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HER2 amplification occurs in approximately 5% of colorectal
cancer (CRC) cases and is associated only partially with
clinical response to combined human epidermal growth factor
receptor 2 (HER2)/epidermal growth factor receptor (EGFR)-
targeted treatment. An alternative approach based on adop-
tive cell therapy using T cells engineered with anti-HER2
chimeric antigen receptor (CAR) proved to be toxic due to
on-target/off-tumor activity. Here we describe a combinato-
rial strategy to safely target HER2 amplification and carci-
noembryonic antigen (CEA) expression in CRC using a syn-
Notch-CAR-based artificial regulatory network. The natural
killer (NK) cell line NK-92 was engineered with an anti-
HER2 synNotch receptor driving the expression of a CAR
against CEA only when engaged. After being transduced and
sorted for HER2-driven CAR expression, cells were cloned.
The clone with optimal performances in terms of specificity
and amplitude of CAR induction demonstrated significant
activity in vitro and in vivo specifically against HER2-ampli-
fied (HER2amp)/CEA+ CRC models, with no effects on cells
with physiological HER2 levels. The HER2-synNotch/CEA-
CAR-NK system provides an innovative, scalable, and safe
off-the-shelf cell therapy approach with potential against
HER2amp CRC resistant or partially responsive to HER2/
EGFR blockade.

INTRODUCTION
Colorectal cancer (CRC) is the third most common type of cancer,
with a worldwide incidence of 1.9 million new cases per year.1,2

Despite therapy improvements, the 5-year survival rate for patients
with metastatic CRC (mCRC) is only 10%–15%.3,4 The mainstay of
first-line therapy for advanced CRC is chemotherapy, which can be
combined with an anti-vascular endothelial growth factor or anti-
epidermal growth factor receptor (EGFR) antibody, based on specific
genetic tumor features; however, most tumors progress within 1
year.5,6

Human ERBB2 is a proto-oncogene that encodes HER2, a member
of the EGFR family. The most common mechanism of HER2 onco-
Mole
Published by Elsevier Inc

This is an open access article under the CC BY-NC-N
genic activation is gene amplification, which leads to overexpres-
sion and is a known oncogenic driver of a variety of solid tumors,
including CRC.7,8 In particular, HER2 is amplified and overex-
pressed in approximately 5% of patients with CRC: 100,000 new
cases/year globally.9,10 HER2 amplification in CRC is known to
promote resistance to EGFR-targeted therapy.11,12 However, multi-
ple studies have shown that combined targeting of HER2 and
EGFR is an effective therapeutic strategy in mCRC.13–19 Despite
these encouraging results, two major unmet clinical needs remain
unsolved: (1) primary resistance to HER2/EGFR therapy, occurring
in almost one-half of the cases16–18 and (2) limited duration of the
response, due to acquisition of resistance-promoting mutations.14

Consequently, a sizable fraction of HER2-amplified (HER2amp)
CRCs needs alternative therapies. In recent years, immune check-
point inhibitors (ICIs) have produced encouraging results in CRC
with microsatellite instability.20,21 However, HER2 amplification
occurs more frequently in microsatellite-stable cases,22 where
ICIs are ineffective. Another promising alternative is chimeric an-
tigen receptor (CAR)-based adoptive cell therapy (ACT). CAR-
based ACT is a highly personalized treatment that involves the
infusion of anticancer immune cells engineered with CARs that
redirect them against specific antigens expressed by cancer
cells.23,24 CAR-based ACT is remarkably effective in the treatment
of some hematological malignancies,25 but still requires optimiza-
tion for solid tumors,26 in particular to address the issue of target
antigen specificity.27,28 Indeed, HER2amp CRC exemplifies this
drawback: CAR-T cells against HER2 were found to kill not only
cancer cells overexpressing HER2, but also cells in normal tissues
expressing physiological levels of the protein, leading to severe
side effects and even death.29 To overcome this problem, a strategy
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is needed to ensure selective killing of HER2-overexpressing CRC
cells. We, therefore, considered a combinatorial targeting of
HER2 and a second antigen with a pan-colon-specific expression,
because only HER2amp CRC cells would co-express both at high
levels. For combinatorial targeting, we chose the synthetic Notch
(synNotch)/CAR artificial network system.30–32 In this system, an
artificial Notch receptor is engineered to recognize a specific
antigen on the surface of the target cell. Upon engagement
with the antigen, mechanical tension leads to cleavage of the syn-
Notch intracellular portion, which then reaches the nucleus and
promotes specific target gene expression.33 In our case, as previ-
ously described, the synNotch intracellular portion is composed
of an artificial GAL4VP64 transcription factor, specifically driving
expression of a CAR against a second antigen.31 In this way, CAR
expression and killer cell activation occur exclusively in the pres-
ence of both target antigens. The on-target/off-tumor effect is,
therefore, avoided if co-expression of both antigens is restricted
to the tumor lesion. The synNotch/CAR combinatorial approach
has already been shown to be particularly promising in terms of
efficacy and safety.34–37 To target HER2amp CRC, we chose to
adopt an anti-HER2 synNotch, rather than an anti-HER2 CAR,
for two main reasons: (1) in HER2amp CRC, expression of the
HER2 protein could be heterogeneous,38 as frequently seen in
breast cancer,39 while a pan-colon antigen would be expressed by
all target cells, leading to better CAR efficacy; and (2) synNotch
activation can be better tuned to occur only in the presence of
target cells expressing high HER2 levels, by choosing the interme-
diate-low affinity single chain fragment variable (scFv) of the
4D5-5 monoclonal antibody (mAb),32,40 without compromising
CAR efficacy. To choose the CAR target antigen we performed
extensive bioinformatic analyses, leading to selection of carcinoem-
bryonic antigen (CEA), encoded by the CEACAM5 gene.

As an effector cell model, we chose the human natural killer (NK)
cell line NK-92,41–43 for two reasons: (1) they can be easily
expanded and repeatedly sorted and cloned, to select engineered
effectors with optimal activity and specificity, and (2) engineered
effectors can be further expanded for off-the-shelf therapy, with
lower production costs.44,45 Indeed, NK-92 cells are already
approved by the U.S. Food and Drug Administration for phase 1
and 2 trials.46–48

Here we describe an ACT strategy based on the activity of a CEA-
CAR conditionally expressed by a synNotch receptor targeting
HER2 suitable for the treatment of HER2-amplified CRC.
Figure 1. SynNotch/CAR target expression analysis
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RESULTS
Identification of CEA as an optimal target for combinatorial CAR

approaches against HER2amp CRC

To identify an optimal second antigen to be combined with HER2 in
the synNotch/CAR system, after an extensive bioinformatic analysis,
we finally selected as main candidates a set of antigens already vali-
dated as CAR targets in CRC: CEA, encoded by the CEACAM5
gene49; epithelial cell adhesion molecule (EPCAM), encoded by
the EPCAM gene,50 CD133, encoded by the PROM1 gene,51 mucin
1 (MUC1), encoded by the MUC1 gene52; and EGFR, encoded by
the EGFR gene.53 Initially, mRNA expression of the candidates was
evaluated in normal tissues on the Entrez Gene database.54 The anal-
ysis showed that only CEA mRNA was specifically expressed at high
levels in the colon, with very low levels in the esophagus and stomach.
All other antigens were also expressed at high levels in many other
normal tissues, including some that also express HER2 at significant
levels, like the esophagus, duodenum, stomach, small intestine, kid-
ney, lung, and skin (Figure 1A). Expression of these CAR targets in
normal tissues increases the risk of on-target/off-tumor toxicity. To
evaluate in detail HER2 and CEA expression in normal tissue, their
mRNA and protein expressions were also assessed on the Protein
Atlas database.55,56 The analysis confirmed that HER2 expression
was physiologically high in almost all the tissues and that CEA expres-
sion is physiologically high only in the colon, with low levels in the
proximal digestive tract, bone marrow, and lymphoid tissues (Fig-
ure 1B). As a further confirmation, previous immunohistochemical
analyses showed that CEA cannot be detected in most normal adult
tissues, except in the gastrointestinal tract at low levels, restricted to
the apical surface of epithelial cell.57 It should also be noted that,
although CEA is already expressed in the normal colon, it is increas-
ingly overexpressed during colorectal carcinogenesis.58,59 To identify
suitable patient-derived CRC models for preclinical testing of a
possible HER2 synNotch/CEA-CAR-based therapy, mRNA expres-
sion of HER2 and CEA was evaluated in 450 CRC samples from
The Cancer Genome Atlas (TCGA),60 119 CRC cell lines, and 602
CRC patient-derived xenografts (PDXs).61 As shown in Figure 1, all
patient tumors and models overexpressing HER2 also express very
high levels of CEA (Figure 1C). HER2 and CEA surface protein
expression was further confirmed in selected cell lines by flow cytom-
etry. The HER2amp breast cancer cell line SKBR3 was selected as pos-
itive control for HER2 overexpression62 and negative control for CEA
expression (CEA�). Three CRC cell lines were also selected, all
positive for CEA expression (CEA+): LS180 with physiological/
normal HER2 levels (HER2norm), and two cell lines, CRC0080 and
CRC0186, carrying HER2 amplification and overexpression15
database (Gene: ERBB2, CEACAM5, EPCAM, PROM1, and MUC1). RPKM, reads
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Figure 2. CEA-CAR induction in Jurkat cells

(A) The HER2 synNotch/CEA-CAR system scheme. (B) Bar

graph showing the percentage of CEA-CAR positive cells

after co-culture with target cells expressing different levels

of HER2, as indicated (basal = without target cells; two

independent experiments). (C) Bar graph showing the

percentage of CD69 positive cells after co-culture with

CRC0080 HER2amp cells (basal = without target cells).

Statistical significance was calculated by one-way ANOVA

(B) or t test (D). *p % 0.05, **p % 0.01, ***p % 0.001).

Error bars report standard deviation (two independent

experiments).
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(Figure 1D). Two additional, tightly controlled models were also used:
DIFI and NCI-H508 CRC cells, either expressing physiological HER2
levels or transduced with a HER2 lentiviral vector to constitutively
overexpress HER263 (Figure S1).

Construction and preliminary validation of a GAL4-inducible

CEA-CAR

The CEA-CAR was cloned in a lentiviral vector downstream of the
inducible promoter 5xGAL4-UAS-minCMV, recognized by the tran-
scription factor GAL4VP64 (Figure S2A). A series of preliminary
tests, to verify specific CEA-CAR expression in response to GAL4,
were conducted in Jurkat cells (Figure S2 and Methods).

To build and preliminarily validate the HER2 synNotch/CEA-CAR
system (Figure 2A), Jurkat cells were transduced with 4D5-5
HER2 synNotch,32,40 sorted for synNotch expression, and then trans-
duced with GAL4 CEA-CAR, using low CAR vector amounts to
decrease basal expression. Transduced cells were subsequently
co-culturedwithHER2amp/CEA+CRC0080 target cells, and two con-
trols: SKBR3 (breast cancer, HER2amp/CEA�) and LS180 (CRC,
HER2norm/CEA+). In this case, CEA-CAR expression was basally
lower (5%–10% positive cells), and still significantly increased
(20%–35%positive cells) in the presence ofHER2-overexpressing cells
(Figure 2B). These results indicate the greater specificity of the system,
with CAR-positive cells increased bymore than 4-fold. To check func-
tional activation of Jurkat cells in response to CEA-CAR expression
and engagement, CD69 expression64 was evaluated by flow cytometry.
Indeed, CD69-positive cells raised from 5% in basal conditions to 35%
upon co-culture with CRC0080 cells, indicating functional activation
of the vast majority of CEA-CAR-expressing Jurkat cells (Figure 2C).
2744 Molecular Therapy Vol. 32 No 8 August 2024
Generation, cloning, and characterization of

HER2 synNotch/CEA-CAR-expressing NK-92

cells

After preliminary validation in Jurkat cells, the
HER2 synNotch/CEA-CAR system was intro-
duced in NK-92 NK cells.42,44 To this aim, NK-
92 cells were subjected to multiple rounds of
transduction, cell sorting, and cloning, as
described in Figures 3A and 3B. First, cells were
transduced with HER2 synNotch and subjected
to two rounds of cell sorting, achieving 90%
HER2 synNotch-positive cells. The sorted population was then trans-
duced with GAL4 CEA-CAR and subjected to one round of negative
sorting for CEA-CAR expression after co-culture with HER2norm
cells, decreasing basally expressing cells from 4% to 0.1%, followed
by one round of positive sorting for CEA-CAR expression after co-
culture with HER2amp cells. In concomitance with this last sorting,
individual cells were also seeded for cloning.

CEA-CAR induction was assessed in detail after expansion of the
sorted population (Figure 4C). The cells displayed a very low/negative
basal CEA-CAR expression (ranging from 0% to 10% in different ex-
periments) after co-culture with LS180 HER2norm control cells and a
variable CEA-CAR induction after co-culture with the HER2amp
SKBR3, CRC0080, and CRC0186 cells. The variability in the extent
of CEA-CAR expression was probably due to the different HER2 sur-
face expression in the tested cell models.

Eleven clones were successfully grown from the last sorting and
initially tested for basal CEA-CAR expression, keeping seven clones
with less than 5% positive cells (Figure 4A). These clones were then
tested for CEA-CAR induction by co-culture with SKBR3 cells, lead-
ing to further selection of three clones (Figure 4B). The three clones
(NK.92.5F, NK-92.4C, and NK-92.4G) were subsequently expanded
and further characterized, confirming low basal CAR expression
(ranging from 0% to 5% in different experiments) and high CAR in-
duction after co-culture with different target cell lines (up to 80%–

90% with SKBR3) (Figures 4C and S3A). Finally, the NK-92.5F clone
was selected for further experiments, in view of its superior induction
performances (Figure 4C). The NK-92.5F clone showed better induc-
tion also when co-cultured with DIFI or NCI-NCI-H508 cells
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Figure 3. Workflow for NK-92 transduction, selection, and cloning

NK-92 were first transduced with the HER2 synNotch lentiviral vector and sorted twice for constitutive HER2 synNotch expression. Subsequently, cells were transduced with

the GAL4-driven CEA-CAR lentiviral vector and sorted to exclude those with basal CEA-CAR expression after co-culture with HER2-normal CRC cells. Finally, cells were co-

cultured with HER2amp cells and sorted for positive CEA-CAR expression, to concomitantly generate a sorted population and individual clones. (A) Transduction and sorting

workflow. (B) Flow cytometry plots before and after each sorting step, as indicated. Red boxes represent the selected populations. y axis, log10 expression; x axis, forward

scatter; %, percent of cell above the depicted positivity threshold; MFI, mean fluorescence intensity.
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artificially overexpressing HER2, confirming higher specificity and
sensitivity respect to the sorted population (Figure S2B). To be used
in human patients, NK-92 cells have to be irradiated.43 Therefore,
CEA-CAR induction by the NK-92.5F clone upon co-culture with
HER2amp cells was assessed also after irradiation and found to be
only marginally decreased (Figure S2C).
Molecular Therapy Vol. 32 No 8 August 2024 2745
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To verify whether the NK-92.5F clone maintained the NK-92 typical
features, immunophenotyping was performed by flow cytometry
(Figure 5A), highlighting no major differences in the levels of the
NK markers CD56, NKG2D, NKp30, NKp46, and NKp44, with
the DNAM-1 receptor expressed by a lower fraction of cells. Also,
the NK-92.5F clone and parental cells were subjected to global
RNA sequencing to assess gene expression. A 134-gene signature
related to NK cells downloaded from IMMPORT65 was evaluated
and displayed no major differences in gene expression between the
NK-92.5F clone and wild-type (WT) cells (Figure 5B). These results
indicate that the NK-92.5F clone does not show a significant genetic
and functional drift and should behave similarly to parental NK-92
cells in basal conditions.

To evaluate the kinetics and extent of CEA-CAR induction and
repression by the sorted population and the NK-92.5F clone, time
course co-culture experiments were performed using SKBR3 as target
cells. Indeed, the NK-92.5F clone showed a consistently better CEA-
CAR on/off profile. In particular, the induction was higher and faster
with respect to the sorted population, indeed was already detectable at
12 h and reaching 80%–90% of positive cells at 24–48 h (Figure 5C).
When SKBR3 cells were removed after maximal induction, CEA-
CAR expression was almost completely abrogated by the NK-92.5F
clone within 48 h, while 10%–15% of the sorted population cells
remained positive (Figure 5D). As expected, the two additional
clones 4C and 4G also displayed slightly worse on/off kinetics
(Figures S2D and S2E).

NK-92.5F clone therapeutic efficacy in vitro and in vivo

The killing assays showed consistent and significant cytotoxicity
of the irradiated NK-92.5F clone compared with controls (NK-92
WT and NK-92 HER2 synNotch only) against HER2amp/CEA+

CRC models, at all effector:target ratios (Figure 6A). In the case of
HER2amp/CEA� SKBR3 control target cells, low killing with no sig-
nificant difference between the NK-92.5F clone and control effectors
was observed. Also, HER2norm/CEA+ CRC cells (LS180) were not
preferentially killed by the NK-92.5F clone. Indeed, LS180 displayed
higher basal killing by NK-92 controls, indicating the greater sensi-
tivity of these cells to NK-92 killing. As an additional readout of
NK-92 cell activation and killing, degranulation upon interaction
with target cells was evaluated by measuring the surface expression
of CD107a66 and the release in the supernatant of interferon-g
(IFN-g) and granzyme B. Massive degranulation and CD107a in-
crease by NK-92.5F clone were observed only upon co-culture with
HER2amp/CEA+ CRC cells (Figure 6B). Notably, the observed results
were similar to those obtained with non-irradiated effectors (Fig-
ure S4), indicating that irradiation does not compromise NK-92 acti-
Figure 4. CEA-CAR expression in the NK-92 sorted population and in the clone

(A) Flow cytometry analysis of CEA-CAR basal expression in each clone; the red box ind

induction experiments against HER2amp cells (two independent experiments). (B) Flow

HER2amp SKBR3; the red box indicates the clones with the highest induction, selecte

independent experiments). (C) Flow cytometry plots displaying CEA-CAR induction in N

cells (numbers in the square indicate the fraction of CEA-CAR positive cells).
vation and killing. Moreover, higher basal killing by WT NK-92 cells
was observed at 1:1 effector:target ratio without irradiation, most
likely due to expression by the CRC cell lines of the activating ligands
for the NKP30, DNAM1, and NKG2D receptors, as observed by RNA
sequencing (RNA-seq) (data not shown), that in the absence of irra-
diation may favor cell proliferation and basal activity.

Moreover, the irradiated NK-92.5F clone showed significant killing
activity also when co-cultured with DIFI or NCI-H508 cells artifi-
cially overexpressing HER2 but not against the parental DIFI and
NCI-H508 with normal levels of HER2, confirming high specificity
and sensitivity of the system (Figure S5A). To further extend
exploration of HER2-induced CEA-CAR expression and target
killing, we selected five additional cell lines expressing detectable
HER2 but below the levels reached upon HER2 amplification. In
all cases CEA-CAR induction was negligible and no increased
killing by the NK-92.5F clone with respect to NK-92 controls
was observed (Figures S5B and S5C). These data showed that the
NK-92.5F clone is selectively activated only by HER2amp/CEA+

CRC cells.

We then considered whether the 5F clone could be effective also in
other tumor types expressing HER2 and CEA at high levels. We
started exploring the co-expression of HER2 and CEA at the RNA
level using cBioportal67 in other gastrointestinal tumors. Indeed, we
found that a fraction of gastric cancers in the TCGA panCancer Atlas
displays high HER2 and CEA co-expression (Figure S6A). We, thus,
obtained a PDX-derived, HER2amp cell line, GTR0233,68 expressing
very high HER2 and medium-high CEA levels (Figure S6B). This line
was efficiently killed by NK-92.5F cells in vitro (Figure S6C). To
further extend the analysis on tumors with frequent HER2 amplifica-
tion,69 we investigated also HER2 and CEA expression in breast can-
cer. Again, we found that a fraction of TCGA breast cancer samples
express both at high levels (Figure S6D) and obtained a breast cancer
cell line with HER2 amplification, HCC2218, that displayed medium
CEA expression, verified by flow cytometry (Figure S6E). Interest-
ingly, NK-92.5F cells displayed specific, although suboptimal,
enhancement of killing (Figure S6F).

To be fully active in vivo, effector cells need to efficiently perform tu-
mor homing and penetration. Indeed, higher infiltration of the NK-
92.5F clone with respect to controls was observed in a transwell assay
when HER2amp/CEA+ CRC0080 CRC cells were used as attractors
(Figure S7A). Moreover, specific homing and penetration by the
NK-92.5F clone with respect to control NK-92 cells were observed
by immunofluorescence upon co-culture with HER2amp/CEA+

CRC organoids (Figures 6C and S7B–S7D).
s

icates clones with the lowest CEA-CAR basal expression, selected for subsequent

cytometry analysis of CEA-CAR induction in selected clones after co-culture with

d for subsequent induction experiments against all target cells. Bars are SDs (three

K-92 HER2 synNotch/CEA-CAR after co-culture with HER2 normal and amplified
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Figure 5. NK-92.5F clone characterization

(A) Flow cytometry analysis of the major NK/T cell antigen markers on the NK-92 WT and on the NK-92.5F clone. (two independent experiments). (B) Dot plot showing the

correlation between NK-92 WT and 5F clone mRNA expression. Black dots = all genes; red dots = NK-specific gene signature. (C) Flow cytometry histograms of CEA-CAR

induction after co-culture for different times with HER2amp cells, of either the sorted population (left) or the NK-92.5F clone (right) (three independent experiments). (D) Flow

cytometry histograms of CEA-CAR induction and time course suppression after removal of HER2amp target cells, of either the sorted population (left) or the NK-92.5F clone

(right). %, percent of cells above the depicted positivity threshold; MFI, mean fluorescence intensity of all cells (three independent experiments).
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After confirming the specific activity of the NK-92.5F clone in vitro,
the in vivo therapeutic efficacy was assessed on the HER2amp/
CEA+ models: cell line xenograft for CRC0186 and the PDX of origin
for CRC0080.13 First, in vivo induction of CEA-CAR expression was
2748 Molecular Therapy Vol. 32 No 8 August 2024
assessed by injection of irradiated NK-92.5F cells directly into the tu-
mor mass generated by HER2amp CRC0080 subcutaneous implants.
The CEA-CAR signal was clearly associated with intratumorally de-
tected NK-92.5F cells (Pearson’s correlation between cells and CAR
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signals = 0.5) (Figure 7A). These data demonstrate that, when NK-
92.5F cells get in contact with HER2amp target cells in vivo, CEA-
CAR expression is induced. Subsequently, the irradiated NK-92.5F
clone was tested for efficacy against the two HER2amp/CEA+ CRC
model xenografts by tail vein injection. In both models, the clone
induced a significant and sustained reduction of tumor growth (Fig-
ure 7B), leading to increased survival (Figure 7C). Control effectors
(NK-92 WT and HER2 synNotch only) displayed only marginal,
not significant, activity. Furthermore, no activity of NK-92.5F was
observed against LS180 (HER2norm/CEA+) xenografts (Figures 7B
and 7C).

These results show that the NK-92.5F clone is specifically effective
only against HER2amp/CEA+ CRC models both in vitro and in vivo.

Additional safety and efficacy studies

Whenmaximally induced byHER2 synNotch, the CEA-CAR is active
on any cell expressing sufficient levels of CEA, including normal co-
lonocytes adjacent to the tumor. As shown in Figure 5D, CEA-CAR
expression is substantially decreased 24 h after detachment of cancer
cells. To further evaluate the possibility of bystander effects at even
shorter times, NK-92.5F cells were preactivated by incubation for
24 h on a monolayer of fixed CRC0080 HER2amp cells and tested
for killing either CRC0080 or LS180 cells, at different time intervals
after removal from the CRC0080 monolayer. While both cells express
high levels of CEA, LS180 express levels of HER2 recapitulating those
of normal colorectal cells. As shown in Figure 8A, the fixed CRC0080
monolayer was even better at inducing CEA-CAR expression, prob-
ably because fixed target cells cannot be killed, leading to more sus-
tained synNotch engagement, like with HER2amp/CEA� cells such
as SKBR3 (Figure 5C). As shown in Figure 8B, killing of CRC0080
cells was not significantly modified by pre-activation at any time.
Only minor, barely significant enhancements were observed on
LS180 at early time points (0 or 6 h) and only at a 1:5 effector:target
ratio, confirming that very early after detachment from HER2amp
cancer cells most of the CEA-CAR activity is lost within few hours.

Despite inducing marked and significant growth inhibition, NK-
92.5F cells did not induce in vivo tumor regression. One possible
explanation could be the loss of HER2 expression by target cells dur-
ing in vivo treatment. This possibility was ruled out by the absence of
any difference in HER2 immunohistochemistry (IHC) signal at the
end of the treatment with NK-92.5F cells (Figure S8).We then consid-
ered the possibility of testing a different effector type, i.e., primary
T cells. In these cells, multiple sorting and cloning to achieve optimal
and specific CAR induction is not feasible. A simplified approach was
Figure 6. NK-92.5F in vitro biologic activity

(A) Specific killing activity of irradiated NK-92.5F against SKBR3, LS180, CRC0080, and

(three independent experiments). Two-way ANOVA p-values: *p % 0.05; **p % 0.01; *

LS180, CRC0080, and CRC0186 with irradiated effectors. Bars are SDs. Two-way ANO

for CD107a; four independent experiments for IFN-g; three independent experiments

ganoids grown for 3 days in the presence of different NK-92 effectors, as indicated. Can

PHK26 (red signal). Original magnification �20; scale bars, 100 mm.
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therefore chosen, involving sorting the double-transduced cells only
for synNotch expression (see Methods). As shown in Figure S9A,
basal CAR expression in the absence of exposure to HER2amp cells
is non negligible, and CAR induction is considerably less pronounced
than in NK-92.5F. However, in vitro killing activity was mostly
directed against HER2amp cells (Figure S9B), which renders this
approach promising if better induction is achieved. A third possibility
is suboptimal activity due to transient CEA-CAR expression in
the synNotch system. We, therefore, generated an additional NK-92
clone (F3 clone) expressing high levels of the CEA-CAR under the
EF1A promoter (Figure S9C), to verify if constitutive CAR expression
could lead to more pronounced killing activity. As shown in
Figures 8C–8E, no significant differences in killing activity, both
in vitro and in vivo, were observed between the 5F and F3 clones,
with the exception of the expected killing of LS180 by the F3 clone,
confirming its independence from HER2 amplification.

DISCUSSION
The main aim of this study was to set up and validate a combinatorial
antigen-targeting approach based on the synNotch/CAR system, to
engineer killer cells against HER2amp CRC without directing them
also against normal tissues known to express these targets at poten-
tially critical levels.29 CEA, the second target antigen of the syn-
Notch/CAR system, is highly expressed in carcinomas as well as in
normal cells of the gastrointestinal tract, but it is virtually absent in
all other tissues of the human body.58,70 CEA is a negative prognostic
biomarker in CRC,71,72 and its measurement is the most sensitive de-
tector of liver metastasis.73 Based on its expression profile, several tri-
als targeting CEA for ACT were used. Indeed, in a phase 1 trial, CAR
T cells targeting CEAwere tested in three patients with mCRC, and all
experienced severe colitis, with one achieving tumor regression.74 In a
second study, patients in the treated cohort had transient, acute res-
piratory toxicity that, in combination with a lack of prolonged CAR-T
cell persistence, resulted in premature trial closure.75 In only one trial
(NCT02349724) on patients with refractory mCRC, no significant
side effects were observed.49 Despite several clinical trials being in
phase 1, some of them also with promising clinical outcomes, some
reservations remain given the on-target/off-tumor side effects associ-
ated with strategies based on constitutive CARs.76 These clinical find-
ings corroborate our choice of hitting CEA-positive CRC with combi-
natorial strategies.

The bioinformatic analysis pointed out that, even if individual expres-
sion of HER2 and CEA is not completely restricted to tumor cells,
only CRCs carrying HER2 amplification could overexpress both
HER2 and CEA at the optimal levels required for combinatorial
CRC0186 cells after 48 h of co-culture at different effector:target ratio. Bars are SD

**p % 0.001. (B) Degranulation and cytokine release upon co-culture with SKBR3,

VA p-values: *p% 0.05; **p% 0.01; ***p% 0.001 (three independent experiments

for granzyme B). (C) Representative confocal microscopy images of CRC0080 or-

cer cells were stained with NucBlue (blue signal), and NK-92 cells were stained with
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targeting. In this way, the on-target/off-tumor toxicity is kept under
control, because the synNotch system allows CEA-CAR expression
only in the presence of HER2 amplification, which is absent in a phys-
iological state.

Two recent works also explored the synNotch/CAR system in solid
tumors. Hernandez-Lopez and colleagues77 built an HER2 synNotch
with low affinity for the antigen and a GAL4-inducible HER2 CAR
with high affinity for the antigen. Indeed, such a circuit relies on
invariably high HER2 expression by all target cells for optimal effi-
cacy. It is known that HER2 expression levels can vary within the tu-
mor, also in the context of HER2 amplification.38,39 We used a HER2
synNotch with slightly higher affinity, which could prompt stronger
yet selective CAR induction. Hyrenius-Wittesten and colleagues34

also chose HER2 as CAR target, driven by an anti-ALPPL2 synNotch,
again requiring homogeneously high HER2 levels within the tumor.
The choice of the CEA-CAR presented here, targeting a lineage anti-
gen expressed by the vast majority of CRC cancer cells, should lead to
increased efficacy and reduced probability of escape.

The preliminary series of experiments in Jurkat cells confirmed
that the HER2 synNotch receptor, when engaged with its cognate
antigen, correctly drives expression of the CEA-CAR under the
5xGAL4-UAS-mCMV promoter, although with some basal activity
and suboptimal induction levels. This could be due either to
intrinsic limits of the vector system, or to random integration in un-
favorable genome regions. The second hypothesis turned out to be
the correct one: sorting and cloning of transduced effectors could
lead to substantial improvements of the expression dynamic range:
undetectable CEA-CAR basal expression and robust induction upon
engagement of the HER2 synNotch. Such ON-OFF behavior is
similar to that obtained with the SNIP-CAR system,78 but without
the need for drug administration to induce CAR activity. However,
when applied to primary T cells, the synNotch-CAR system dis-
played worse performances, confirming the need for improvements
in vectors and procedures to avoid multiple sortings of primary T or
NK cells. The synNotch/CAR NK-92 system, being based on an
immortalized cell line, allowed complex handling procedures, such
as multiple transductions, sorting, and cloning, leading to very
high and specific CAR induction in the NK-92.5F clone. Most likely,
the key factor in determining the optimal behavior of the 5F clone is
the lentiviral integration site, which can affect both basal expression
levels and the extent of induction.79 In addition, the system’s ability
to completely abolish CAR expression within just 24–48 h after
Figure 7. NK-92.5F in vivo therapeutic efficacy

(A) Representative immunofluorescence images of CEA-CAR expression by the NK-92

3 days after intratumoral inoculation of NK-92.5F (red: pkh26-labeled NK-92.5F cells; gr

�10; scale bars, 100 mm (two independent experiments). (B) In vivo growth of CRC0

indicated. We intravenously injected 5� 106 irradiated effectors twice a week for a total o

mouse of the control cohort has reached the humane endpoint. Two-way ANOVA p-valu

vs. CTRL or WT NK-92 in CRC0080, and between NK-92.5F vs. all control cohorts in C

xenografts and intravenously injectedwith 5� 106 NK-92 irradiated effector cells, as indic

test for trend. *p % 0.05, **p % 0.01.
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removal of HER2amp target cells indicates excellent safety in a
future clinical setting: CEA-CAR-expressing cells moving away
from the tumor do not maintain CEA-CAR expression, thereby
lowering the risk of on-target/off-tumor toxicities. Residual CAR
expression after detachment from target cells could be very
dangerous in the clinical context because the effectors could also
target normal tissues; all effectors should become CEA-CAR nega-
tive when detached from target cells as fast as possible, to reduce
the possibility of on-target/off-tumor toxicity. Previous findings
with the synNotch/CAR system in T cells indeed highlighted
some bystander effect, with toxicity against nearby normal cells ex-
pressing the CAR antigen but not the synNotch engager.80 Our
in vitro data based on effector cell pre-activation show that the
NK-92.5F clone turns down CAR expression quite rapidly after
detachment from HER2amp cells and loses, within the first few
hours, almost all efficacy against cells expressing high levels of
CEA but normal HER2 levels. These results show that the risk of
killing normal colonocytes by activated, CEA-CAR positive 5F cells,
once migrated away from cancer cells, is extremely low. Yet, formal
disproval of on-target/off-tumor side effects was not possible with
these models, because there is no mouse CEACAM5 orthologue
and the 4D5 scFv is not cross-reactive against mouse ERBB2.

The NK-92.5F clone showed specific functional activation and target
killing only when co-cultured with HER2amp/CEA+ CRC cells, while
sparing CEA+ CRC cells expressing physiological HER2 levels. This
behavior is most likely a consequence of the cell sorting criteria:
NK-92 were selected to not express the CAR when exposed to cells
that express HER2 at high but not extremely high levels and to exhibit
extreme CAR induction when exposed to HER2amp cells. Of note,
HER2 amplification and CEA overexpression are not limited to
CRC: a small fraction of other tumor types displays these features.
The observed effectiveness of NK-92.5F cells on gastric and breast
cancer cell lines confirmed the possibility of extending its application
to other HER2amp tumors expressing sufficient levels of CEA.

The transwell and 3D organoid experiments showed increased hom-
ing and penetration of the NK-92.5F clone with respect to NK-92
WT, when exposed to HER2amp/CEA+ CRC cells. Active migration
of the NK-92.5F clone toward HER2-overexpressing cells is unlikely
to be mediated by the HER2-synNotch alone because it requires cell-
cell engagement and mechanical stretching for activation. More
likely, when the first NK-92.5F cells encounter their target cells,
they get fully activated, degranulate, release chemokines, and kill
.5F clone after injection into CRC0080 xenograft tumors; the tumor was explanted

een: CEA-CAR antibody; blue: NucBlue-labeled cancer cells). Original magnification

080, CRC0186, and LS180 xenografts treated with different NK-92 effectors, as

f six injections. CTRL, PBS. Bars are SEM. Growth curves are stoppedwhen the first

es: *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001, between NK-92.5F clone

RC0186. (C) Survival curves of mice implanted with CRC0080, CRC0186 or LS180

ated. Statistical significance between CTRL and 5F clonewas calculated by log rank
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target cells, which leads also to enhanced attraction of additional NK-
92.5F cells to the tumor site.

The NK-92 population transduced with the HER2 synNotch but
not with the CEA-CAR provides a very interesting control to
investigate if the physical engagement of the synNotch, stabilizing
NK-target cell interaction, could lead to an increase in NK-92
killing activity, even in the absence of the CAR. Indeed, the results
show that synNotch engagement alone is not sufficient to signifi-
cantly increase NK-92 activity. A second important control was
the challenge of the NK-92.5F clone with HER2amp/CEA� target
cells. In fact, it has been shown that the sole CAR expression
without engagement with the target antigen could promote a
certain degree of effector activation, leading to basal activation
and exhaustion in the case of T cells.81 This phenomenon was
not observed in the functional activation experiments against
HER2amp/CEA� target cells.

As already mentioned, being NK-92 a human lymphoma-derived cell
line, irradiation before in vivo application is mandatory and compro-
mises persistence. Indeed, we also observed that irradiation slightly
decreases in vitro degranulation and release of IFN-g. However, it
did not significantly impair NK-92 short-term viability, CEA-CAR
induction, or target killing both in vitro and in vivo, suggesting
potential clinical applicability under Good Manufacturing Process
procedures.

In vivo, the NK-92.5F clone successfully controlled the growth of
HER2amp/CEA+ CRC xenografts, although it did not cause overt tu-
mor regression, which is in line with what was seen in previous works
with CAR-NK-92.82,83 Analysis of in vivo HER2 expression after
treatment ruled out the possibility of an escape through partial
HER2 loss. Alternative effectors that do not need irradiation, such
as primary T or NK cells, could provide better efficacy at the cost
of suboptimal specificity and amplitude of CAR induction by the syn-
Notch system. Our results with T cells corroborate this scenario,
similar to previous works.32,34–37 However, the observed in vitro
killing activity supports further explorations with T or NK cells, in
particular considering improvements in the vector/induction system.
In the synNotch/CAR system, CAR expression is strictly limited to
the period of contact with synNotch-engaging target cells, which
could lead to somewhat lower CAR activity. In the case of HER2/
CEA, the most straightforward comparison is between the NK-
Figure 8. Additional NK-92.5F safety and efficacy studies

(A) Flow cytometry plots displaying CEA-CAR induction in NK-92.5F after co-culture wit

the fraction of CEA-CAR positive-cells (two independent experiments). (B) Killing activity

fixed HER2amp CRC0080, against CRC0080, or LS180 cells, at different time intervals

(three independent experiments). (C) Killing activity of irradiated NK-92.5F and NK-92.F

culture at different effector:target ratios. Bars are SD (two independent experiments). (D)

CAR) or with NK-92.F3 (constitutive CEA-CAR), as indicated. We intravenously injected 5

are SEM. Growth curves are stoppedwhen the first mouse of the control cohort has reac

0.01, ***p % 0.001, ****p % 0.0001, between NK-92.5F or NK-92.F3 vs. CTRL. (E) S

irradiated effector cells, as indicated. Statistical significance between CTRL and 5F/F3
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92.5F clone and the NK-92 clone (F3) constitutively expressing
the CEA-CAR. Such a comparison is also more clinically relevant
because CEA expression in normal tissues is more restricted than
that of HER2. The in vitro and in vivo results presented here demon-
strate no differences between constitutive and synNotch-induced
CEA-CAR expression, except for the lost selectivity for HER2 ampli-
fication, with possible on-target/off-tumor effects on normal CEA-ex-
pressing cells. It will be also critical to optimize the frequency of in-
fusions and the number of infused effectors to achieve the best
therapeutic outcome with limited toxicity. Indeed, mice treated
with the NK-92.5F clone showed no signs of pain, and no organ
toxicity was observed during gross autopsies. Surely, irradiated NK-
92 effectors cannot be considered as a living drug, able to expand
and persist in patients. This limit, however, is counterbalanced by
the greatly increased availability as an off-the-shelf product, easy to
further improve with additional engineering steps, and to scale up
for potential use also in allogeneic settings, as already demonstrated
in several clinical studies.47,48

In conclusion, this work showed the design, characterization, and
preclinical validation of a combinatorial CEA-CAR-based immuno-
therapy strategy against CRC with HER2 amplification. The chosen
approach for combinatorial targeting, based on the synNotch/CAR
system, demonstrated excellent performance, flexibility, and safety,
making it ideal for targeting different antigen combinations. This
study potentially offers an accessible, off-the-shelf cell therapy
approach in the contest of HER2amp CRC, using the HER2 syn-
Notch/CEA-CAR strategy in CRC resistant to targeted therapy and
in addition to HER2/EGFR-targeted treatment in partially responsive
cases.

MATERIALS AND METHODS
Gene expression data analysis

For normal tissues, expression data were obtained from the Entrez
Gene (https://www.ncbi.nlm.nih.gov/gene) and Human Protein Atlas
(https://www.proteinatlas.org) online repositories. Entrez Gene pro-
vides RNA-seq profiles of tissue samples from 95 human individuals
representing 27 different tissues.54 Human Protein Atlas55 provides
both mRNA and protein expression profiles, respectively: (1) HPA
RNA-seq of 1,206 cell lines, 40 human tissues, and 18 blood cell types,
(2) GTEx RNA-seq of 36 human tissues, and (3) protein expression
scores from tissue microarrays, including 44 normal tissues from
144 individuals.
h HER2amp cells, either alive or fixed, as indicated. Numbers in the squares indicate

of irradiated NK-92.5F preactivated by incubation for 24 h on top of a monolayer of

after pre-activation and at different effector:target ratio, as indicated. Bars are SD

3 clones, against SKBR3, LS180, CRC0080, and CRC0186 cells after 48 h of co-

In vivo growth of CRC0186 xenografts treated with NK-92.5F (HER2 synNotch/CEA-

� 106 irradiated effectors twice a week for a total of six injections, CTRL, PBS. Bars

hed the humane endpoint. Two-way ANOVA p values (B, C, and D): *p% 0.05, **p%

urvival curves of CRC0186 xenografts intravenously injected with 5 � 106 NK-92

clones was calculated by log rank test for trend. *p % 0.05.

https://www.ncbi.nlm.nih.gov/gene
https://www.proteinatlas.org
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For CRC, the following profiles were analyzed: (1) RNA-seq profiles
of 450 human tumor samples obtained from TCGA as previously
described,84,85 (2) RNA-seq profiles of 602 CRC PDX samples from
our laboratory,61 and (3) RNA-seq profiles of 119 CRC cell lines.
Additional gene expression data were obtained from the cBioPortal
(www.cbioportal.org), selecting gastric and breast cancer datasets
from the TCGA panCancer Atlas.

Generation of RNA-seq profiles

NK-92 RNA was extracted, quantified, sequenced, and analyzed as
previously described.61 We downloaded 134 NK cell-related genes
from Immport (https://www.immport.org/resource).65 Expression
values, calculated in counts per million (CPM), were plotted after
addition of 1 CPM (to avoid zero values) and log2 transformation.

Cell cultures

SKBR3 human breast adenocarcinoma cells and LS180 human colo-
rectal adenocarcinoma cells, were purchased from Interlab Cell
Line Collection (ICLC, IRCCS San Martino Policlinico Hospital).
HCT116 human colorectal carcinoma, NCI-H508 colorectal adeno-
carcinoma were purchased from the National Cancer Institute
(NCI).Wepurchased 293Thuman kidney cells, Jurkat acute T cell leu-
kemia cells, SKCO1 colorectal adenocarcinoma cells, LS174T Dukes’
type B colorectal adenocarcinoma and SW1116 colorectal adenocarci-
noma cells, HCC2218 breast ductal carcinoma from the American
Type Culture Collection (LGC Standards Srl). DIFI colorectal carci-
noma cells, HDC9 colon adenocarcinoma, and RW7213 colon carci-
noma cells were kindly provided by Prof. A. Bardelli (Candiolo Cancer
Institute, Candiolo, Torino/IFOM ETS, The AIRC Institute of Molec-
ularOncology).NCI-H508 andDIFICRCcells, overexpressingHER2,
were obtained inTrusolino lab as described.63 CRC0080 andCRC0186
CRC cells were obtained in the Bardelli lab as described.15 CRC0186
cells were further separated from mouse fibroblasts with the Cell Cel-
ector Flex (ASL Automated laboratory System), Sartorius. GTR0233
gastric carcinoma cells were a kind gift of Silvia Giordano and Simona
Corso.68 NK-92 human malignant non-Hodgkins’s lymphoma cells
were purchased from the Leibniz Institute DSMZ. Cells were main-
tained at 37�C in 5%CO2 in recommendedmedia (Sigma Life Science,
GIBCO Thermo Fisher Scientific): RPMI-1640 for HCT116, NCI-
H508, Jurkat, LS174T, HCC2218, GTR0233; DMEM for SKBR3;
MEM for LS180, SKCO1; IMDM for 293T; Ham’s F12 for DIFI;
DMEM/F12 for CRC0080, CRC0186, SW1116, HDC9, RW7213; all
supplemented with 10% of fetal bovine serum (FBS, Euroclone
SpA), 1% of (Sigma-Aldrich), 1% penicillin-streptomycin (Sigma-
Aldrich), and only for CRC0186 also Y-27632 Rock Inhibitor 10 mM
(Selleckem). NK-92 cells were grown in alpha MEM supplemented
with 12.5% FBS (Euroclone SpA), 12.5% horse serum (Euroclone
SpA), 1% L-glutamine, 1% penicillin-streptomycin, and 100 U/mL
interleukin (IL)-2 (Miltenyi Biotec). Adherent cells were cultured in
Petri dishes (coated with collagen I for CRC0186), suspension cells
were cultured in flasks (Corning). CRC0080 and CRC0186 organoids
were cultured in 12-well costar in a 200-mL Matrigel droplet (Product
Number: 356234, Corning) covered with 1 mL modified DMEM/F12
supplemented with B-27, N-2, and 1 mM N-acetylcysteine (Thermo
Fisher Scientific), plus 1% penicillin-streptomycin, 1% L-glutamine
(Sigma-Aldrich), and 20 ng/mLEGF (Sigma-Aldrich). All cell cultures
were tested for mycoplasma contamination.

Lentiviral vectors

The following lentiviral vectors were purchased from Addgene: sGFP
(#79129), LAG16 SynNotch30 (#85421), 4D5-5 HER2 synNotch32

(#85423), 5xGAL4 UAS BFP PGK Cherry30,32 (#79130), 5xGAL4 UAS30

(#79119), and EF1alpha CEA-CAR.86 The GAL4 CEA-CAR was con-
structed as follows: the 5xGAL4-UAS-mCMV promoter was placed
upstream from a second-generation CEA-CAR, composed of the
Anti-CEA scFv from the mAb BW431/26, followed by the IgG4
hinge, the CD28 transmembrane and intracellular domains and the
CD3z domain.87 Promoter and CAR were cloned into a standard len-
tiviral backbone by Vector Builder. The CMV-luciferase lentiviral
vector was designed in house and cloned by Vector Builder. For
preliminary testing of CEA-CAR regulated induction, a lentiviral vec-
tor constitutively expressing GAL4VP64 under the EFS promoter
(EFS-GAL4VP64-PGK-PURO) was designed and cloned in house
(Figures S2A and S2B).

Lentiviral vectors preparation

Third-generation lentivirus stock production was obtained through
293T cells calcium phosphate transient transfection as described pre-
viously.88 Briefly, 5 � 106 293T cells were seeded in 15-cm Petri
dishes. The day after, 37.5 mg of the transfer vector, 16.26 mg of
the packaging plasmids pMDLg/pRRE, 6.25 mg of the plasmid
pRSV.REV, and 9 mg of the vesicular stomatitis virus (VSV) envelope
plasmid pMD2.VSV-G were added in a solution of 125 mL CaCl2, 2.5
M, and 1,250 mL of HBS 2� (for the formation of Ca3(PO4)4 particle).
After 16 h from transfection medium was changed and then 1 mM/L
Na butyric acid (Sigma-Aldrich) was added. Thirty hours later,
the supernatants with the viral particles were purified and concen-
trated by ultracentrifugation. Determination of the viral p24
antigen concentration was done by HIV-1 p24 Core profile ELISA
(PerkinElmer Life Science, Inc.).

Lentiviral transduction

CRC cell lines were plated at 50,000 cells/well in six-well plates in
complete medium. After 24 h, the medium was replaced and the cells
were transduced with 1 mL of concentrate lentivirus, with polybrene
(8 mg/mL).

Jurkat cells were plated at 100,000 cell/well in 24-well plates in RPMI
medium plus the lentiviral vector of choice. After overnight incuba-
tion, cells were washed and resuspended in culture medium. When
applicable, puromycin selection (2 mg/mL) was used to select trans-
duced cells.

NK-92 cells were transduced at 300,000 cells/well in 24-well plates, in
NK-92 medium (see above) further supplemented with 1,000 U/mL
human IL-2 (Miltenyi Biotec), plus the lentivirus of choice, and
[10 mg/mL] protamine sulfate (Sigma-Aldrich). Plates were centri-
fuged at 1,000�g for 1 h at 32�C and incubated 24 h at 37�C, after
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which the medium was changed to supplement fresh virus. Plates
were again centrifuged at 1,000�g for 1 h, incubated 24 h at 37�C,
and finally washed and resuspended in culture medium.

Isolation, activation, transduction, and expansion of HER2

synNotch/CEA-CAR T cells

T cells were purified from peripheral blood mononuclear cells
(PBMCs) of healthy donors. PBMCs were isolated by density
gradient centrifugation (Lymphosep, Aurogene) and then activated
by anti-Biotin MACSi Bead Particles loaded with anti-CD2, anti-
CD3, and anti-CD28 antibodies (Miltenyi Biotec) for 24 h. PBMCs
were maintained in culture medium + human recombinant IL-2
(100U/mL, Miltenyi Biotech) for a further 24 h. T cells were then
transduced at 1,000,000 cells/well in 24-well plates, in RPMI me-
dium further supplemented with 100 U/mL human IL-2 (Miltenyi
Biotec), plus polybrene (8 mg/mL) for 12 h with the HER2 synNotch
vector. Plates were then centrifuged at 1,000�g for 5 min washed
and resuspended in culture medium with the second vector, GAL4
CEA-CAR, again for 12 h. Finally, plates were centrifuge washed
and resuspend in culture medium. Non-transduced T cells (WT)
were used as a paired control. HER2 synNotch/CEA-CAR or WT
T cells were expanded for a maximum of 4 weeks in the presence
of IL-2 (100 U/mL).

Flow cytometry and cell sorting

Adherent cells were washed twice with cold PBS (Sigma-Aldrich),
detached with 1 mM PBS-EDTA and resuspended (100,000 cells
in 200 mL) in PBS-1% BSA plus 1 mL of anti-HER2 (PE Mouse
Anti-Human HER-2/neu Clone NEU24.7) or anti-CEA (APC,
CD66abce Antibody, anti-human REAaffinity Clone REA876) anti-
body for 30 min on ice. Cells were then washed with cold PBS, co-
stained with DAPI (1 mL of 1 mg/mL working solution, Sigma-
Aldrich) for 5 min at 4�C and analyzed by flow cytometry (Cyan
ADP, Beckman Coulter s.r.l.) using Summit 4.3 software (Dako).
The same procedure was applied to cells in suspension (Jurkat,
NK-92), with the exception of detachment. SynNotch expression
was evaluated using 2 mL of anti-myc tag mouse Ab (9B11 clone,
Cell Signaling). CEA-CAR expression was assessed using 1 mL of
mAb specific for the IgG1/CH2CH3 spacer, Alexa Fluor 647
AffiniPure F(ab’)2 Fragment Goat Anti-Human IgG, H + L antibody
(Jackson ImmunoResearch). For surface marker analysis, the
following antibodies were used: 1 mL of anti-CD56 (PE/
APCvio770 Mouse Anti-Human, Clone MY31) anti-CD3 (VioBlue
mouse anti-human Clone BW264/56), anti-NKG2D (PE/APC
Mouse Anti-Human Clone 1D11), anti-DNAM1 (APC mouse
anti-human clone DX11), anti-NKp46 (Viobright515 mouse anti-
human clone 9E2), anti-NKp30 (PEvio615 anti-human clone
REA823), and anti-NKp44 (PEvio770 anti-human clone
REA1163). All antibodies were from Miltenyi Biotec. The fluores-
cence signal derived from the Isotype control or without Ab was
set as threshold (0 < mean fluorescent intensity > 101). For cell sort-
ing, Jurkat or NK-92 cells stained as above were sorted using aMoFlo
ASTRIOS EQ Cell Sorter (Beckman Coulter). At the final sorting
step of NK-92 HER2 synNotch/CEA-CAR cells or constitutive
2756 Molecular Therapy Vol. 32 No 8 August 2024
CEA-CAR cells were directed both in a single tube to obtain a pop-
ulation, and on a 96-well plate, to obtain single clones. HER2 syn-
Notch/CEA-CAR T cells were sorted only once for HER2 synNotch
expression and expanded for 2 weeks.

Irradiation of NK-92 cells

NK-92 irradiation was optimized to achieve a complete proliferative
block without compromising short-term viability.89 Cells were
collected by centrifugation, counted, washed, resuspended in fresh
growth medium, and irradiated with 5 Gy (RAD GIL, Gilar-
doni S.p.a.).

CEA-CAR induction experiments

To assess CEA-CAR induction, Jurkat, NK-92 and T cells were co-
cultured in vitro with target cells (30,000/well in a 24-well plate or
90,000/well in a 12-well plate) at 1:3 effectors/target ratio, for 24 h
for CRC0080, CRC0186, DIFI, NCI-H508 cells, or 48 h for LS180
and SKBR3 cells, in target cell culture medium at 37�C, 5% CO2.
CAR induction was assessed by flow cytometry.

For time course CEA-CAR induction analysis, NK-92 cells were co-
cultured (as described above) for 0, 3, 6, 12, 18, 24, and 48 h with
the SKBR3 HER2amp target cells. For time course CEA-CAR repres-
sion analysis, NK-92 cells were cultured for 48 h with SKBR3 HER2-
amp target cells, then removed from the target cells evaluated at 0, 24,
48, and 72 h for CAR repression. In all experiments, CAR expression
was evaluated by flow cytometry as described above.

Pre-activation assays

NK-92.5F clone cells were preactivated by incubation for 24h on top
of a monolayer of HER2amp CRC0080 cells, previously fixed with
PAF 4% for 15 min, and then tested for killing against target cells
(see Cytotoxicity assays), at different intervals after removal from
the CRC0080 monolayer.

Cytotoxicity assays

Cytotoxicity of irradiated/non-irradiated NK-92 and T cells was as-
sessed by co-culture with target cells (10,000/well in a 96-well plate)
for 48 h at different effectors:target ratios (1:1, 1:5, 1:10), in target
cell culture medium at 37�C, 5% CO2. Target cell viability was evalu-
ated either with Cell Titer-Glo Luminescent Cell Viability Assay
(Promega) or with Luciferase Assays (D-Luciferin Firefly potassium
salt; PerkinElmer Part Number #122799) in the case of LUC-trans-
duced target cells. Luciferase chemiluminescence was detected with
a Spark 10M instrument (Tecan).

Cytokine secretion assays

Irradiated/non-irradiated NK-92 cells were incubated with target cell
(30,000/well in a 48-well plate, at an effector:target ratio of 1:3)
for 48 h in target cell culture medium at 37�C, 5% CO2. Thereafter,
supernatants were collected and tested for IFN-g and granzyme B,
respectively using the Human IFN-gamma Quantikine ELISA Kit
(Catalog #: DIF50, R&D Systems) and the Human Granzyme B
ELISA Kit (Catalog # BMS2027-2, Thermo Fisher Scientific).
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Degranulation assays

Degranulation of irradiated/non-irradiated NK-92 cells was assessed
after co-culture with target cells (30,000/well in a 24-well plate, E/T
1:1) for 24 h in target cell culture medium at 37�C, 5% CO2, by
flow cytometry measurement of surface expression of CD107a with
an anti-CD107a detection antibody (PE anti-human clone REA792,
Miltenyi Biotec).

Invasion assays

For confocal microscopy invasion assays, CRC0080 or CRC0186 or-
ganoids were plated in Matrigel (Product Number: 356234, Corning)
domes in eight-well glass-bottom chamber slides (Falcon), covered
with modified DMEM/F12. After 48 h, organoids were overnight
labeled with NucBlue (NucBlue Live Ready Probes Reagent) directly
in the culture chamber slide wells. Then CRC0080 or CRC0186-
derived organoids were co-cultured with irradiated NK-92 cells pre-
viously stained with PKH26 dye, at an E:T ratio of 2:1 in culture me-
dium in the presence of IL-2 (100 U/mL). After 48 h of co-culture, the
medium was removed, and organoids were fixed with a 4% PAF so-
lution for 15min and covered with mounting medium, to be observed
using a TCS SPE Leica microscope. Image acquisition was performed
by maintaining the same laser power, gain, offset, and magnification
(20�). We generated maximum intensity projections for each
analyzed organoid with LAS X Software (Leica) to quantify NK-92
cell recruitment and infiltration. Images of the total PKH26 red fluo-
rescence area present either at the boundary or inside the organoids
were analyzed using ImageJ software (in at least five images per
condition).

For transwell invasion assays, target cells were plated in the bottom
chamber of 24-well Transwell plates (Corning), at 70% confluency
in 700 mL. The 8-mm pore membranes of the migration chambers
were coated with 50 mL Matrigel (Corning), after which irradiated
NK-92 cells previously stained with Pkh26 dye (Sigma-Aldrich)
were plated in 500 mL. After 48 h, stained cells migrated to the bot-
tom well were detected by flow cytometry. The fold-increase of
migrated cells was calculated against wells in which only NK-92
cells in the upper chamber were plated, with no target cells in the
bottom chamber.

In vivo experiments

The antitumor activity of the various irradiated NK-92 effectors was
evaluated using CRC xenograft models in immunodeficient mice.
In vivo experiments received approval by the competent committee
and internal review board (auth. N� 225/2021-PR). CRC xenografts
were established in 6- to 7-week-old NOD/SCID (Charles River Lab-
oratories, SRL) male mice by subcutaneous injection with 1 � 106

cells (CRC0186, LS180) or PDX implantation (CRC0080). When tu-
mors were approximately 20 mm3 in volume, mice were randomized
and then infused in the tail vein twice a week with 5 � 106 irradiated
NK-92 effectors resuspended in 150 mL PBS, for a total of six infu-
sions. PBS only was used as negative control. Treatment and control
cohorts included six or eight mice each for all models. Mice were
monitored daily for possible toxicities, while tumor growth was
measured two times per week with manual caliper. Tumor volume
was calculated by the following formula: V 1/4 4/3 � p � (a/2)
2 � (b/2), where a is the length and b is the width of the tumor.
Mice were sacrificed at the ethical endpoint.

Immunofluorescence and IHC

For in vivo CEA-CAR induction immunofluorescence analysis,
CRC0080 xenografts were generated in NOD/SCID mice as
described above. When tumors reached a volume of 200 mm3,
5 � 106 NK-92.5F cells pre-labeled with PKH26 (Sigma-Aldrich)
were injected directly into the tumor mass. After 3 days from
the injection, mice were sacrificed and tumors were explanted
and analyzed by immunofluorescence. Briefly, 5-mm sections
were cut from optimal cutting temperature-embedded tissues,
mounted on slides, fixed with Zinc solution for 10 min, permeabi-
lized with PBS-Triton 0,1% for 10 min, saturated with 1% PBS-
BSA at RT for 60 min, and incubated with primary antibody
(Alexa Fluor 647 AffiniPure F(ab’)2 Fragment Goat Anti-Human
IgG, H+L antibody, Jackson Immunoresearch), in a humid cham-
ber overnight 4�C. The following day, after DAPI (D9542, Sigma)
staining 50 at room temperature, sections were mounted on glass
slides with mounting solution Mowiol, visualized with a TCS
SPE Leica microscope (10�) and analyzed with LAS X Software
(Leica). Correlation between the red and the green signal was
measured on eight images with Pearson’s correlation by ImageJ
software.

CRC xenograft explants after treatment were analyzed by IHC.
Samples (5-mm thick) were cut from formalin-fixed, paraffin-
embedded tissue sections, mounted on slides, and treated as per
standard IHC procedures. Tissue sections were deparaffinized
with 100% xylene and rehydrated with decreasing concentrations
of ethyl alcohol. Antigen retrieval was performed by boiling the
sections in 1 mmol/L EDTA (pH 9.0) for 60 min. Slides were
treated with 3% hydrogen peroxide, 1% BSA (Invitrogen), and
5% normal horse serum in TBS [25 mmol/L Tris (pH 7.4) and
150 mmol/L NaCl] containing 0.1% Tween 20 (Sigma-Aldrich).
To confirm HER2 expression, slides were incubated in a closed
humid chamber overnight at 4�C with the HER2-specific mAb
(Ventana anti-HER2 (4B5) Rabbit mAb, Roche). After washing, a
secondary anti-mouse IgG xenoantibody was added. Secondary
antibodies conjugated to horseradish peroxidase (HRP) were
generated and IHC signals were detected with the EnVision1
System-HRP (Dako North America, Inc) and chromogen Diami-
nobenzidine (DAB) Substrate (DakoCytomation Liquid DAB5
Substrate Chromogen System, Dako). Tissue sections were coun-
terstained with Mayer Hematoxylin (Bio-Optica). Tissue sections
were mounted on glass slides and visualized with a DM750 Leica
Microscope equipped with Leica ICC50W CCD Camera (LAS
EZ3.4.0 software).

Statistical analysis

Average, SD, and SEM were calculated using Microsoft Office Excel
2010 software (Microsoft Corporation) and GraphPad Prism 9.
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Statistical significance was determined using a two-tailed Student’s t
test, One-way ANOVA test, two-way ANOVA test, Pearson’s corre-
lation, and log rank test for trend as appropriate. Flow cytometry,
immunofluorescence, and IHC figures show one representative
experiment.
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