding to Figure 

1E. (D) Flow cytometry plot depicting ML CAR expression in mock transduced and TRACKO 

MLCAR T-cells. (E) Immunohistochemical analysis of healthy donor tissue microarray for FAP 

protein detection. Inlays represent 40X magnification of positively stained area.   
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Figure S2. Multiplex engineering of T cells using TALEN mediated gene editing and AAV6 

DNA donor template integration 
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(A) Schematic showing structure of the DNA repair matrix for disruptive insertion at PDCD1, 

consisting of ML CAR followed by PDCD1 independent, EF1 promoter-driven LNGFR 

transgene as marker for successful integration and subsequent enrichment. (B) Experimental 

strategy for TALEN-mediated gene editing, lentiviral and AAV6 transduction, LNGFR 

enrichment by MACS and expansion of engineered human universal CAR T-cells. (C) Flow 

cytometry plots depicting LNGFR expression pre- and post- enrichment of genetically modified 

UT cells. (D) Frequencies of insertions and deletions (indels) obtained by high-throughput DNA 

sequencing of TRAC (left) and PDCD1 (right) TALEN cut-site, obtained from indicated 

engineered T-cells (n=2 donors). (E) Frequency of CD4+ and CD8+ cells gated on FAPCAR+ 

subpopulation of FAPCAR_PD1MLCAR UT-cells at end of engineered T cell expansion. Bars show 

the means ± SD, n=3. (F) Frequency of CD62L+CD45RA+CD45RO- (TN naive), 

CD62L+CD45RA+ CD45RO+ (TSCM stem central memory), CD62L+CD45RA− CD45RO+  (TCM 

central memory), CD62L-CD45RA− CD45RO+ (TEM effector memory) and CD62L-CD45RA+ 

CD45RO- (TTE terminal effector) gated on FAPCAR+ subpopulation of FAPCAR_PD1MLCAR UT-

cells post engineering. Values indicate means ± SD, n=2. 
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Figure S3. FAP CAR-mediated regulation of PDCD1 integrated ML CAR expression and 

activity 
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(A) Flow cytometry plots depicting kinetics of ML CAR surface expression on FAPCAR_PD1ML 

CAR UT cells following FAP CAR activation with FAP protein incubation. (B) Flow cytometry 

plots depicting kinetics of ML CAR surface expression on control PD1ML CAR UT cells following 

FAP protein incubation. (C) Graph depicting kinetics of FAP CAR and ML CAR expression 

following FAP protein incubation of control PD1ML CAR UT-cells. Each data point represents 

mean ± SD, n=3 donors. (D) Representative flow cytometry plots  time course of FAP CAR and 

MLCAR expression upon FAP CAR stimulation and withdrawal of  stimulus (FAP protein) from 

FAPCAR_PD1ML CAR UT-cells. (E) Graph representing time course of FAP CAR and MLCAR 

expression upon FAP CAR stimulation and withdrawal of  stimulus (FAP protein) from 

FAPCAR_PD1ML CAR UT-cells.  Each data point represents mean ± SD, n=2 donors. (F) Flow 

cytometry plots representing time course of FAP CAR and MLCAR expression upon stimulation 

and withdrawal of  stimulus (FAP protein) from control PD1ML CAR UT-cells. (G) Graph 

representing time course of MLCAR expression without FAP CAR stimulation  (with FAP protein) 

of FAPCAR_PD1ML CAR UT-cells.  Each data point represents mean ± SD, n=3 donors. (H) 

Analysis of ML expression on surface of NCI-H226-GFP-Luc tumor cells, as determined by flow 

cytometry. (I) Bar graph representing percentage MLCAR positive cells in two engineered UT cell 

populations-MLCAR_PD1 and FAPCAR_PD1ML CAR cells 48 h post FAP-activation, with 

their corresponding cytotoxic activity against ML+FAP- NCI-H226-LUC tumor cells co-incubated 

for 24 h, with target cells at Effector: Target ratio=1:1. Bars show the means ± SD, n=2; P-values 

determined by Student t test (two-tailed, unpaired), ns-not significant. (J). Schematic of serial 

stimulation of FAPCARPD1MLCAR UT-cells  with FAP-transduced ML+ HCC70 cells over a period of 10 

days. (K) Graph depicting kinetics of exhaustion marker expression as measured by flow cytometry 

analysis on Mock transduced or FAPCARPD1MLCAR UT-cells, serially stimulated with 

FAP+ML+ HCC70 cells over 10 days. Each data point represents mean ± SD, n=2 donors. 
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Figure S4. FAPCAR_PD1ML CAR UT-cells efficiently target FAP+ML+tumors in a FAP CAR 

activation-dependent manner 

(A) Flow cytometry histogram depicting expression of FAP in (-)FAP, FAP(LOW), FAP(MED)

and FAP(HIGH) NCI-H226-Luc transduced cells. (B) Graph depicting percentage of FAP+ cells in 

the different NCI-H226-Luc cells, as indicated. (C) Flow cytometry plot depicting ML CAR 

expression in mock transduced and MLCAR_PD1 UT-cells. (D) Analysis of ML expression on 

HCC70-Nanoluc tumor cells, as determined by flow cytometry. (E) Bar graph representing 

percentage HCC70-GFP tumor cell lysis post cytotoxicity assay of indicated engineered T-cells 

against HCC70 and CAF spheroid co-cultures at ratios of 2:1 and 1:1 and at Effector: Target ratio 

of 5:1. Data representative of n=2 independent experiments, 2 donors per experiment, 3 technical 

replicates per donor per experiment. Bars show the means ± SD; P- values determined by Student 

t test (two-tailed, unpaired). ns-not significant, *p≤0.05. 
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Figure S5. FAPCAR_PD1ML CAR UT-cells display enhanced anti-tumor activity with no 

detectable ‘off tumor’ toxicity. 

(A) Flow cytometry plot of human CD45+ UCAR T-cell population in subcutaneous tumors 

harvested from mice treated as indicated. (B) Flow cytometry plot of percentage of FAP CAR+ and 

ML CAR+ among viable human CD45+ UT cells in subcutaneous tumors harvested from mice 

treated as indicated. (C) Schematic of UCAR T-cell treatment and analysis of subcutaneous H226 

tumor implanted in NSG mice. (D) Flow cytometry plot of human CD45+ UCAR T-cell population 

in subcutaneous H226 tumors harvested from mice treated as indicated. (E) Bar graph representing 

quantitation of total number of hCD45+ cells per gram tumors from mice treated with indicated 

UT-cells 7 days post administration, as determined by flow cytometry. P-values determined by 

Student t test (two-tailed, paired), n=2 mice per cohort. ns-not significant. (F) Graphs indicating 

comparative growth kinetics of left flank H226 tumors and right flank H226-FAP40% tumors, 

treated with indicated UT cells. Each point represent mean ± s.d, n= 3 mice per cohort; ; P-values 

determined by Student t test (two-tailed, paired). *p≤0.05, **p≤0.01. (G) Graph depicting weight 
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in grams of tumors excised from different cohorts at study endpoint, as indicated. Each bar 

represent mean ± s.d, n= 3-5 mice per cohort; ; P-values determined by Student t test (two-tailed, 

paired), ns-not significant, **p≤0.01. (H) Representative images of immunohistochemical analysis 

for FAP expression on excised tumors treated as indicated. (I)  Representative images of 

immunohistochemical analysis for GFP expression on excised tumors treated as indicated. On the 

right,  stacked bar graph representing quantitation of percentage GFP+ area corresponding to IHC 

samples in the left panel. Each bar represents mean ± s.d of at least four field of views per tumor, 

n=3-5 mice per cohort.  
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Table S1.  Percentage FAP+ area in tissue microarray of tumor biopsy tissues, as determined by 

immunohistochemistry. 

Tumor tissue %FAP+ stained area 
Descending Colon 70.0 

Skin 45.0 

Lung 37.0 

Esohagus 75.0 

Uterine Cervix 75.0 

Stomach 73.0 

Rectum 55.0 

Endometrium 47.80 

Breast Ductal 55.0 

Osteocarcinoma 85.0 

Thyroid Papillary 76.0 

 

Table S2. Percentage FAP+ area in tissue microarray of normal tissues from three healthy donors, 

as determined by immunohistochemistry.  

 

 % FAP+ stained area 

Healthy Tissue Donor-1 Donor-2 Donor-3 
Skin 3.0829 2.9635 0.9712 

Breast 0.6396 2.4834 1.2601 

Spleen 0.3186 0.3245 0.2801 

Skeletal muscle normal 12.4789 3.2692 0.2935 

Lung normal 19.3374 0.2515 1.1241 

Liver normal 2.3799 3.49 0.8303 

Stomach, body normal 11.7077 13.0123 14.6087 

Colon normal 0.376 1.0094 0.3449 

Kidney, cortex 0.9469 0.6967 0.2909 

Kidney, medulla 3.2297 0.4884 0.3914 

Prostate normal 0.1076 1.3936 0.5353 

Placenta normal 20.2895 11.3175 15.6667 

Brain, white matter 0.2122 0.1951 0.0159 

Brain, gray matter 0.064 0.1807 0.0332 

Cerebellum 0.09 0.1053 0.7169 

Lymph node 0.2464 0.285 0.7432 

Heart 2.0957 1.2655 3.2937 

Salivary gland 1.0228 0.2064 0.8257 

Pancreas 1.3192 1.8801 2.3008 

Tonsil 0.0377 0.0704 0.0571 

Esophagus 4.4227 5.7468 1.5048 

Small intestine, jejunum 0.3714 0.3292 0.2483 

Rectum 0.1932 1.42 0.6689 
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Urinary bladder 1.8392 1.488 2.0712 

Testis 0.6519 3.2515 7.5429 

Endometrium 8.0456 5.8058 1.6278 

Ovary 0.2577 0.1324 0.3867 

Adrenal gland 5.6342 11.4769 13.5404 

Thyroid 2.9673 4.8813 12.22 

Thymus 0.9455 1.078 3.7831 
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