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Abstract

Intraperitoneal cellular immunotherapy with CAR-redirected lymphocytes is an intriguing approach to target peritoneal car-
cinomatosis (PC) from ovarian cancer (OC), which is currently evaluated in clinical trials. PC displays a composite structure
with floating tumor cells within ascites and solid-like masses invading the peritoneum. Therefore, a comprehensive experi-
mental model is crucial to optimize CAR-cell therapies in such a peculiar environment. Here, we explored the activity of
cytokine-induced killer lymphocytes (CIK), redirected by CAR against mesothelin (MSLN-CAR.CIK), within reductionistic
3D models resembling the structural complexity of both liquid and solid components of PC. MSLN-CAR.CIK effectively
killed and were functionally efficient against OC targets. In a “floating-like” 3D context with floating OC spheroids, both
tumor localization and killing by MSLN-CAR.CIK were significantly boosted by fluid flow. In a “solid-like” context, MSLN-
CAR.CIK were recruited through the extracellular matrix on embedded tumor aggregates, with variable kinetics depending
on the effector-target distance. Furthermore, MSLN-CAR.CIK penetrated the inner levels of OC spheroids exerting effective
tumor killing. Our findings provide currently unknown therapeutically relevant information on intraperitoneal approaches
with CAR.CIK, supporting further developments and improvements for clinical studies in the context of locoregional cell
therapy approaches for patients with PC from OC.
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Introduction incomplete responses and relapses are still a major prob-

lem and the prognosis remains unsatisfactory, with a 5-year

Peritoneal carcinomatosis (PC) from ovarian cancer (OC)
is a serious clinical condition, frequently associated with
advanced stages and recurrent disease settings [1-3], where
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overall survival barely reaching 50% [4-6]. Advances in
therapeutic approaches employed over the past two decades
include surgery [7], first-line chemotherapy [8] and PARP
inhibitors [9, 10], all determinants of significant clinical ben-
efits, while, so far, immune checkpoint inhibitors have failed
to demonstrate significant activity [11].

PC from OC is characterized by the spreading of tumor
cells within the peritoneal cavity, adhering to the visceral
and parietal peritoneum or floating in the accumulating
peritoneal fluid defined as malignant ascites [1, 12]. The
peculiar context of PC pathophysiology is well suited for
locoregional administration of drugs which represent an
active research frontier for this type of cancer [4, 13]. An
intriguing perspective in this context is represented by the
locoregional translation of cellular immunotherapies, where
clinical trials are currently ongoing or just ended [14—17].
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Chimeric antigen receptor (CAR)-redirected cell-based
immunotherapies are emerging as valuable opportunities
and intense research efforts are currently devoted to trans-
lating the success obtained in hematological malignancies to
solid tumors [18-21]. However, the ability of CAR.T cells to
reach and infiltrate the solid tumor structure, which is critical
for tumor eradication [22], is yet to be determined. In this
regard, the case of PC is therefore a paradigmatic biologi-
cal and clinical situation, because solid-like and liquid-like
tumor components are both present. Therefore, assessing
the efficacy of cell-based immunotherapy in PC from OC
models might give important insights into the determinants
of the efficacy of this particular therapeutic approach.

Here, we explored the activity of CAR-redirected
cytokine-induced killer lymphocytes (CAR.CIK) against
advanced OC, by developing suitable 3D models resembling
the complexity of peritoneal metastasis. CIK are patient-
derived ex vivo expanded lymphocytes [23], presenting
a mixed T-NK phenotype and intrinsically endowed with
HLA-independent antitumor activity consequent to the inter-
action of their main killing receptor (NKG2D) with stress-
inducible targets (MIC A/B and ULBPs 1-6), commonly
expressed by tumor cells [24]. The application of CIK as
functional immune actors for CAR-cell therapy could bring
improvements where conventional CAR.T cells present a
poor therapeutic efficacy [25]. Furthermore, the choice of
CAR.CIK with respect to CAR.NK or CAR.NKT lies in
the ease of expansion ex vivo, a potentially longer persis-
tence in vivo and higher efficacy against solid tumors [26].
CIK intrinsic NKG2D-mediated antitumor activity comes in
help against challenging solid tumor settings characterized
by the heterogeneous expression of the targeted antigen [19,
25, 27], thanks to the conjugation with CAR-specific target-
ing, as reported in different tumor types, including OC [25,
28-33]. In the peculiar context of OC, a hypothetical pos-
sibility is that of a regional intraperitoneal infusion of CAR.
CIK, which provides the opportunity to focalize the antitu-
mor activity and minimize the risk for systemic toxicities.

Here, we chose the well-described glycoprotein meso-
thelin (MSLN) as a CAR target for CAR-redirected CIK
(MSLN-CAR.CIK) [34-37].

In order to dissect how the peculiar organization of PC
may affect cell-based immunotherapy, we have developed
reductionistic 3D models of both the solid and the floating
components of PC. The intent is to shed light on the behav-
ior of MSLN-CAR.CIK in the mixed context of PC from
advanced OC, where locoregional therapeutic approaches
are of current interest and thus further supporting the clinical
studies that aim at exploring and optimizing the intraperito-
neal delivery of a cell-based immunotherapy with CAR.CIK.

@ Springer

Materials and methods
Metastatic OC (mOC) cell lines

mOC cell lines, such as OVCAR-3 and OVCAR-4, were
purchased from National Cancer Institute (NCI), OAW28,
COV362, OAW42 from the European Collection of Authen-
ticated Cell Cultures (ECACC) while SK-OV-3, and the con-
trol cell lines Caco-2, HelLLa, and MRC-5 from American
Type Culture Collection (ATCC). Except Caco-2, obtained
from an established collection of CRC cell lines [38], all cell
lines were kept in stock in our institute’s cell culture facility,
which reauthenticates cells by applying the PowerPlex16
Cell-ID assay (#DC6531, Promega, USA) and tests for
Mycoplasma contamination with a PCR Mycoplasma Detec-
tion kit (#G238, Applied Biological Materials Inc., Canada).
All cell lines have been characterized by the provider and
maintained as suggested (see Supplementary Methods).

Generation and ex vivo expansion of MSLN-CAR.CIK

CIK were generated from peripheral blood mononuclear
cells (PBMC) of patients with advanced stage tumors,
including but not limited to OC, at Candiolo Cancer Insti-
tute and San Luigi Hospital, after releasing written informed
consent according to internal Institutional Review Board
(IRB)-approved protocols (no. 225/2015; no. 125/2022).
PBMC were isolated by density gradient centrifuga-
tion (#07851, Lymphosep, Aurogene, Roma, Italy) and
seeded in cell culture flasks at a concentration of 2 X 1026
cells/mL in RPMI-1640 medium (#ECB9006L, Euroclone
S.p.A., Milano, Italy), consisting of 10% fetal bovine serum
(#A5256701, Gibco BRL, ThermoFisher, Waltham, MA,
USA), 100 U/mL penicillin and 100 pg /mL streptomycin
(#ECB3001D, Euroclone S.p.A., Milano, Italy) and 2 mM
L-glutamine (#ECB3000D-20, Euroclone S.p.A., Milano,
Italy). We added IFN-y (#130-096-482, Miltenyi Biotec,
Bergisch Gladbach, Germany; 1,000 U/mL) on day 0 and
after 24 h we activated PBMC using anti-Biotin MACSi-
Bead Particles loaded with CD2, CD3, and CD28 antibod-
ies (#130-091-441, Miltenyi Biotec, Bergisch Gladbach,
Germany) and human interleukin (IL)-2 IS (#130-097-746,
Miltenyi Biotec, Bergisch Gladbach, Germany, 300 U/mL).
On day + 3, stimulated PBMC were transduced with third-
generation bidirectional lentiviral vector [39] encoding for
second-generation anti-MSLN-CAR containing 4-1BB co-
stimulatory domain (Creative Biolabs Inc., Ramsey Road
Shirley, NY, USA) and GFP reporter gene, by overnight
incubation. Paired NTD.CIK were used as control. For
selected experiments, activated PBMC were transduced with
an irrelevant ANGFR/GFP-bidirectional lentiviral vector.
Cells were expanded over 4 weeks. Fresh medium and IL-2
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Fig.1 MSLN-CAR.CIK effectively and specifically kill mOC cells in
2D. A MSLN-CAR.CIK killed mOC cell lines more specifically than
NTD.CIK. Tumor cell-specific cytotoxicity values from > 3 biological
replicates are reported (mean+SD). B MSLN-CAR.CIK and NTD.
CIK similarly killed the MSLN low mOC cell line OAW42 (n=4)
(mean +SD) (left). MSLN-CAR.CIK killing of mOC cells depends

(300 U/mL) were replaced every 2-3 days as needed and the
cell concentration was maintained at 1.8 X 106 cells/mL.

Tumor and MSLN-CAR.CIK characterization by flow
cytometry

Conjugated CD3 (#552127), PD-1 (#565935) (BD Pharmin-
gen, USA), and CD314 (anti-NKG2D) (#130-111-846),
CD8 (#130-110-679), CD56 (#130-113-310) (Miltenyi
Biotec, Germany) monoclonal antibodies (mAbs) were
used to characterize phenotype of MSLN-CAR.CIK, and a
conjugated anti-F(ab’), fragment Ab (#115-606-072, Jack-
son ImmunoResearch Europe Ltd) to detect CAR expres-
sion. mOC cells were stained with conjugated mAbs for the

effector/target ratio

effector/target ratio

on MSLN expression levels at therapeutically relevant E/T ratios
(n=3/4) (mean+SD) (OVCAR-3 chosen as MSLN high cell line,
while OAW42 as MSLN low) (right). C MSLN-CAR.CIK and NTD.
CIK showed similar cytotoxic activity against colorectal cancer cell
line Caco-2 not expressing MSLN (n=3) (mean=+SD). (*P <0.05;
**P<0.01; ¥*¥#P <0.001; **+**P <0.0001)

expression of MIC A/B (#558352, BD Pharmingen, USA)
and ULBPs-2,5,6 (#FAB1298A, R&D Systems Inc., USA).
mOC was stained with 1 pg/mL MSLN-Ab (#PA5-79697,
Sigma-Aldrich, USA), then washed and incubated with anti-
rabbit IgG-AlexaFluor 647 Secondary Ab (#A31573, Invit-
rogen, ThermoFisher, USA).

Labeled cells were read on FACS Cyan ADP (Beckman
Coulter, USA), analyzed using Summit Software (Beckman
Coulter, USA), and on BDFACS Celesta (BD Life Sciences,
USA). Gate criteria were set to secondary ab/unstained
controls.
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«Fig.2 MSLN-CAR.CIK are more stably localized on the target when
coupled with fluid flow in floating-like cultures. A Sketch of the
reductionistic experimental floating 3D context (Created in BioRen-
der.com). B-C MSLN-CAR.CIK cells were monitored by time-lapse
imaging with (B) and without (C) flow, compared to NTD.CIK.
Representative time-lapse microscopy images refer to snapshots at
indicated timepoints for brightfield and fluorescence, the latter cor-
responding to lymphocytes only. Scale bar: 200 pm. D-E Measure of
the intensity of fluorescence signal in the regions of the image cor-
responding to the spheroids. The plot shows the localization of lym-
phocytes on mOC spheroids in the presence (D) or absence (E) of a
fluid flow at different times after the addition of MSLN-CAR.CIK.
Each line represents the mean of many single spheroids (CAR flow
N=3; NTD flow N=3; CAR no flow N=5; NTD no flow N=3),
while shades represent SD. F Quantitative analysis obtained from
localization data: localization time extracted by fitting the localization
time sequences as fluorescent signal localized onto the tumor sphe-
roids for MSLN-CAR.CIK vs NTD.CIK in the presence or absence of
a flow. In floating cultures, mean and dispersions were (3.20+1.02)
h for MSLN-CAR.CIK (N=5 spheroids), compared with NTD.CIK
(4.50+2.72) h (N=7 spheroids). Localization time in static cultures
had mean and dispersions of (13.05+2.04) h for MSLN-CAR.CIK
(N=4 spheroids), (12.85+5.09) h for NTD.CIK (N=6 spheroids).
G-H Representative images of mOC spheroids labeled with NucBlue
and cultured with lymphocytes in the presence (G) or absence (H) of
flow. Red arrows indicate small and fragmented nuclei, while white
arrows indicate intact nuclei. Scale bar: 200 pm. I MSLN-CAR.
CIK target more effectively 3D mOC spheroid in the presence of
forced flow. LDH release from spheroids cultured in the presence or
absence of fluid flow (n=4) (mean+SD). (*P<0.05; **P<0.01;
P <0.001; #*+**P <0.0001)

Cancer cell spheroid formation

Three-dimensional (3D) mOC spheroids were generated
from multiple mOC cell lines exploiting the hanging drop
protocol [40], starting from preparation of a methylcellulose
stock solution (see Supplementary Methods).

Spheroids premixed with Cultrex BME (#3434-050-RTU,
R&D, Minneapolis, MN, USA) were seeded as described
in the following paragraph. The number of cells per drop
changed depending on the type of 3D assay. Generally,
OVCAR-3: 200-750; SK-OV-3: 200-500-750; COV362:
200-750.

3D floating-like and solid-like models

We cultured 3D mOC aggregates employing two experi-
mental settings: (I) to mimic floating metastasis, we set up
a 3D floating-like model in which spheroids and MSLN-
CAR.CIK were cultured in liquid medium, where the flow
was enforced by mechanical shaking of the plate (using the
BioTek Cytation3, Cell Imaging Multi-Mode Reader). (II)
The 3D solid-like model was realized by embedding both
spheroids and MSLN-CAR.CIK in a 3D hydrogel or seeding
MSLN-CAR.CIK on top of the hydrogel.
(D 3D floating-like models

For the 3D floating-like cocultures, preassembled sphe-
roids were cultured in 75 pL of culture media in ULA
96-well flat-bottomed plates (#6055802, PerklinElmer,
USA) 3 days upon spheroids growing in hanging drop. The
next day, MSLN-CAR.CIK were added in 75 pL of culture
media with a final volume of 150 pL and IL-2 concentration
of 300 U/mL. Differently from 2D assays, in the 3D case the
effective number of effector to target cell ratios (E/T) was
expressed in terms of volume densities rather than absolute
numbers. The number of immune cells to be seeded in the
culture medium was estimated by calculating the density
of effector cells that could fit in a spherical shell (1000 pm
radius) surrounding each tumor spheroid, in order to approx-
imately generate a theoretical 1:1 E/T in the volume around
all spheroids.

The cocultures were either maintained static or in the
presence of a fluid flow for 24-36 h continuously or uncon-
tinuously, to generate a fluid flow.

(II) 3D solid-like models

For the 3D cell solid cultures, the preassembled spheroids
were resuspended in a defined volume of Cultrex BME in
order to reach c.a. a concentration of 10 spheroids every
45 pL of hydrogel per well, always maintaining the tube
on ice.

In the 3D solid embedded culture, MSLN-CAR.CIK were
premixed with the spheroids into the hydrogel at densities
c.a. 2x 1076 cells/mL. Similar to the 3D floating-like mod-
els, the number of immune cells to be seeded in the gel was
estimated by calculating the density of effector cells that
could fit in a spherical shell (390-450 pm radius) surround-
ing each tumor spheroid, in order to approximately gener-
ate a theoretical 1:1 E/T around all spheroids. Forty-five pL
of the embedded mixture supplemented with 300 U/mL of
IL-2 was pipetted per well into a black-walled, glass-bottom,
96-well imaging plate (#0030741030, Eppendorf, Germany)
and allowed to polymerize for 30 min in the incubator at
37 °C, 5% CO2. After polymerization, the scaffolds were
covered with 150 pL. of RPMI-1640 supplemented with 300
U/mL of IL-2.

In the 3D solid top culture, spheroids were embedded in
45 pL of Cultrex BME alone and covered with a volume of
150 pL of RPMI-1640 plus IL-2 (300 U/mL) with a given
number of MSLN-CAR.CIK.

To evaluate immune effector infiltration, the 3D solid
embedded culture was re-adapted to fit in a p-slide 18-well
chamber slide (#81816, IBIDI, Germany). MSLN-CAR.CIK
were premixed with the spheroids into the hydrogel at densi-
ties c.a. 14X 1076 cells/mL. The number of immune cells to be
seeded in the gel was estimated by calculating the density of
effector cells that could fit in a spherical shell (150 pm radius)
surrounding each tumor spheroid. Forty pL of the embed-
ded mixture was pipetted per well and allowed to polym-
erize for 30 min in the incubator at 37 °C, 5% CO2. After
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«Fig. 3 MSLN-CAR.CIK migrate and are recruited on mOC tumor
spheroids. A Sketch of the reductionistic experimental solid 3D con-
texts (Created in BioRender.com). B MSLN-CAR.CIK and NTD.
CIK were monitored by time-lapse imaging when embedded in the
hydrogel (upper three rows) and when seeded on top (lower two
rows) against mOC spheroids. Representative microscope images
refer to snapshots at indicated times where the top half of the image
is the brightfield channel while the lower part corresponds to tumors
labeled with NucBlue, and for both the additional fluorescent chan-
nel corresponds to lymphocytes. Scale bar: 200 pm. C-D Intensity
of fluorescence signal in the regions of the image corresponding to
the spheroids. The plot shows the recruitment of MSLN-CAR.CIK
or NTD.CIK on mOC spheroids when embedded C or seeded on top
of the matrix (D), as a function of time. Each thin line represents a
single spheroid, while the ticker lines represent the median. E Com-
parison of MSLN-CAR.CIK monitored by time-lapse imaging when
embedded in the hydrogel with respect to when seeded on top of it,
targeting mOC spheroids embedded at different distances from the
liquid—matrix interface. mOC spheroids are labeled with NucBlue
(cyan) and CAR lymphocytes labeled with PKH67 (green). Grayscale
images correspond to brightfield images. Each row shows a mOC
spheroid either co-embedded with MSLN-CAR.CIK (upper row) or
alone (middle-lower rows), in representative snapshots at indicated
times for each channel. Scale bar: 200 pm. F Lag time of recruit-
ment on tumor spheroids for MSLN-CAR.CIK embedded or seeded
on top of the hydrogel for each considered mOC cell line. For exam-
ple, OVCAR-3 cell line challenged with MSLN-CAR.CIK, results
in a lag time (31.50+16.53) h when embedded (N=17 spheroids),
versus (6.55+1.71) h when on top (N=17 spheroids). G The plot
shows the recruitment of MSLN-CAR.CIK when seeded on top of
the hydrogel against mOC spheroids seeded both on top of as well
(CAR OUT) or completely embedded in (CAR IN). H Recruitment
time of MSLN-CAR.CIK when seeded on top of the hydrogel in a
3D solid-like model or in a 3D floating-like model under a forced
fluid flow for each considered mOC cell line. For example, OVCAR-3
cell line challenged with MSLN-CAR.CIK, results in a lag time
(31.50+16.53) h when on top of the hydrogel (N=17 spheroids),
versus (2.60+0.85) h in a forced flow (N=2 spheroids). (*P <0.05;
*#*P<0.01; ***P<0.001; ****P <0.0001)

polymerization, the scaffolds were covered with 100 pL of
RPMI-1640 supplemented with 300 U/mL of IL-2.

3D floating-like tumor cell killing assays

In 3D floating-like models, mOC spheroids were seeded five
per well in ULA 96-well flat bottom plates. MSLN-CAR.CIK
and NTD.CIK were plated at a given volume density recapitu-
lating a E/T of 1:1 in culture medium with 300 U/mL IL-2,
25 mM HEPES at 37 °C 5% CO2. Immune-mediated cytotox-
icity against mOC spheroids was determined using CytoTox 96
Non-Radioactive Cytotoxicity Assay kit (#G1780, Promega,
USA) upon 24 h of continuous mechanical shaking of the
coculture (freq. 150 r.p.m.), as described in Supplementary
Methods.

3D solid-like tumor cell killing assays

In 3D solid-like models, NucBlue (#R37605, Invitrogen,
ThermoFisher, USA)-positive mOC spheroids and PKH67

(#P7333, Sigma-Aldrich, USA)-positive MSLN-CAR.CIK
or NTD.CIK were cultured for 72 h, upon staining with pro-
pidium iodide (#P4170, Sigma-Aldrich, USA). Killing activity
was determined as positivity of propidium iodide fluorescence
spheroid area (pixel). Untreated mOC spheroids were used to
evaluate spontaneous mortality, whereas a part was lysed with
5% (v/v) Triton X-100 (#1610407, Bio-Rad, Hercules, USA)
as a control for the maximum cytotoxicity.

Imaging and quantitative image processing

Details on live imaging, cell labeling, and image quantification
techniques are detailed in the Supplementary Information.

Statistical and data analysis

Data were analyzed using Prism 10.0 (GraphPad Software) or
MATLAB (The Mathworks, USA). Descriptive data are pre-
sented as mean or median values, and all error bars represent
standard deviation (SD). Statistical significance was obtained
with two-tailed unpaired Student’s t tests. A P <0.05 was con-
sidered significant. Significance is represented as *, P <0.05;
** P<0.01; ¥** P<0.001; **#** P <0.0001.

Results

MSLN-CAR.CIK are functional in 3D biological
models recapitulating the complexity of PC

MSLN-CAR.CIK were first generated and characterized
and the relative cytotoxic activity was tested in standard
two-dimensional killing assays on a panel of mOC cell
lines (Supplementary Fig. S1). MSLN-CAR.CIK effectively
killed tumor targets at all E/T ratios, with clear improve-
ments compared to NTD.CIK (Fig. 1A and Supplementary
Fig. S2A). As expected, MSLN-CAR.CIK-mediated tumor
toxicity was strongly dependent on the level of surface
expression of MSLN on tumor cells, as shown by comparing
mOC cell lines negative or positive for MSLN (Fig. 1A-B
and Supplementary Fig. S2B). MSLN-CAR.CIK and NTD.
CIK showed instead comparable cytotoxicity against the
MSLN-negative control Caco-2 cell line (Fig. 1C) and lim-
ited activity against non-tumoral fibroblast cell line MRC-5
(Supplementary Fig. S2C). A higher cytotoxic activity,
retained even at lower E/T ratios, was observed by MSLN-
CAR.CIK as compared with CIK engineered with the irrel-
evant ANGFR/GFP-bidirectional lentivirus (Supplementary
Fig. S2D).

In order to recapitulate the clinical complexity of perito-
neal metastasis and to be able to appreciate the dynamical
interactions between MSLN-CAR.CIK and tumor cells, we
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«Fig.4 MSLN-CAR.CIK infiltrate the tumor target in a 3D solid-like
biological setting. A Maximum intensity projections of four grouped
confocal sections of mOC spheroids challenged with MSLN-CAR.
CIK, both embedded in 3D hydrogel after 16 h of coculture. (MSLN-
CAR.CIK: green—PKH67; mOC spheroid: red—PKH26). Scale
bar: 50 pm. B Sketch of the mOC spheroid sectioning done to gen-
erate four different maximum intensity projections along the z-plane
of each spheroid. C Fraction of mOC spheroid volume occupied by
MSLN-CAR.CIK or NTD.CIK, obtained by quantifying the seg-
mented signal within the spheroid volume. (*P<0.05; **P <0.01;
*##%P<0.001; ****P <0.0001)

developed reductionistic experimental settings for the solid-
like and floating-like components of PC.

MSLN-CAR.CIK localize effectively on the floating
component of mOC

To mimic the floating metastasis subjected to fluid flows
potentially generated by body-movement, we cultured mOC
spheroids and MSLN-CAR.CIK in liquid medium, where
the fluid flow was enforced by mechanical shaking of the
plates, as sketched in Fig. 2A and Supplementary Fig. S3A.
In relative terms, MSLN-CAR.CIK localized more intensely
on mOC spheroids than NTD.CIK, regardless of the pres-
ence of the flow. Importantly, MSLN-CAR.CIK localization
on mOC spheroids was significantly faster and stronger in
the presence of fluid flows than in its absence (Fig. 2B-E
and Supplementary Video S1, S2). Localization of MSLN-
CAR.CIK in the presence of a fluid flow took on average
(3.2+1.0) h, while it took (4.5 +2.7) h for control NTD.CIK
(Fig. 2F). The absence of flow greatly increased the recruit-
ment time, with an average of (13.1+2.0) h for MSLN-
CAR.CIK and (12.9 +5.1) h for NTD.CIK (Fig. 2F). Details
on the measurement of the recruitment time can be found in
Supplementary Methods.

MSLN-CAR.CIK are cytotoxic against the floating
component of mOC

In the floating 3D context, we found that MSLN-CAR.CIK
retained the intense cytotoxicity observed in the traditional
2D assay (Fig. 1A).

Qualitatively, the cytotoxic activity of MSLN-CAR.
CIK in the presence of fluid flow is indicated by evident
fragmentation of nuclei induced by the CAR lymphocytes,
compared with images taken at the beginning of the cocul-
ture, as shown in Fig. 2G and H. In order to quantitatively
corroborate this observation, we measured cytotoxicity by
assessing the release of lactate dehydrogenase (LDH) in
the culture medium. Our data indicate that MSLN-CAR.
CIK were significantly more cytotoxic in the presence of
a continuously forced fluid flow, coherently with the faster
localization of CAR lymphocytes on the target (Fig. 2I).

The relative enhanced cytotoxicity by MSLN-CAR.CIK
vs NTD.CIK was also coherent with the stronger tumor
localization of MSLN-CAR.CIK, thereby yielding a sys-
tematically higher killing independently of the fluid flow
(Fig. 2I).

MSLN-CAR.CIK are recruited on the solid component
of PC with kinetics dependent on target-effector
distance

In order to assess whether MSLN-CAR.CIK can effec-
tively reach and kill targets in the solid-like setting, we set
up a hydrogel embedded 3D culture to mimic the extra-
cellular matrix. CAR lymphocytes and tumor spheroids
were cocultured in two different experimental conditions
in which effectors were either added on the liquid—gel
interface, recapitulating a more realistic setup to evaluate
their ability to migrate from the liquid to the solid matrix,
or embedded within the gel, recapitulating a more homo-
geneous and reproducible setup (Fig. 3A and Supplemen-
tary Fig. S3A). MSLN-CAR.CIK effectively localized on
matrix-embedded tumor spheroids.

As expected, MSLN-CAR.CIK were recruited more
rapidly when initially embedded in the matrix (Fig. 3B
upper panels—C and Supplementary Video S3). MSLN-
CAR.CIK also penetrated the hydrogel (Fig. 3B lower
panels—D) from the liquid—-matrix interface, albeit with
more variable recruitment times, suggesting a potential
dependence on the distance of the target from the interface.
Coherently, when observed for longer times (72 h), simi-
lar levels of MSLN-CAR.CIK recruitments were reached,
independently from where the immune cells were initially
located (Fig. 3C-E and Supplementary Video S4). This
observation was corroborated by the direct comparison of
the distribution of lag-times in the two different settings
(termed top and embedded, Fig. 3F), which highlights a
much broader distribution for CAR lymphocytes seeded
on top of the matrix than when embedded. The depend-
ence of the time required to reach the mOC spheroids on
the distance traveled by the CAR lymphocytes was con-
firmed by direct measurements of the location of mOC
spheroids as shown in Supplementary Fig. S4A. To further
test the specificity of MSLN-CAR.CIK, we measured their
localization on 3D non-tumoral fibroblast aggregates and
found it to be lower than on tumor cells (Supplementary
Fig. S3B, O).

Since metastatic implants in patients can also be found
adhered at the liquid—matrix interface, we performed experi-
ments by seeding mOC spheroids both on top of the matrix
as well as completely embedded as shown in Fig. 3G,
and then added MSLN-CAR.CIK on the liquid—gel inter-
face. Our results outlined how MSLN-CAR.CIK recruit-
ment over superficial spheroids (CAR OUT) was almost

@ Springer



6 Page 10 of 14

Cancer Immunology, Immunotherapy (2025) 74:6

>

OVCAR-3

PKH67

Propidium Iodide

NucBlue

v b

X

G 3

a:

z

X

H

(61

I

< T

9

z

-

(7]

=

Brightfiel NucBlue Propidium Iodide

R A

X

=

9

[=]

=

4

X

=

9

-4

<< B

Q28

2~

-

S L

COV362

PKH67

NucBlue Propidium Iodide

X3
g3
y O
3
zE
v

MSLN-CAR.CIK

Brightfield NucBlue PKH67 Propidium Iodide
?_.;_g:’w - am >
[ - 3

o

NTD.CIK

MSLN-CAR.CIK

Fig.5 MSLN-CAR.CIK are cytotoxic against the solid component
of PC in 3D solid-like biological settings. A Comparison of MSLN-
CAR.CIK- and NTD.CIK-treated mOC spheroids lapsed after 72 h
of coculture, when CAR lymphocytes are embedded in the hydrogel
with respect to when seeded on top of it. mOC spheroids are labeled
with NucBlue (cyan), CIK with PKH67 (green), and the killing effect

@ Springer

—_
o

Relative Cytotoxicity

Brightfield NucBlue PKH67 Propidium Iodide
x3
o3
a [

-]
ZE

Q
x
x B
ol
x5
<o
Qo
zE
w9l
=

Brightfield NucBlue PKH67 Propidium Iodide
X
=1
Q
a
=
z
X
-

o
[
<
Q
F4
-
"
=

N=14 N=32 N=37 N=26 N=52 N=55 N=15 N=35 N=35

Xk K K

X0k K K KKk K

* % % K Xk % K * %

Untreated (NT)
@ 1ok

[ J
° @ VMSLN-CAR.CIK

o

»

N

N}

_I_

OVCAR-3 SK-OV-3

i $
s plig

COV362

is shown by propidium iodide labeling (orange). Grayscale images
correspond to brightfield images. Scale bar: 100 pm. B Cytotoxic
activity on single mOC spheroids either untreated (gray), cocultured
with MSLN-CAR.CIK (red) or with NTD.CIK (black) in both 3D
solid-like models, all related to untreated condition. Green bars cor-
respond to median and SD. (¥**P <0.01; ****P <(.0001)



Cancer Immunology, Immunotherapy (2025) 74:6

Page110f14 6

immediate without, however, compromising the ability of
the MSLN-CAR.CIK to target inner mOC spheroids (CAR
IN) (Fig. 3G).

It is worth noting that the typical recruitment times
obtained in experiments performed in the solid-like model
are estimated around one order of magnitude larger than
those obtained in the floating-like models (Fig. 3H), coher-
ently with the quantitative argument presented in Supple-
mentary Information S1.

MSLN-CAR.CIK infiltrate and kill the solid
component of PC

As a final experimental validation of our cell therapy
approach, we found that MSLN-CAR.CIK infiltrate deep
layers of the tumor spheroids and exert a significant
cytotoxicity.

By confocal microscopy we verified that, already after
16 h, mOC spheroids embedded in the matrix and cocultured
with embedded lymphocytes are found clearly infiltrated
with MSLN-CAR.CIK (Fig. 4A-C and Supplementary
Fig. S4B). These findings support the notion that MSLN-
CAR.CIK can reach and infiltrate in a 3D solid-like biologi-
cal setting, which is a prerequisite for an efficient destruction
of solid masses.

Finally, we investigated the MSLN-CAR.CIK cytotoxic
activity against tumor targets in a solid-like environment
(Fig. 5A), and verified that MSLN-CAR.CIK exert a sig-
nificant cytotoxic effect, ranging from approximately two to
fourfold higher than baseline level of spontaneous mortality
of untreated tumor spheroids, peaking around fourfold for
OVCAR-3, consistently with 2D killing assays (Fig. 5SB—
Supplementary Fig. S4C).

Taken together these data indicate that the killing ability
of MSLN-CAR.CIK in 3D is systematically and significantly
higher than that of NTD.CIK. This observation is coherent
with our results on 2D killing assays which indicate MSLN-
CAR.CIK as more cytotoxic than NTD.CIK.

Discussion

The central aim of our research was the development of
a reductionistic and reliable experimental 3D setting that
recalled independently the floating-like and solid-like com-
ponents of PC, to model the spatio-temporal dynamics and
antitumor activity of MSLN-CAR.CIK therapy. Our intent
was to gain insights into specific variables that could be
relevant and considerable in planning experimental trials of
CAR.CIK locoregional treatments into the peritoneal cavity.

A relevant aspect of our model is the fluid flow mediated
transport which is a peculiarity of the floating-like setting.
A fluid flow is instead substantially absent in the solid-like

setting, where cell transport is due to active cell migration
through the extracellular matrix, and potentially significantly
slower. Coherently, our data highlighted the positive contri-
bution of a fluid flow on the kinetics of MSLN-CAR.CIK
localization over targets with respect to the case where fluid
flow is absent. In the setting of a clinical intraperitoneal
infusion, these findings support the idea that MSLN-CAR.
CIK might benefit from the liquid compartment dynamics
of PC and that such a therapeutic approach may therefore
require and be adapted to a correct movement schedule for
the treated patients.

It is conceivable that the migration of MSLN-CAR.CIK
within the matrix is sustained by a chemotactic gradient
which drives and orient cell migration over the tumor tar-
get [41, 42]. In a forced fluid flow, concentration gradients
might be destroyed partially or completely by fluid flow
mixing, thereby reducing or eliminating the role of spa-
tially oriented diffusible cues. Such differences between
the two conditions might determine the diversity of time-
scales, which nonetheless allow MSLN-CAR.CIK to get
in contact with and attack the different types of tumor
lesions in both experimental settings. A direct clinical
consequence would be a time delay in the destruction of
the two types of lesions in mOC patients, with the floating
ones being likely eliminated first.

The capacity of MSLN-CAR.CIK to infiltrate and destroy
3D mOC targets was clearly demonstrated in our model.
In particular, our data indicate that infiltration is not only
happening on the external surface of tumor spheroids but
also deeper inside, endowing MSLN-CAR.CIK with an even
higher killing potential due to favorable geometric aspects.
Indeed, our data further support the strategies that are cur-
rently object of study both at the preclinical and clinical lev-
els aimed at minimizing the target-to-tumor distance, thereby
enhancing the chance of interactions between immune effec-
tors and targets, like in the case of intraperitoneal infusions
[14, 15, 43, 44]. On this side, our results also indicate that
the floating component does not compromise the ability
of the immune effectors to target inner, matrix-embedded,
targets, supporting the notion that the coexistence of both
liquid and solid PC compartments can be tackled by the
same therapeutic approach, thus confirming the efficacy of
locoregional administration of CAR-cell immunotherapy.

It is important to note that the experimental model of
recruitment kinetics and 3D interactions described in our
work can in principle apply to other cell therapies employing
different immune effectors, as well as to other solid cancers,
where cell immunotherapy approaches with regional infu-
sions are being investigated [43, 45, 46].

Here, we propose MSLN-CAR-redirected CIK lympho-
cytes as functional immune effectors which present an HLA-
independent and NKG2D-mediated killing activity, coupled
with the CAR-specific activity [25, 33], as a functional
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way to address and counteract the antigenic heterogeneity
that CAR-cell therapies face and in addition to the antigen
spreading elicited upon CAR-mediated tumor lysis [47, 48].
It is worth noting that the activation of MSLN-CAR.CIK by
target engagement may prompt a favorable bystander effect
against tumor cells with lower or negative MSLN expres-
sion, similarly to what reported for T cells [49, 50]. Our
data support and validate MSLN as a suitable tumor target
antigen for CAR-therapies against advanced OC, in line with
previous evidence reported with CAR.T cells [51, 52]. The
observed intense antitumor activity, maintained even at unfa-
vorable E/T ratios, is encouraging and relevant for current
ongoing and future clinical trials [16].

Overall, our work provides an integrated experimental
platform, capable of exploring and monitoring the func-
tionality of CAR.CIK against 3D tumor targets, taking into
account elements of both the floating and solid compo-
nents of PC. The model allows to expose, consider, and
longitudinally measure independent variables, striving for
a cell-resolved level of analysis, addressing current limi-
tations of standard cell-based immunological assays and
murine models.

Future work shall address additionally the adherence
of our 3D models to the real PC pathophysiology. For
instance, it is worth to verify the compatibility of CAR.
CIK therapies to the altered ascites microenvironment [53]
and possibly propose new strategies to optimize their effi-
cacy [54, 55]. In the prospect of an adjuvant approach to
standard chemotherapies, testing combinatorial treatment
will be crucial.

In vivo experimental approaches based on murine mod-
els, in the context of disseminated OC and locoregional
delivered CAR-cell therapy [51, 56], will be of paramount
importance in order to confirm our findings, even though
on a bulk-resolved level of inspection. A first important
scientific question is whether locoregional administration
has better pharmacokinetics and antitumor efficacy, not
only in the cellular ascitic compartment but also in the
solid compartment. Further, MSLN-CAR.CIK adoptive
cell therapy can be challenged in the highly relevant con-
text of minimal residual disease or platinum resistance,
where this approach might firstly be explored in clinical
studies. Lastly, the effect of fluid flow on the cell intraperi-
toneal infusion could be tested in animal models, by creat-
ing a dedicated movement schedule for mice and assessing
the efficacy of therapy accordingly.

In a clinical perspective, our findings shed insights on
the mechanisms of action of CAR.CIK against PC from
advanced OC delivered as an intraperitoneal cellular
immunotherapy, concurrent to the ongoing clinical studies,
and pointing out the relevant difference in the timescales
of tumor elimination that may be present.
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