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Abstract

Immunotherapy using chimeric antigen receptor (CAR)-engineered
lymphocytes has shown impressive results in leukemia. However,
for solid tumors such as colorectal cancer (CRC), new preclinical
models are needed that allow to test CAR-mediated cytotoxicity in
a tissue-like environment. Here, we developed a platform to study
CAR cell cytotoxicity against 3-dimensional (3D) patient-derived
colon organoids. Luciferase-based measurement served as a quan-
titative read-out for target cell viability. Additionally, we set up a
confocal live imaging protocol to monitor effector cell recruitment
and cytolytic activity at a single organoid level. As proof of princi-
ple, we demonstrated efficient targeting in diverse organoid
models using CAR-engineered NK-92 cells directed toward a ubiq-
uitous epithelial antigen (EPCAM). Tumor antigen-specific cytotoxi-
city was studied with CAR-NK-92 cells targeting organoids
expressing EGFRVIII, a neoantigen found in several cancers. Finally,
we tested a novel CAR strategy targeting FRIZZLED receptors that
show increased expression in a subgroup of CRC tumors. Here,
comparative killing assays with normal organoids failed to show
tumor-specific activity. Taken together, we report a sensitive
in vitro platform to evaluate CAR efficacy and tumor specificity in
a personalized manner.
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Introduction

To increase the response rates to cancer immunotherapy, immune
effector cells can be engineered to recognize tumor-associated

antigens (TAA) expressed on the surface of cancer cells. Introduc-
tion of chimeric antigen receptors (CAR) has shown impressive
success in various hematological malignancies, and the use of autol-
ogous CAR-engineered T cells in relapsed B-cell acute lymphoblastic
leukemia and relapsed large B-cell non-Hodgkin lymphoma was
recently approved by the Food and Drug Administration (June &
Sadelain, 2018). However, for solid cancers, CAR-based therapies
have faced several challenges: Most commonly, overexpressed
tumor antigens show expression also in normal tissues, which may
lead to serious side effects (Bonifant et al, 2016). Targeting cancer-
specific antigens, such as neoantigens, requires highly individual-
ized approaches, and access to suitable preclinical models to test
efficacy and safety. Clinical application of autologous CAR-T cells is
both labor- and cost-intensive. The established natural killer (NK)
cell line NK-92 has been described as an alternative source for CAR-
engineered immune cells. The NK-92 cell line was derived from a
non-Hodgkin’s lymphoma (Gong et al, 1994) and displayed high
non-MHC-restricted cytolytic activity in a number of preclinical
studies (Suck et al, 2016). Together with the possibility of robust
ex vivo expansion and engineering, NK-92 cells may serve as a stan-
dardized platform for off-the-shelf CAR reagents (Zhang et al, 2017).
Very recently, safety data from a phase I clinical trial with CD33-
specific CAR-NK-92 cells were reported (Tang et al, 2018). Another
CAR-NK-92 cell product targeting the human epidermal growth factor
receptor 2 (HER2) has entered a phase I clinical trial for the treatment
of glioblastoma (NCT03383978; https://clinicaltrials.gov).

Metastatic colorectal carcinoma (CRC) accounts for the fourth
most common cause of cancer-related deaths worldwide (Ferlay et al,
2015). Conventional treatment options such as radiation and
chemotherapy are often associated with severe side effects and
disease recurrence. Hence, alternative and more personalized thera-
peutic strategies are urgently needed. Harnessing the enormous
potential of the immune system appears an encouraging option to
improve therapy outcomes in CRC patients. For microsatellite insta-
ble (MSI) tumors that are strongly immunogenic, checkpoint inhibi-
tion has shown a high clinical response rate (Le et al, 2015).
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However, microsatellite stable (MSS) tumors are refractory to
immune checkpoint blockade, and patients with particularly poor
prognosis show low leukocyte infiltration or reduced cytotoxic gene
expression (Galon et al, 2006; Mlecnik et al, 2016) and may benefit
from CAR-based therapies. To develop effective CAR strategies, phys-
iological preclinical models are required that recapitulate the individ-
ual tumor phenotype as well as the complex three-dimensional (3D)
tissue environment. The organoid culture system first described by
Sato et al (2009, 2011) allows long-term ex vivo expansion of
gastrointestinal stem cells in a 3D extracellular matrix. The technol-
ogy has been used to establish living biobanks of cancer and normal
tissues that preserve the genetic and functional heterogeneity among
CRC patients (van de Wetering et al, 2015; Fujii et al, 2016). Addition
of stromal cells further allows to reconstruct the tissue microenviron-
ment and to study immuno-epithelial crosstalk (Farin et al, 2014;
Rogoz et al, 2015; Nozaki et al, 2016; Noel et al, 2017). Moreover,
tumor-reactive T cells can be selectively expanded in co-culture with
tumor organoids from MSI patients (Dijkstra et al, 2018).

For quantitative characterization of cytotoxic responses to 3D orga-
noids, there is an unmet need for standardized protocols. Monitoring
of cell-mediated killing is classically performed after single cell disper-
sal (Zaritskaya et al, 2010) that may result in spontaneous lysis due to
sensitivity to enzymatic digest. In suspension, effector cell recruit-
ment, motility, and interaction length cannot be addressed, which are
key parameters for cytotoxicity in vivo (Weigelin et al, 2015; Halle
et al, 2016). Current read-outs for cell-mediated cytotoxicity, such as
flow cytometry-based viability assays or enzyme release assays, only
allow detection for a limited amount of time, which may not be suffi-
cient to recapitulate the kinetics in a 3D environment. Finally, T-cell
responses (e.g., using PBMCs) show inherent donor variability and
the directed antigens are unknown in most cases. In order to study
cytotoxic responses to specific TAAs, we have taken advantage of the
standardized CAR-NK-92 system. The aim was to establish a quantita-
tive platform for CAR-mediated cytotoxicity toward patient-derived
colon organoids. Endpoint and dynamic assays were developed to
monitor cytotoxic responses in a 3D environment. We demonstrate
targeting of universal antigens, neoantigens, and new candidate TAAs
providing an informative platform for preclinical screening of efficacy
and tumor cell specificity of CAR-based strategies.

Results
Directing CAR cytotoxicity to human colon organoids

To establish a model for CAR targeting of organoids, we first tested
the compatibility of NK-92 cells with organoid culture medium.
After 24 and 72 h of culture, we observed a comparable expansion
as in the regular NK-cell medium (Fig 1A), even in the absence of
human serum and IL-2 that are usually required for growth and
activity. To test if the NK-92 function is preserved under these
conditions, a standard cytotoxicity assay was performed using
HER2-specific CAR-NK-92 cells that were co-incubated with MDA-
MB453 (HER2-positive) or MDA-MB468 (HER2-negative control)
breast carcinoma cells as targets (Schonfeld et al, 2015). Specific
lysis was strongly reduced in organoid medium even in the presence
of human plasma or IL-2 (Fig 1B). By testing all factors of the orga-
noid medium individually, we identified nicotinamide as
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responsible for this inhibition (Fig 1C), a non-essential factor as
shown by cell viability assays (Fig 1D) that was subsequently omit-
ted from the medium. To identify universal co-culture conditions
that allow effective killing of both normal and tumor human colon
organoids, we used CAR-NK-92 cells that target EPCAM as a ubiqui-
tously expressed epithelial surface antigen (Trzpis et al, 2007; Sahm
et al, 2012; Fig 1E and F). Organoids were either embedded in
Matrigel, on a thin layer of Matrigel or in suspension, followed by
addition of EPCAM-CAR NK-92 cells or the control parental NK-92
cells. Microscopic inspection showed that NK cells readily migrated
on the surface but were incapable to penetrate the dense extracellu-
lar matrix (ECM). After 8 h, only culturing on a Matrigel-coated
layer but not in suspension resulted in a marked CAR-induced lysis
(Fig 1G). Our results suggest that co-culture on an ECM layer can
increase NK-cell migration and/or stabilize the effector—target cell
interaction and was therefore used for all subsequent experiments.

Quantitative analysis of CAR-mediated cytotoxicity using a
luciferase-based 3D assay

For quantitative monitoring of CAR-mediated cytotoxic activity
against 3D organoids, we sought to develop assays that do not
require single cell digestion. Firefly luciferase reporter has been
described as a convenient read-out of viable cells following cytotoxi-
city against 2D cell lines (Fu et al, 2010). To adapt this strategy,
luciferase/GFP expression was introduced into organoids using
lentiviral transduction, which allowed homogenous expression
(Fig EV1A and B). By titration of organoids, linear and sensitive cell
detection was confirmed (Fig EV1C). In addition, detergent-induced
cell lysis caused rapid solubilization of the cellular luciferase activity
with < 20% residual signal detected in cellular debris, allowing
accurate quantification of viable organoid cells.

Using this assay, we tested the kinetics of cytotoxic activity of
EPCAM-CAR NK-92 cells toward patient-derived normal and tumor
organoids (Fig 2A). Luciferase activity was significantly reduced
only after co-culture with organoids on a Matrigel-coated layer, but
not with organoids embedded in Matrigel or in suspension
(Fig EV1D), confirming our morphological observations above
(Fig 1G). After an initial refractory period of 2 h, a steady increase
in cytotoxicity could be observed for both parental and CAR-engi-
neered NK-92 cells (Fig 2B). However, target cell lysis was signifi-
cantly increased in the case of EPCAM-directed effector cells, where
after 24 h, ~80% lysis was achieved. CAR-specific lysis was deter-
mined by subtraction of cell lysis by parental NK-92 cells and
reached ~40% after 12 h. In order to determine the optimal effector-
to-target (E:T) ratio, the absolute organoid cell number was first
determined in an image-based manner (Appendix Fig S1). Increas-
ing cytotoxic efficiency could be observed at higher E:T ratios
(Fig 2C) that were equally effective against normal and tumor orga-
noids (which expressed similar levels of EPCAM). Next, the orga-
noid and NK number was varied under constant E:T ratio to test
whether the response is sensitive to the absolute cell densities. We
found that the density had no major impact on the efficiency of
killing, indicating that CAR cell recruitment can occur even at
reduced effector cell density (Fig 2D). Moreover, we could achieve
non-perturbed lysis also in a tissue-like environment, where orga-
noids were seeded on a layer of colon fibroblasts, indicating that
presence of EPCAM-negative fibroblasts does not interfere with CAR
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Figure 1. Organoid NK-92 co-culture model for efficient 3D killing assays.

A

Growth of NK-92 cells in standard NK medium and organoid medium. 3.6 x 10 cells/ml were seeded, and organoid medium was supplemented with IL-2 or
human plasma (HP) followed by cell counting after 0, 24, 48, and 72 h. Mean + SD on log, scale, in n = 3 parallel cultures. ns: P > 0.05 (unpaired t-test).
Reduced cytotoxic activity of CAR NK-92 cells in organoid medium. FACS-based cytotoxicity assay using HER2-targeted CAR-NK-92 cells. Target cells were MDA-MB453
(HER2*) and MDA-MB468 (HER2") breast carcinoma cells. Mean CAR-specific lysis (= SD) was determined in triplicates. Significance was analyzed by unpaired t-test.
Identification of nicotinamide (nico) as inhibitory factor in a standard cytotoxicity assay with MDA-MB453 target cells. Each component of the organoid medium
was added to the NK medium in a standard cytotoxicity assay (as in B). Mean CAR-specific lysis (+ SD) was determined in three independent experiments.
Significant P-values (compared to control) from unpaired t-test analysis are shown. Nac: N-acetylcysteine; SB: SB202190.

Unaffected growth of normal colon organoids in nicotinamide-free medium. Mean cell viability (= SD; in n = 3 wells; CellTiter-Glo assay) compared to regular
medium. The experiment was repeated twice independently. Scale bars: 500 pm.

Flow cytometric and immunofluorescence microscopy analysis of EPCAM staining in normal colon organoids. Scale bar: 200 pm.

Co-culture strategies for analysis of CAR-NK-92-mediated cytotoxicity. Organoids were embedded in Matrigel, or seeded on a Matrigel-coated surface, or kept in
suspension, followed by addition of EPCAM-CAR NK-92 cells (E:T ratio was 4:1). Schematic representation of experimental conditions (top) and morphological
images after 0 and 8 h of co-culture. Red arrows show examples of organoids that are efficiently lysed. In the magnified images (bottom row), abundant apoptotic
bodies are present around the lysed organoids. Scale bars: 500 pum.
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cell recruitment (Fig 2E and F). Together, our results demonstrate
that luciferase-based measurement can serve as flexible read-out for
cytotoxicity in advanced tumor models.

Dynamic monitoring of CAR-NK-92 cytotoxicity by live-cell
imaging

To study cytotoxic responses in real time and at cellular resolution,
we set up a confocal live-cell imaging protocol. Colon organoids

luciferase-expressing + CAR-NK-92 cells

organoids
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stably expressing GFP were cultured alone or together with EPCAM-
CAR cells or parental NK-92 cells that were labeled by anti-CD45
staining. Spinning-disk microscopy in multiwell format allowed
stable 3D imaging during 10 h and at 6-min intervals (Fig 3A). From
maximum image projection data, automatic image analysis was
performed (see Appendix Fig S2) in organoids cultured alone
(Movies EV1 and EV2), together with parental NK-92 cells (Movies
EV3 and EV4) or with EPCAM-CAR cells (Movies EVS5 and EV6).
The loss of fluorescent organoid area over time was quantified as a
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Figure 2. Luciferase-based quantification of CAR-mediated cytotoxicity toward normal and tumor organoids.

A Schematic workflow. Luciferase-expressing organoids allow quantification of residual cells after CAR-mediated killing.

B Kinetic analysis of EPCAM-directed CAR-NK-92 cytotoxicity toward normal colon organoids. Remaining luciferase activity, normalized to organoids cultured alone, is
shown as “target cell lysis”. Mean values (= SD) from n = 3 independent experiments. E:T ratio was 2:1. Statistical significance was analyzed by unpaired t-test.

C EPCAM-CAR-specific lysis of normal and tumor organoids at different E:T ratios. Mean values (£ SD) from n = 3 independent experiments after 8 h. ns: P > 0.05

(unpaired t-test).

D Influence of organoid/CAR cell density. At a constant E:T ratio of 1:1, decreasing numbers of organoids/NK-92 cells were co-cultured. EPCAM-CAR-specific lysis was
measured in triplicates after 8 h (mean =+ SD), and the experiment was replicated twice. ns: P > 0.05 (unpaired t-test).

E, F EPCAM-CAR targeting of organoids in the presence of human colonic primary fibroblasts. E:T ratio was 1:1. (E) Fluorescence microscopy analysis of luciferase/GFP-
expressing organoids (green); anti-CD45-APC-labeled NK-92 cells (magenta) and dsRED-expressing fibroblasts (red) after 8 h. Scale bars: 200 pm. (F) Luciferase-based
cytotoxicity assay. Unaffected CAR-specific lysis in the presence and absence of fibroblasts (measured in triplicates; mean + SD). ns: P > 0.05 (unpaired t-test).
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measure of target cell killing (Figs 3B and C, and EV2A). To confirm
a linear detection of target cell area, organoids were seeded at dif-
ferent concentrations and analyzed before and 8 h after addition of
CAR or parental NK-92 cells (Fig EV2B). Average GFP " area from
multiple imaging positions showed a significant and progressive
decline after addition of EPCAM-specific NK-92 but not parental NK-
92 cells or organoids alone (Fig 3D). CAR-specific lysis was evident
after 2 h, reaching a level of ~40% after 10 h. Side-by-side compar-
ison of image- and luciferase-based read-out showed very similar
results, thus corroborating our protocols (Fig 3E). To study NK-92
recruitment to the organoids, a second image analysis workflow
was established that allows time-resolved measurement of NK
density in an area extending 50 pm around each organoid (see
Appendix Fig S2). We detected a progressive recruitment of CAR
NK-92 cells that reached saturation after 2 h (Fig 3F), paralleling
the observed kinetics of lysis. Parental NK-92 cells were also
enriched to the organoids compared to the overall density, albeit at
a lower level than CAR cells (Fig 3F). These results suggest that
parental NK-92 cells do not achieve sufficiently high concentration
or stable interaction with target cells to exert damage. To address
if the organoid size has an impact on the Kkilling efficiency,
organoids were categorized by their initial size into three groups
followed by tracking on a single organoid level (Fig EV2C-E).
Comparison of the rate of relative area loss showed that small
organoids are more effectively attacked (Fig EV2F), while larger
organoids require longer time periods for lysis. For larger orga-
noids, a stronger correlation between average of CAR-NK density
and relative area loss was found, indicating that a prolonged
period of high local effector density is required to achieve complete
lysis (Fig 3G).

CAR targeting of tumor neoantigens

In order to study a tumor-specific CAR response, we engineered
organoids by lentiviral transduction to express a neoantigen, the
epidermal growth factor receptor (EGFR) variant III (vIII) that can
be found on several solid cancer types (Gan et al, 2013). Genomic
deletion of exons 2-7 of the EGFR gene and amplification of the
locus results in expression of truncated, constitutively active EGFR-
vIII (Fig EV3A). Although organoids were selected for stable expres-
sion by antibiotic resistance, we could not detect the EGFRVIII
protein by immunoblot analysis (Fig EV3B and C). However, by RT-
PCR analysis transgene expression was confirmed arguing for
protein expression below the immunoblot detection limit
(Fig EV3D). By luciferase measurement, we detected potent and
highly specific activity of EGFRVIII-CAR NK-92 cells toward EGFR-
vIlI-transduced organoids but not control organoids (Fig 4A and B).
These results indicate that even low levels of neoantigen expression
render the organoids highly susceptible for lysis.

To recapitulate tumor-specific targeting in vivo, we performed
competitive co-cultures in the presence of normal organoids
(Fig 4C). Tumor organoids expressing EGFRVIII (luciferase and
GFP-positive) were co-cultured with healthy colon organoids
(luciferase-negative and DsRED-positive). No significant differences
in CAR-specific lysis were detected in the absence or presence of
various amounts of normal organoids, demonstrating effective
recruitment (Fig 4D). To test whether prolonged co-culture could
eliminate tumor cells but preserve viability of normal organoids,

© 2019 The Authors
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control normal and EGFRvIIl-expressing tumor organoids were
seeded in a ratio of 4:1 and cultured with CAR cells for 48 h,
followed by replating and colony-formation assays of the remaining
viable organoids. Fluorescent microscopic analysis of organoid
numbers showed that after targeting, EGFRvIII-expressing tumor
organoids were reduced by 98 %, while control (EGFRvIII-negative)
organoids only showed a reduction of 29% (Fig 4E and F). These
results indicate that the organoid model allows testing of CAR effi-
ciency and specificity in a complex and competitive microenviron-
ment.

To dynamically visualize the tumor-specific activity, live imaging
was performed. Control experiments using GFP/DsRED double-posi-
tive organoids showed that the image analysis workflow allows
similar quantification of organoid area by detection of GFP or
DsRED (Fig EV4). GFP expression in EGFRVIII-CAR NK-92 cells did
not interfere with the analysis, indicating that the algorithm effec-
tively excludes small structures (single cells or apoptotic bodies).
Subsequently, co-cultures of normal organoids (DsRED-positive)
and EGFRvIIl-expressing tumor organoids (GFP-positive) were
monitored alone (Fig SA and Movie EV7) or incubated with parental
NK-92 (Movie EV8) or EGFRVIII-CAR NK-92 cells (Movie EV9).
While specific loss of GFP-positive area was readily observed, the
DsRED-positive area remained constant during the 10 h imaging
interval (Fig 5B-D), indicating that CAR-mediated killing does not
induce bystander toxicity to normal tissue lacking the cognate
surface antigen. Furthermore, specific recruitment of CAR cells was
detected toward the GFP-positive tumor cells but not to the adjacent
DsRED-positive normal cells (Fig SE and F), demonstrating the
potential of 3D live imaging to monitor on- and off-target toxicity in
a parallel fashion.

Evaluating CAR targeting of FRIZZLED receptors as rationale for
colon cancer therapy

Next aim was to exploit this platform to test new CAR strategies
targeting endogenously expressed TAAs. Recently, in a subset of
CRC cases the loss of RNF43/ZNRF3 has been reported (Giannakis
et al, 2014) that function together with LGR4/5 as R-spondin recep-
tors. The absence of R-spondin activates their function as the E3-
ligases for Wnt-receptor FRIZZLED (FZD). This results in FZD inter-
nalization and subsequent degradation (Fig 6A), while RNF43/
ZNRF3-deficient cells show persistently increased FZD surface
levels and WNT pathway activity (Hao et al, 2012; Koo et al,
2012). Although in the majority of CRC patients WNT activation is
caused by downstream mutations affecting the tumor suppressor
Adenoma polyposis coli (APC), FZD overexpression induced by
RNF43/ZNRF3 mutations might create a therapeutic vulnerability
(Koo et al, 2015). Accordingly, the neutralizing pan-FZD mono-
clonal antibody (OMP-18R5) has shown efficacy in preclinical
models (Gurney et al, 2012). Based on this monoclonal antibody
sequence, we generated a novel CAR encompassing an OMP-18R5-
derived single-chain fragment variable (scFv) fused via a flexible
hinge region and a transmembrane domain to a composite CD28-
CD3( signaling domain. The CAR was introduced into NK-92 cells
by lentiviral transduction (Appendix Fig S3A). Efficient, CAR-depen-
dent activity was confirmed using FZD5-overexpressing MDA-
MB453 cells (Appendix Fig S3B). We subsequently took advantage
of small intestinal mouse organoids deficient for Apc or double
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knock-out (DKO) for Rnf43/Znrf3 that we have previously charac- or absence of R-spondin with FZD-CAR cells and parental NK-92
terized (Farin et al, 2016) and that were transduced with luciferase/ cells for 8 h, and lysis was quantified by luminescence measure-
GFP lentiviral vector. Co-cultures were performed in the presence ments (Fig 6B and C). A high CAR-specific lysis was found, but

A B

+ anti CD45-APC

organoids (GFP)

« organoid area (GFP)
* NK-cell recruitment

organoids (GFP)
+parental NK-92 (CD45)

C - single organoid alone
= organoid with parental NK-92
5000 1 — organoid with EPCAM-CAR
& 4000 o
£
=
© E
] 3000
< o
~
T 2000 4 8 a
c 6 L
5 e
= [}
S 1000 1 area cut-off :g Z‘;
€ =
©
0 r r r r ' g
0 2 4 6 8 10 o &
time [h] *
—— organoids alone
D — parental NK-92 ] p= 14104 E
—— EPCAM-CAR
120 B ~ 100
_ ) T Tl —— image-based analysis
2 100 B
© . I — 80+ =~ |uciferase-based analysis
] X
5 s Uﬂﬂlﬂqmmlﬂl &
] T T 2
2 % 60-
c x L T 2>
s 60 o 21 1 (3]
1L -
6 'g 40
g ’ 5
2 i
ol X 504
® 204 i)
0 T T T T J 0 T 1
0 2 4 6 10 8 10
time [h] time [h]
- EPCAM-CAR
F —=- overall density ] p=0.04 G
0.008 - —— parental NK-92 2
. i " 100 = R*=0.44
£ overall density —o— large organoids
ﬁ- T T 80 - . —o— small organoids
g 0.006 1 €
= 1 = 2=
= Hid = 6o e R?=0.13
£ g *
S 0.004 4] 2 .
5 § 401 .
; :
8 0.002 4] % 201
Y E
X 0 T T T T 1
=z o%05 0.010 0.015 0.020 0.025
0.000 T T T T 1
0 2 4 6 8 10 -20 -

2
time [h] average NK cells/um

Figure 3.

6 of 15 The EMBO Journal ~ 38: €100928 | 2019 © 2019 The Authors



Theresa E Schnalzger et al

The EMBO Journal

Figure 3. Continuous imaging-based monitoring of cytotoxic activity toward organoids.

A Live imaging strategy using spinning-disk microscopy.

B Exemplary data with GFP-expressing organoids (green) and anti-CD45-APC-labeled NK-92 cells (magenta) at 0 and 10 h of co-culture. Maximum intensity projections
are shown. Organoid outlines are automatically detected; white boxes indicate organoids tracked in (C). Scale bars: 200 pum. See also Fig EV2 and Movies EV1-EV6.

C Single organoid tracking (area) during CAR-mediated killing.

D Quantitative monitoring of cytotoxicity by loss of GFP* organoid area. Mean values from n = 4 imaging positions (+ SD) are shown relative to the area detected at
t = 0. Slopes were compared by linear regression; statistically significant differences were observed (ANCOVA).

E Comparative kinetics of CAR-specific lysis detected by image-based analysis (black line) and luciferase-based measurement (green line; data are from Fig 2B).

F Time-resolved recruitment of NK-92 cells to target organoids. NK-cell density was automatically determined in a 50 pum surrounding region (see Appendix Fig S4A).
Mean =+ SD from n = 4 imaging positions. Hatched lines show the NK-92 density on the entire image. Slopes were compared by linear regression; significant

differences were observed (ANCOVA).

G Correlation of area loss and NK-cell density on a single organoid level. Organoids were classified as small (area < 2,000 um? n = 12) and large (area > 2,000 um?
n = 13), respectively. Maximum relative area loss and average NK density for the entire co-culture period were plotted, and coefficients of determination (R?) are

shown. Note that large organoids contribute mostly to overall recruitment in (F).

Data information: All experiments were performed at an E:T ratio of 2:1.

neither in the presence nor in the absence of R-spondin, any notice-
able differences in the targeting between wild-type, Apc-KO, and
Rnf43/Znrf3-DKO organoids were detected. Also at reduced E:T
ratios, we could not observe more pronounced cytotoxicity toward
Rnf43/Znrf3-DKO organoids (Fig 6D). Although we could not
directly associate our results to the mouse Frizzled surface level
due to the low abundance of the endogenous receptors, these
results indicate that therapeutic targeting could result in off-tumor
cytotoxicity against normal colonic tissue.

To further investigate the specificity of FZD-CAR cells, we stud-
ied a panel of human organoids from primary CRC (CRC#1-4).
RNF43-deficient tumor organoids exhibit a reported sensitivity to the
Whnt-secretion inhibitor IWP-2 (van de Wetering et al, 2015), indi-
cating their dependence on FZD signaling. By titration experiments,
we identified CRC#4 as highly IWP-2 sensitive (Fig EV5A). Sanger
sequencing revealed an RNF43 frameshift mutation in this sample
(Appendix Fig S4), while in the IWP-2-resistant lines, CRC#1-3
instead damaging mutations in the APC mutation cluster region
were detected. After stable transduction with luciferase/GFP, we
measured the cytotoxic activity of parental NK-92, FZD-CAR, and
EPCAM-CAR cells toward normal and CRC#1-4 organoids
(Fig EV5B). Compared to the parental NK-92, both CAR cells
showed a uniformly high activity against all lines. The activity of
EPCAM-CAR cells could be associated with a uniform EPCAM
expression level (Fig EV5C), arguing that the both CAR strategies
result in non-tumor-specific activity also against normal epithelia of
human origin.

Discussion

For solid cancers, there is an unmet need for preclinical models to
identify and select suitable target antigens for CAR therapy. Here,
we describe a platform for assessment of CAR-NK-92-mediated
activity against patient-derived organoids in a 3D environment.
Compared to previous in vitro and in vivo models, the assays
described here allow more physiological analysis of effector cell
recruitment and cytotoxicity on a single organoid level. Using a
panel of standardized CAR-NK-92 cells, this could facilitate rapid
and individualized testing of therapy efficacy targeting various
TAAs. In addition, potential unwanted toxicity to normal epithelia
can be readily addressed. Adaptation of this technology may also

© 2019 The Authors

help to improve CAR-T strategies for CRC and other solid cancer
entities.

Our results demonstrated that CAR-NK-92 cytotoxicity can be
efficiently directed against tumor organoids even in a heterogeneous
cellular microenvironment and at low levels of TAA expression.
Moreover, in long-term cultures near-quantitative eradication of
tumor cells was achieved in the absence of collateral damage to
tumor antigen-negative cells. However, given that strictly tumor-
specific antigens are not available in most cases, this potency may
also result in serious toxicity. On-target/off-tumor toxicity can cause
severe and life-threatening side effects (Bonifant et al, 2016). Here,
the organoid CAR platform may be useful for assessment of tumor
cell specificity at an early stage. This may help to prioritize more
laborious models such as humanized mice (Pennell et al, 2018) that
however remain indispensible for toxicity testing in vivo that can
include off-cancer activity toward multiple organs. As an example,
we generated and tested a novel CAR-based on a therapeutic
antibody (OMP-18R5) that effectively blocks FZD receptors (Gurney
et al, 2012). This antibody had been successfully tested in vitro
and in xenograft studies leading to clinical trials (NCT01345201,
NCT02005315, NCT01957007, NCT01973309). For patients with
RNF43 and ZNRF3 mutations, FZD stabilization has been described,
providing a therapeutic rationale (Giannakis et al, 2014; Koo
et al, 2015). However, using isogenic wild-type, Apc-KO, and
RnfF43/Znrf3-DKO organoid lines, we could not identify a therapeu-
tic window for the OMP-18R5-based CAR approach, arguing against
this strategy.

Current in vitro models cannot fully capture the cellular
processes that are relevant for immunotherapy of solid tumors.
Most important restrictions are the availability of quantitative read-
outs for cytotoxicity during prolonged periods and a co-culture
setup that preserves a 3D tissue-like environment. Here, we estab-
lished robust assays to monitor cytotoxicity against organoids
either by luciferase-based endpoint measurement, which allows
high-throughput testing, or by live microscopy for continuous and
cell-resolved analysis. We observed that recruitment of effector
cells is not limiting. Rather the E:T ratio was critical for effective
killing, which could be observed on a single organoid level. We
noted that killing efficiency varies between organoids of different
sizes. While smaller organoids are lysed more rapidly, they only
account for a minor fraction of all cells. The slower kinetics
observed for larger organoids might more closely reflect the CAR
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Figure 4. CAR-mediated cytotoxicity against tumor organoids expressing the EGFRvIIl neoantigen.

A, B Luciferase-based quantification of target cell lysis of EGFRvIll-expressing (A) and control (B) normal organoids by parental NK-92 and EGFRvIII-CAR cells after 8 h at
different E:T ratios. Values are mean (+ SD) from n = 3 independent experiments. Statistical significance was analyzed by unpaired t-test (ns: P > 0.05).

C Experimental setup for competitive killing assays.

D  Cell killing at different normal (N) to tumor organoid ratios (Tegrryi). The amount of EGFRvIII-expressing tumor organoids was kept constant (E:T ratio was 5:1).
Luciferase-based quantification of CAR-specific lysis. Values are mean (£ SD) from n = 3 technical replicates; the experiment was replicated twice. ns: P > 0.05

(unpaired t-test).

E, F Replating assay to analyze the presence of viable tumor cells after prolonged treatment with EGFRvIII-CAR NK-92 cells. Normal DsRED-expressing organoids (N)
were mixed with luciferase/GFP-expressing EGFRvIlI-negative (T) or EGFRVIII-positive (Tegrryir) tumor organoids at a ratio of 4:1, followed by 48-h co-culture (E:T
ratio 5:1) and organoid replating. (E) Fluorescence microscopy images after 4 days are shown. Scale bars: 1,000 um. (F) Quantification of replating efficiency. The
mean percentage of GFP-positive organoids (+ SD), relative to the starting ratio, was determined from fluorescent images in n = 3 independent wells. Statistical

significance was analyzed by unpaired t-test.

response against solid tumor masses in vivo. In a tissue context,
competition with neighboring tumor cells may reduce the local E:T
ratio and decrease damage by prolonging the interval between NK-
cell contacts or reducing the membrane surface area that can be
attacked. The possibility to trace responses in 3D thus allows to
identify rate-limiting processes to mechanistically improve CAR
strategies.

Arguably, CAR-T- or CAR-NK-based strategies have not yet led to
effective therapies in CRC, and one major challenge may be efficient
cell administration. Low abundance of endogenous NK cells has been
reported in primary colon cancer (Halama et al, 2011), and low
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lymphocyte infiltration (Galon et al, 2006) and/or an immunosup-
pressive environment correlate with poor prognosis and limit the
benefit of checkpoint inhibition in CRC (Charoentong et al, 2017).
TGF-B-mediated signaling in cancer-associated fibroblasts has been
identified as a critical mediator (Tauriello et al, 2018). While local
CAR cell application may be challenging for primary CRC, our results
show efficient effector cell recruitment and function in a tissue-like
context even in the presence of tumor-derived fibroblasts. Transgenic
expression of the chemokine receptor CCL9 could help to target cells
to the gut (Chen et al, 2015). The limited penetration of NK cells into
3D Matrigel may serve as a model to study and improve immune cell
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Figure 5. Dynamic analysis of CAR-mediated cytotoxicity against tumor organoids.

A Live imaging setup for competitive killing assays (normal to tumor ratio was 1:1, and E:T ratio was 3:1).

B Exemplary data with DsRED-expressing normal organoids (red), GFP-expressing EGFRvIII-positive tumor organoids (green), and anti-CD45-APC-labeled EGFRVIII-
CAR NK-92 cells (magenta) at 0 and 10 h of co-culture. Maximum intensity projections are shown. Outlines of tumor organoids are automatically detected. Scale
bars: 200 um. See also Movies EV7—EV9. Note that EGFRVIII-CAR NK-92 cells are also GFP*, but which does not perturb the analysis (see Fig EV4).

C,D Quantitative monitoring of cytotoxicity against EGFRvIII-positive target cells (C; GFP* area) or against bystander normal cells (D; DSRED" area). The same data were
analyzed in (C and D). Mean values from n = 4 imaging positions (4 SD) are shown relative to the area detected at t = 0. Slopes were compared by linear

regression; significant differences were observed (ANCOVA).

E, F Time-resolved recruitment of EGFRVIII-CAR and parental NK-92 cells to EGFRvIII-positive target cells (E) or bystander normal cells (F). Same data were analyzed in
(C and D). Mean (+ SD) from n = 4 imaging positions. NK-cell density was automatically determined in a region of 50 um surrounding each organoid. Hatched
lines show the NK-92 density on the entire image. Slopes were compared by linear regression; significant differences were observed (ANCOVA).

infiltration into tissues. However, more relevant for treatment of
metastatic CRC could be systemic administration or injection via the
portal venous system to target disseminated tumor cells.

We recently showed that local CAR-NK-92 therapy can induce
systemic endogenous anti-tumor immunity in a glioblastoma model
(Zhang et al, 2016, 2017). Thus, a combination of CAR-NK-92 cells
with checkpoint inhibitors may further increase host T-cell defenses.

© 2019 The Authors

A second challenge will be to identify suitable target antigens for
CAR therapy. Common neoepitopes have been described for MSI
tumors only (Schwitalle et al, 2008; Inderberg et al, 2017). For the
majority of non-hypermutated tumors, differentially expressed
surface molecules have to be targeted at the risk of off-cancer toxic-
ity. To limit such adverse reactions, new approaches have been
developed such as the UniCAR system that allows precise control of
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Figure 6. Evaluation of Frizzled as a target for CAR therapy using a Rnf43/Znrf3-deficient mouse organoid model.

A Schematic model showing differential Frizzled levels and dependence on R-spondin (Rspo) in normal organoids (wt) and APC- and Rnf43/Znrf3-deficient cells.

B Light microscopic observation of normal and mutant organoids after (FRIZZLED) FZD-CAR NK-92-mediated cytolysis in the presence or absence of R-spondin (for
1 day before NK-92 cell addition). Representative images of CAR-targeted mouse organoids after 8 h of co-culture are shown. Scale bars: 500 um.

C Luciferase-based quantification of FZD-CAR-specific killing in the presence and absence of R-spondin. The E:T ratio was 1:1, and incubation time was 8 h. Values are
mean (£ SD) from n = 3 independent experiments. Statistical significance was analyzed by unpaired t-test (ns: P > 0.05).

D FZD-CAR-specific killing at reduced E:T ratios. Experiments in the absence of R-spondin and after 8 h of co-culture. Values are mean (+ SD) from n = 3 independent

experiments. Statistical significance was analyzed by unpaired t-test (ns: P > 0.05).

active CAR dosage (Cartellieri et al, 2015) or the SynNotch technol-
ogy that depends on combinatorial detection of multiple TAAs
(Roybal et al, 2016). Testing in patient-matched normal and tumor
organoids may greatly assist to further adapt these strategies.

As a demonstration of the great potential of organoid systems for
the development of cancer immunotherapies, tumor-reactive T cells
have recently been expanded from peripheral blood using co-
cultures of matched CRC organoids (Dijkstra et al, 2018). While this
strategy was only successful in a fraction of HLA-I-positive tumors
and only in MSI patients, future CAR-T approaches might use orga-
noids to selectively expand tumor-reactive cells for a larger fraction
of patients. With increasing access to organoids for other major
cancer entities such as carcinomas of the breast, prostate, stomach,
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pancreas, and liver (Gao et al, 2014; Boj et al, 2015; Broutier et al,
2017; Sachs et al, 2018; Seidlitz et al, 2018), the co-culture work-
flows established herein may provide a valuable tool for evaluating
novel cancer immunotherapies also in a more general fashion.

Materials and Methods

Patient samples
CRC organoids were obtained from resected primary tumor tissues

provided by the University Cancer Center Frankfurt (UCT). Normal
human colon organoids and primary fibroblasts were derived from

© 2019 The Authors
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non-pathological mucosa that was collected either during preemp-
tive colonoscopy or from tumor-adjacent normal colon after tumor
resection. Written informed consent was obtained from all patients,
and the study was approved by the Institutional Review Boards of
the UCT and the Ethics Committee at the University Hospital Frank-
furt (project number: SGI-06-2015).

Organoids and cell culture

Normal and tumor colon organoids were established and maintained
as described previously (Sato et al, 2011; van de Wetering et al,
2015). Human organoids were embedded in growth factor reduced
Matrigel (Corning), and normal human colon organoids were
cultured in advanced DMEM/F12 supplemented with 50% Wnt3a-
conditioned medium (CM), 20% R-spondin CM, 10% Noggin CM,
10 mM HEPES, 1x GlutaMax, 1x penicillin/streptomycin, 2% B27,
10 mM nicotinamide (Sigma-Aldrich), 12.5 mM N-acetylcystein
(Sigma-Aldrich), 500 nM A83-01 (Tocris), 10 uM SB202190
(Biotrend), and 50 ng/ml human EGF (PeproTech). Unless stated
otherwise, all media components were purchased from Life Tech-
nologies. Tumor organoids were grown in complete medium lacking
Wnt3a CM. Generation and maintenance of Apc and Rnf43/Znrf3
mutant organoids from mouse small intestine was described previ-
ously (Farin et al, 2016). Normal mouse intestinal organoids were
embedded in Reduced Growth Factor Basement Membrane extract
(RGF BME 2; Cultrex; Amsbio) and grown in ENR medium contain-
ing advanced DMEM/F12 supplemented with 10% Noggin CM, 5%
R-spondin CM, 10 mM HEPES, 1x GlutaMax, 1x penicillin/strepto-
mycin, 2% B27, 12.5 mM N-acetylcystein, and 50 ng/ml human
EGF, all as above. Apc and Rnf43/Znrf3 mutant organoids were
cultured in medium lacking R-spondin (EN medium). CM was
prepared as described in Farin et al (2012). For each passage (every
5-7 days), organoids were dissociated by vigorous pipetting, washed
from remaining matrix, pelleted, and seeded in fresh Matrigel/BME.
10 uM Y-27632 (Selleckchem) was added to the culture medium
after passage, and the medium was replaced every 2-3 days. For
IWP-2 titrations (Sigma-Aldrich), organoids were seeded in a regular
fashion in complete medium lacking Wnt3a CM in the presence of
the indicated IWP-2 concentrations and cultured for 6 days. Orga-
noid viability was measured with CellTiter-Glo® Assay (Promega).

Human primary fibroblasts were derived from homogenized
colon tissues as described (Farin et al, 2012) and cultured on
gelatin-coated dishes in DMEM supplemented with 10% FCS, 1x
penicillin/streptomycin and passaged weekly.

Human NK-92 cells and their CAR-engineered derivatives were
maintained in X-VIVO 10 medium (Lonza) supplemented with
5% heat-inactivated human plasma (German Red Cross Blood
Donation Service Baden-Wiirttemberg-Hessen, Frankfurt,
Germany) and 100 IU/ml IL-2 (Proleukin; Novartis). EPCAM-
specific NK-92 cells (NK-92/31.28.z-EGFP), HER2-specific NK-92
cells (NK-92/5.28.z), and EGFRvlll-targeting NK-92 cells (NK-92/
MR-1.1.28.z-EGFP) were described previously (Sahm et al, 2012;
Schonfeld et al, 2015; Genfiler et al, 2016). A FZD-specific CAR
was designed based on a scFv fragment of the monoclonal anti-
body OMP-18RS5 (Gurney et al, 2012). A codon-optimized CAR
sequence encompassing an immunoglobulin heavy chain signal
peptide, the OMP-18R5 scFv fragment, a Myc-tag, a CD8o hinge
region, the transmembrane and intracellular domains of CD28,
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and the intracellular domain of CD3( was synthesized (GeneArt,
Thermo Fisher Scientific) and inserted into the lentiviral transfer
plasmid pSIEW upstream of IRES and EGFP sequences as previ-
ously described for other CAR constructs (Sahm et al, 2012).
After transduction of NK-92 cells, EGFP-positive NK-92 cells were
enriched by flow cytometric cell sorting with a FACSAria Fusion
fluorescence-activated cell sorter (BD Biosciences). CAR surface
expression in the obtained cell pool was confirmed by flow cyto-
metric analysis with Alexa Fluor 647-conjugated Myc-tag-specific
antibody (clone 9E10; Santa Cruz Biotechnology) using a FACS-
Canto II flow cytometer (BD Biosciences). For all 3D cytotoxicity
assays, sorted pools of the respective NK-92 cells were used.

HEK293T, MDA-MB453, and MDA-MB468 cells were cultured in
tissue culture-treated dishes in DMEM supplemented with 10% FCS,
1x penicillin/streptomycin. Routine tests for mycoplasma were
performed with negative results.

Lentiviral transduction

For lentiviral delivery of EGFRVIII, the encoding cDNA was PCR
amplified from plasmid pLTR-EGFRVIII (Hills et al, 1995), using
Phusion High-Fidelity DNA Polymerase (NEB). Primers were fwd:
CAGGACCGGTTCTAGAGCGCTGCCACCATGCGACCCTCCGGGACG

and rev: TTGTTGCGCCGGATCCTGCTCCAATAAATTCACTGCTTTG.
The purified PCR fragment was inserted using the In-Fusion HD
Cloning kit (Clontech) into the lentiviral transfer plasmid lentiCas9-
Blast, a kind gift from Feng Zhang (Addgene plasmid # 52962;
Sanjana et al, 2014), following BamHI and Xbal digests to excise the
Cas9 ORF. For labeling cells with GFP and luciferase, the codon-
optimized luciferase reporter gene luc2 was amplified from plasmid
pGL4.10[luc2] (Promega). Primers were fwd: GAACTAAACCGTC-
GACGCCACCATGGAAGACGCCAAAAACATAAAG and rev: CCATG
GTGGCGTCGACTGGTCCAGGATTCTCTTCGACATCCCCTGCTTGTT
TCAACAGGGAGAAGTTAGTGGCTCCGCTTCCGGACACGGCGATCT

TTCCGCCCTTC, introducing a 3’ P2A sequence. The PCR fragment
was inserted (as above) into the Sall site of pLV-Pgk::GFP-IRES-
Puro, 5" of the GFP ORF. For labeling cells with DsRed, pLV-LoxP-
DsRED-STOP-LoxP-eGFP, a kind gift from Niels Geijsen (Addgene
plasmid # 62732; D’Astolfo et al, 2015), was used. For FZD expres-
sion in MDA-MB453 cells, the mouse FZD5 sequence together with
a 5’ signal peptide sequence and a V5 epitope was amplified from
pCDNA3.1-V5-FZD5 (kind gift of Madelon Maurice; Koo et al,
2012). Primer sequences were fwd: GAACTAAACCGTCGACGCCAC-
CATGGTCCCGTGCACG and rev: CGCTTCCGGACTCGAGTACGTGC-
GACAGGGACACTTGC, ending with the last codon before stop. The
PCR fragment was inserted (as above) into the Sall and Xhol sites of
pLV-Pgk::P2A-DsRed-IRES-Puro lentivirus, 5’ and in frame with the
P2A-DsRED sequence. All constructs were sequence-verified.

VSV-G pseudotyped lentiviral particles were produced in
HEK293T cells after polyethylenimine-mediated transient transfec-
tion. Four days after transfection, the supernatant was collected and
viral particles were concentrated by ultracentrifugation (20,000 g,
1 h, 4°C). Lentiviral transduction of organoids was performed as
described (Koo et al, 2011) after enzymatic dissociation into single
cells at 37°C for 5 min using StemPro Accutase (Life Technologies).
Puromycin or blasticidin (1-2 pg/ml) was added to the culture
medium after 3—4 days to select for transgene-expressing cells. For
lentiviral gene delivery to 2D cell lines and human primary

The EMBO Journal 38: 1009282019 11 of 15



The EMBO Journal

fibroblasts, the adherent cells were incubated with viral particles for
8 h. Transgene-expressing cells were selected as above.

Immunoblot analysis

Organoids were collected and separated from the Matrigel by
mechanical shearing and were thoroughly washed. Cells were lysed
using RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCIl pH 7.6,
5 mM NaF, 5 mM p-glycerophosphate, 1 mM EDTA, 1 mM Na-
orthovanadate, 1% Na-deoxycholate, 1% NP-40, supplemented with
cOmplete protease inhibitor (Roche)) and additional sonification.
After clearance by centrifugation, protein concentration was deter-
mined by standard Bradford assay. 20 pg of total proteins was
loaded per lane for SDS-PAGE (10%) and subsequent transfer to a
nitrocellulose membrane. Proteins were probed using the following
antibodies: anti-EGFR (clone D38B1; 1:1,000; Cell Signaling) and
anti-actin (polyclonal; 1:2,500; Sigma). Proteins were detected by
chemiluminescence using species-specific horseradish peroxidase-
labeled secondary antibodies (1:5,000).

Quantitative RT-PCR analysis

Total RNA was extracted using the Macherey-Nagel NucleoSpin
RNA Kit according to the manufacturer’s instructions. For cDNA
synthesis, random hexamers and M-MLV Reverse Transcriptase
enzyme (Promega) were used after DNase I digest. Relative gene
expression was measured using Power SYBR® Green PCR Master
Mix (Thermo Fisher Scientific) on a StepOneTM Real-Time PCR
instrument (Applied Biosystems). EGFRUII transgene expression
was studied using the following primers fwd: CAGAATACC-
TAAGGGTCGCG and rev: ATACAAGTCAGGTTGCCAGC. Quan-
tification was performed using the dCT method, and for
normalization, HPRT expression was studied using the following
primers fwd: GCTGAGGATTTGGAAAGGGT and rev: CATCTCGAG
CAAGACGTTCA.

Organoid genotyping

Genomic DNA was extracted using the DNeasy Blood & Tissue kit
(Qiagen) and amplified using Phusion High-Fidelity DNA Poly-
merase (NEB). Primers for the human APC locus were fwd: AGCTC-
CATCCAAGTTCTGCAC and rev: CTTGCCACAGGTGGAGGTAAT
(1132 bp product) and for the human RNF43 locus were fwd:
GTGGATGTGGTTCCAGGGG and rev: CCTGGGACCCTCTCGATCTT
(1,244 bp product). DNA fragments were sequenced by Sanger
sequencing (LightRun, Eurofins Genomics) using internal and exter-
nal primers.

Immunostaining

Organoids were collected in chilled Organoid Harvesting Solution
(Biozol) and incubated for 15 min on ice to completely dissolve
remaining Matrigel. Organoids were pelleted and incubated with
allophycocyanin (APC)-coupled EPCAM-specific antibody (clone
HEA125; 1:300; Miltenyi Biotec) on ice for 1 h for EPCAM surface
staining. After washing thoroughly, organoids were resuspended in
complete medium and imaged using the CQ1 Confocal Quantitative
Image Cytometer (Yokogawa).
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Flow cytometry

Organoids were collected and enzymatically dissociated into single
cells at 37°C for 5 min using StemPro Accutase. Cells were pelleted,
resuspended in FACS buffer (PBS, 2% FBS, 2 mM EDTA), and fil-
tered through a 0.40-um strainer. Suspensions of equivalent cell
numbers were incubated with VioBlue-coupled anti-EPCAM (clone
REA764; 1:150; Miltenyi Biotec) antibody for 30 min on ice. For
live-cell gating, eFluor780 (1:500; Invitrogen) was added. Surface
antigen expression or GFP was measured on a FACSCanto II flow
cytometer (BD Biosciences) and analyzed using FACSDiva software
(BD Biosciences) and FlowJo v10 software.

NK-92 cytotoxicity assays

Cytotoxicity assays with single cell suspensions of cell lines were
performed as described (Sahm et al, 2012). To study the impact of
the organoid media, each factor was added to the NK medium at 1x
concentration (as above). Killing experiments were excluded if the
CAR-specific lysis in positive controls was < 30% and the experi-
ment was repeated using a freshly recovered cryovial of CAR-NK-92
cells. If organoid/Matrigel layer accidently detached during the
washing steps, the respective wells were marked and excluded from
the analysis.

For organoid cytotoxicity assays, organoids were seeded on a
Matrigel layer or on a layer of primary human colon fibroblasts and
incubated with the respective NK-92 cells as follows. 48-well stan-
dard culture plates with a growth area of 1 cm? (Greiner Bio-One)
were first moistened using culture medium. Subsequently, each well
was evenly covered with 35 pl undiluted Matrigel which was
allowed to solidify overnight at RT. Alternatively, human primary
fibroblasts were seeded on gelatin-coated 48-well plates at a conflu-
ency of 80-90% and cultured for 1 day. Confluent organoids were
collected, mechanically sheared, pelleted, washed, and seeded at a
split ratio of 1:2.5. Organoids were resuspended in 150 pl of the
respective culture medium supplemented with 10 uM of Y-27632
per assay replicate. The organoid suspension was carefully added to
the center of the Matrigel- or fibroblast-covered wells, respectively.
Organoids were grown for 24 h before addition of NK-92 cells in
500 ul of medium without Y-27632. For standard cytotoxicity
assays, ~10° organoids cells (determined as described below) were
seeded per well of the 48-well plate (1 cm?), which was defined as
organoid density of 100%.

NK-92 cells and their CAR-engineered derivatives were pelleted,
washed, and resuspended in co-culture medium as indicated below.
Cells were counted using a hemocytometer, and the required
number of cells in a total volume of 500 pl (or 1 ml for long-term
co-cultures) per well of a 48-well plate was co-incubated with target
cells for the desired time period at 37°C. The following co-culture
media were used: For human organoids, the medium contained
complete normal or tumor medium (as above) lacking nicotinamide.
0.01 uM Prostaglandin E2 (PGE2; R&D Systems) was added to
induce a cystic phenotype. For mouse small intestinal organoids,
the respective culture media were used (as above). For luciferase-
based quantification, the supernatant was removed after co-culture
and each well was washed with pre-warmed culture medium.
Subsequently, 500 ul luciferase assay reagent composed of 10%
One-Glo EX Reagent (Promega) in lysis buffer (50 mM NaCl, 50 mM
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Tris—HCl pH 7.4, 1% Triton X-100) was added to each well and
incubated at room temperature for 15 min protected from light.
Lysates were collected and stored at —80°C until measurement.
100 pl of each sample was transferred to an opaque 96-well micro-
titer plate and measured using a LUMIstar Galaxy Luminometer
(BMG LABTECH). Target cell lysis was defined as the difference
between luciferase activity of organoids cultured alone and residual
luciferase activity after co-culture. CAR-specify lysis was defined as
the difference between target cell lysis by CAR-NK-92 cells and
parental NK-92 cells.

Image-based counting of organoid cell number

To determine the exact epithelial cell count seeded per well of the
48-well plate, the same amount of organoids was seeded on
Matrigel-coated 24-well Imaging Plates CG (Miltenyi Biotec) and
grown for 24 h. Cells were fixed (chilled 4% paraformaldehyde,
20 min) and permeabilized (1% Triton X-100, 5 min), and nuclei
were stained using NucBlue Fixed Cell ReadyProbes (Thermo Fisher
Scientific) following the manufacturer’s instructions. For each well,
DAPI image stacks of entire organoids (4 um z-distance, 20-35
steps) were acquired in 60-90 randomly selected areas at 20x
magnification (each corresponding to 0.64 mm?®) using the CQl
Confocal Quantitative Image Cytometer. The z-stacks were analyzed
using the application “Spheroid Structure” included in the CQ1 Soft-
ware. Briefly, after smoothening and local thresholding, nuclei were
detected as objects and expanded in all three dimensions for
segmentation (see Appendix Fig S1). The mean number of nuclei
per image region was extrapolated to the total area per well.

Live-cell imaging-based NK-92 cytotoxicity assay

For all live-cell imaging experiments, black-walled glass bottom 24-
well Imaging Plates CG (Miltenyi Biotec) with a growth area of
1.36 cm? were used. Moistened wells were covered with a layer of
50 pl undiluted Matrigel and allowed to solidify overnight at RT.
For seeding, organoids stably expressing green or red fluorescent
protein (GFP; DsRED) were seeded (as above) in a total volume of
500 pl per well and grown for 24 h before addition of NK-92 cells.
NK-92 cells (prepared as above) were resuspended in a total volume
of 1 ml co-culture medium per well and stained by addition of APC-
conjugated anti-CD45 (clone 2D1; 1:150; Invitrogen). All live-cell
imaging experiments were performed at 37°C, 5% CO,, and 20%
humidity. Fluorescence images were acquired at identical positions
in intervals of 6-7 min at 20x magnification using the CQ1 Confocal
Quantitative Image Cytometer. Per position 13 z-stacks with a step
size of 4.2 pm were acquired (50 pm total z-range). Per condition
four positions were imaged using identical settings.

Image processing and analysis

Image analysis was done using the CQ1 software (Yokogawa). The
exact procedure and software settings are shown in Appendix Fig
S2. Image stacks were processed to maximum intensity projections
(MIP) for further analysis. A custom algorithm was designed to
analyze the loss of organoid area (as a measure for target cell
killing) and the recruitment of NK-92 cells to their targets. For detec-
tion of organoids, GFP/DsRED images were smoothened and
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binarized by local thresholding that was simultaneously adjusted for
an entire well/condition. Edges of binarized objects were eroded to
avoid detection of noise (e.g., apoptotic bodies). Only objects with
an area greater than the threshold of 500 um?* were defined as orga-
noids. For measurement of effector cell recruitment, the detected
organoids were expanded by addition of a belt area with a constant
diameter of 50 um (“dilation circle”), and NK-92 cells within the
dilated organoid area were counted. For this, the CD45 signals were
smoothened and binarized by local thresholding. The area of bina-
rized objects was eroded, and objects were reduced to points. A
minimum distance to neighboring points was defined (0.1 pm) to
avoid double counting of cells. All points detected within the dilated
organoid area were counted as recruited effector cells. In order to
measure the background density of NK-92 cells (total number of
NK-92 cells per imaging frame), the same algorithm was applied to
the total image).

The .csv files generated by the CQ1 software were imported to
MS Excel 2016 for further analysis. For tracking of organoid area
loss and NK-92 cell recruitment over time for individual organoids,
a macro was designed (Fig EV2C). Raw data included the organoid
coordinates, the organoid area, and NK-92 cell count. For each
imaging position, the coordinates (Xmin, Xmax> Ymin» Ymax) S€rved as
unique identifier for each organoid. The initial range was expanded
(NEW Xmin, NEW Xpnax, NEW ypin, NEW yn, see Fig EV2D) to
track organoids that change size or position over the imaging inter-
val. After filtering for the new coordinates, each organoid was
assigned a unique number.

Statistical analysis

All statistical analysis was performed using GraphPad Prism 7.0d
software. Data are presented as mean, and all error bars show stan-
dard deviation (SD). Statistical significance was evaluated with two-
tailed, unpaired Student’s t-test. For multiple t-tests, unequal SD
was assumed and P-values were filtered using the desired
FDR = 1% and the two-stage method by Benjamini, Krieger, and
Yekutieli. Differences were considered as not significant (ns) when
P > 0.05. The built-in linear regression was used to calculate corre-
lation coefficients (R®) and to determine whether slopes are signifi-
cantly different (ANCOVA test).

Expanded View for this article is available online.
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