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Background: Natural killer (NK) cell-based therapies represent a promising approach for acute myeloid leukemia (AML) relapse, yet
their efficacy is hindered by immunosuppressive factors such as transforming growth factor beta (TGF-B) in the tumor microenviron-
ment. This study investigated the effects of TGF-f on NK cell cytotoxicity and migration using 2D and 3D co-culture models that
mimic the leukemic microenvironment.

Methods: TGF-f production was evaluated in AML-derived leukemic cell lines and mesenchymal stromal cells ('TERT-MSCs) using
ELISA. Bulk RNA sequencing (RNA-seq) was performed to analyze global gene expression changes in TGF-B-treated primary human
NK cells. NK cell cytotoxicity and migration were assessed in 2D monolayer and 3D spheroid co-cultures containing hTERT-MSCs
and leukemic cells using flow cytometry and confocal microscopy.

Results: Both leukemic cells and MSCs produced TGF-p, with increased levels observed in MSCs after co-culture with primary AML
blasts. RNA sequencing revealed that TGF-p altered key gene pathways associated with NK cell cytotoxicity, adhesion, and migration,
supporting its immunosuppressive role. In functional assays, TGF-f exposure significantly reduced NK cell-mediated cytotoxicity in
a time-dependent manner and impaired NK cell infiltration into 3D spheroids, particularly in models incorporating MSCs.
Additionally, MSCs themselves provided a protective environment for leukemic cells, further reducing NK cell effectiveness in 2D co-
cultures.

Conclusion: TGF-f suppresses both NK cell cytotoxicity and migration, limiting their ability to eliminate leukemic cells and infiltrate
the bone marrow niche (BMN). These findings provide novel insights into TGF-f—mediated immune evasion mechanisms and provide
important insights for the future design of NK-based immunotherapies and clinical trials.
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Introduction
NK cell-based immunotherapy is being actively developed and researched as a strategy for treating AML, due to the
immunosurveillance functions and antigen-independent cytotoxicity of NK cells.' Disease relapse frequently occurs due

to the persistence of treatment-resistant AML cells in the BMN.? Numerous clinical studies have investigated NK cell-
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based immunotherapy; however, its success remains limited by insufficient NK cell persistence post-transfer and
inconsistent efficacy across patients.>> Current research predominantly focuses on optimizing ex vivo expansion
protocols to generate sufficient NK cells for adoptive transfer, rather than addressing the factors limiting therapeutic
efficacy.

The BMN plays a central role in AML pathophysiology, potentially shielding leukemic cells from immune-mediated
elimination. This protective effect is likely mediated by niche-specific cytokines, growth factors, nutrient availability, and
the spatial organization of the leukemic microenvironment.>®’ In general, malignancies such as AML dysregulate
cytokine signaling, impairing immune surveillance and the function of immune effector cells, including NK cells.®’
Therefore, understanding the cytokine network in leukemia patients is critical for advancing immunotherapeutic
strategies.

TGF-B is best known for its immunosuppressive properties, attenuating immune responses following initial
inflammation.'® It has gained recent attention as a key mediator of NK cell dysfunction in B-cell acute lymphoblastic
leukemia (B-ALL) and relapsed AML.”'""'? Blocking TGF-B signaling has been shown to enhance NK cell activity
against AML and colon cancer cells and improve AML cell elimination when combined with cytarabine
chemotherapy.'*'* Tumor-associated mesenchymal stromal cells (MSCs), potent producers of TGF-B,'> may contribute
to AML immune evasion by secreting TGF-3 within the BMN. Additionally, as seen in B-ALL, TGF-B can drive MSCs
to differentiate into cancer-associated fibroblasts (CAFs), which further amplify TGF-$3 production.'® Given the pre-
viously described protective role of CAFs in AML, TGF- may contribute to a self-perpetuating immunosuppressive
loop that hinders NK cell-mediated tumor clearance while leaving leukemic cells unaffected.'>'"'®

Standardized cytotoxicity and degranulation assays, essential for evaluating NK cell-based therapies for regula-
tory approval and product quality control, provide limited insight into processes involved in in vivo immune
surveillance of leukemia by NK cells.'” Most rely on the K562 cell line, which is highly susceptible to NK cell
killing due to its lack of MHC I molecules;*® however, such suspension-based assays fail to replicate key in vivo
conditions, including cell-cell interactions, metabolic gradients, hypoxia, and the cytokine profile of the BMN.?"*?

Furthermore, many clinical trials omit cytotoxicity assays for NK cell potency testing (Supplement Table ST1). To

improve translational outcomes, more advanced models are needed that better mimic the BMN’s structural and
biochemical complexity.”?

A major gap in current potency testing models is the absence of MSCs, despite their critical adhesion role in AML
cell survival within the BMN.'®2%-2124 MSCs support leukemic cells through mechanisms such as adhesion-mediated
signaling and tunneling nanotubes, which transfer organelles, proteins, and signaling molecules essential for leukemic
cell survival.?>*® Additionally, MSC co-culture has been shown to protect leukemic cells from cytotoxic drugs.””*® As
such, MSCs are likely central to the establishment of the leukemic BMN, yet their inclusion in co-culture models remains
challenging.?’

In this study, we developed 2D and 3D models of the leukemic microenvironment to optimize key parameters,
including MSC incorporation and the use of multiple leukemic cell lines (K562, MOLM-13, THP-1, and U937), thereby
creating a more stringent testing platform for NK cell-based therapies. These multi-cell-type models provide essential
features that are difficult to replicate in simpler in vitro assays, such as metabolic gradients, hypoxic conditions, cell-to-
cell interactions, and survival signaling pathways of the BMN.?? Such factors can significantly influence NK cell
metabolic flexibility, migratory capacity, and cytotoxic activity.

Materials and Methods

Cell Line Cultivation

K562 cells (blast phase-derived chronic myeloid leukemia) were routinely cultured in IMDM (Gibco; Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS) (Biosera; Cholet, France), 1% GlutaMAX (Gibco), and 1%
penicillin-streptomycin (P/S; Gibco). MOLM-13 and THP-1 (both AML cell lines) and U937 (histiocytic lymphoma;
pro-monocytic model) were cultured in RPMI-1640 (Gibco) supplemented with 10% FBS, 1% GlutaMAX, and 1% P/
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S. hTERT MSCs were cultured in aMEM medium (Gibco) supplemented with 10% FBS and 1% P/S. hTERT MSCs
were passaged using TrypLE Express (Gibco). All cell lines were acquired from ATCC.

Isolation of Primary Human NK Cells

Peripheral blood mononuclear cells were isolated from peripheral blood of healthy donors via density gradient
centrifugation (Lymphoprep, STEMCELL Technologies; Vancouver, Canada), followed by isolation of untouched NK
cells using an autoMACS Pro Separator (Miltenyi Biotec; Bergisch Gladbach, Germany). The efficacy of NK cell
enrichment was assessed by flow cytometry using a phenotype control panel (anti-CD56-APC Fire 750, anti-CD16-
BV650, anti-CD3-Spark Blue 550, anti-CD14-Alexa Fluor 594, anti-CD45-Alexa Fluor 647; all BioLegend; San Diego,
CA, USA, and anti-CD19-Pacific Blue (Exbio; Prague, Czech Republic) and the LIVE/DEAD Fixable Blue Dead Cell
Stain Kit (1:100 dilution; Invitrogen; Waltham, MA, USA). NK cells with a purity exceeding 90% were used for
experiments. Cell measurement was performed using a Cytek Aurora spectral cytometer, and data analysis was
conducted with FlowJo 10.8.0 (BD; Franklin Lakes, NJ, USA).

NK Cell Expansion

NK cells were expanded using irradiated K562 cells (100 Gy, 15 min) at a 1:5 ratio in X—VIVO20 medium with gentamicin
and phenol red (Lonza; Basel, Switzerland), supplemented with 5% human serum (Capricorn; Ebsdorfergrund, Germany),
for 14 days at 37 °C and 5% CO,. NK cells were seeded at 0.2x10° cells/mL with irradiated K562 cells (1x10° cells/mL) in
expansion medium containing interleukin 2 (IL-2; 1,000 UI/mL) and IL-15 (20 ng/mL) (both R&D Systems; Minneapolis,
MN, USA). After day 5, fresh medium was added every second day to maintain expansion. Recombinant human TGF-f1
(TGF-B, R&D Systems) was administered at different time points, with untreated NK cells cultivated in parallel. TGF-§ (10
ng/mL) was added at each passage, beginning 14 days (TGF-'*?), 7 days (TGF-p’?), 3 days (TGF-B*%), 1 day/24 hours
(TGF-B'%), 18 hours (TGF-B'®") or 1 hour (TGF-B'™) before the end of expansion and subsequent experiments. On day 14,
the final cell concentration was determined, and cells were harvested for cytotoxicity assays, microscopy, cryopreservation,
and flow cytometry analysis (anti-CD16-BV650 [Biolegend], anti-CD337-PE-Cy7 [Biolegend], anti-CD158b2-BUV661
[BD], anti-197-BV750 [BD], anti-GZMb-PE CF594 [BD], anti-IFNg-BV510 [BD]).

Patient Samples

Primary AML leukapheresis samples were cultured overnight in aMEM medium, with or without MSCs. Intracellular
TGF-p was detected, MSCs and blast cells were distinguished via flow cytometry the following day, based on LIVE/
DEAD fixable blue dead cell stain kit (Invitrogen), anti-CD45-Alexa Fluor 647 (Invitrogen), anti-CD105-PE-Cy7
(BioLegend), anti-TGF-B-PerCP-Cy5.5 (BD), anti-CD3-Spark Blue 550, (Biolegend), anti-CD19-Brilliant Violet 570
(Biolegend), anti-CD14-Alexa Fluor 594 (Biolegend) and anti-CD123-Super Bright 436 (Invitrogen).

Bone Marrow Niche Monolayer Establishment

Before co-culture, hTERT MSCs were incubated with 1 mL TrypLE Express per T75 flask for 5-10 min at 37 °C and 5%
CO,. Detached MSCs were stained with CellTrace Yellow (Invitrogen) according to the manufacturer’s instructions.
Briefly, cells were stained at 2x10° cells/mL with 0.5 uM staining solution for 20 min at 37 °C and 5% CO,. After
incubation, five times the volume of complete cMEM medium was added, followed by a 5-min rest in the dark and
centrifugation at 300 x g for 5 min. MSCs were then seeded in a 24-well plate at 0.1x10° cells/well and incubated for
1-2 h to form a monolayer. Leukemic target cells were stained with CellTrace CFSE (Invitrogen) and added to the MSC
monolayer at 0.1x10° cells/well in a 1:1 ratio. The plate was incubated overnight at 37 °C and 5% CO,.

Spheroid Establishment

Dual spheroids (composed of MSCs and one of four leukemic cell lines: K562, MOLM-13, THP-1, or U937) were
formed. CellTrace dyes (Invitrogen) were used to assess leukemic cell incorporation (CellTrace CFSE for MSCs;
CellTrace FarRed for leukemic cells) and NK cell infiltration (CellTrace CFSE for leukemic cells; CellTrace FarRed
for NK cells). First, an AggreWell 400 plate (STEMCELL Technologies; Vancouver, Canada) was washed with 300 uL
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anti-adherence rinsing solution (STEMCELL Technologies). MSCs were treated with TrypLE Express (Gibco) and
seeded at 1x10° cells/well on a 24-well AggreWell 400 plate. After overnight culture to form the 3D scaffold, leukemic
cells (1x10° cells/well) were added and co-cultivated in 1 mL complete tMEM medium overnight at 37 °C and 5% CO,.
Spheroids were then analysed for leukemic cell incorporation or incubated with NK cells to assess infiltration.

Flow Cytometry Cytotoxicity Assessment

The BMN monolayer was prepared the day before the cytotoxicity assay. On day 14 of in vitro NK cell expansion, cells
were harvested and stained with CellTrace FarRed (Invitrogen). NK cells were adjusted to 1x10° cells/mL, and 300 pL of
the cell suspension was added per well at a final effector: target (:MSC) ratio of 3:1(:1). The plate was incubated for
4 h at 37 °C and 5% CO,. Flow cytometry was performed to distinguish cell subsets and evaluate cytotoxicity. The final
cytotoxicity was assessed by flow cytometry using a phenotype control panel for NK cells (CellTrace FarRed
[Invitrogen], anti-CD45-Alexa Fluor 647 [Invitrogen], anti-CD56-APC Fire 750 [BioLegend], anti-CD16-BV650
[BioLegend]), MSCs (CellTrace Yellow [Invitrogen], anti-CD73-BV605 [BioLegend], anti-CD105-PE-Cy7
[BioLegend]), and leukemic cells (K562, THP-1, MOLM-13, and U937) stained with CellTrace CFSE (Invitrogen).
A LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen) was used to determine cell viability (gating strategy shown
in Supplement Figure SF1). A Cytek Aurora spectral cytometer was used for acquisition, and FlowJo 10.8.0 (BD) was

used for data analysis.

Spheroid Infiltration Assay

NK cells were incubated with dual spheroids at a final effector : target cell ratio of 1:1 on a 16-well Ibidi (Gréfelfing,
Germany) p-slide in complete X—VIVO20 medium. In addition to CellTrace dyes (Invitrogen) used to distinguish
individual cell types, NucBlue Live ReadyProbes reagent Hoechst 33342 (Invitrogen) was used to visualize nuclei.
Imaging of NK cells within spheroids after overnight incubation was performed using an Olympus (Tokyo, Japan)
FV1000 confocal laser scanning microscope with a UPLFLN 20 x NA 0.50 objective. A z-stack of confocal sections was
acquired with a step size of 1.6/10 um. Images were analyzed using Olympus FLUOVIEW 4.2 and ImageJ with FiJi*
using the 3D objects counter plugin. Leukemic cell incorporation and NK cell infiltration were evaluated based on
maximum intensity projection of all acquired slices.

Library Preparation and RNA Sequencing

Total RNA samples were isolated from primary human NK cells via magnetic separation (Quick-RNA MagBead Kit,
Zymo Research; R2132; Irvine, USA) and ribodepleted using the RiboCop V1.3 rRNA depletion kit (TATAA
Biocenter; 144.24; Lexogen, Vienna, Austria). Purified RNA (100 ng per sample) was further processed for sequen-
cing using the Ultra II Directional RNA Library Kit (E7760S; BioTechne, Minneapolis, MN, USA). Library quality
and size were assessed using an Agilent 4200 TapeStation and quantified with a Qubit 3 Fluorometer. Libraries were
pooled and 2x100 bp paired-end sequencing was performed on a NovaSeq 6000 instrument (I1lumina; San Diego, CA,
USA), as previously described.>' Raw reads in FASTQ format were trimmed and filtered using Trimmomatic 0.39, and
quality was assessed using FastQC 0.11.8. Filtered reads were mapped to the human genome (GRCh38.p13) using
STAR 2.7.2b. Post-mapping quality was verified using RNA-SeQC 2.3.5, and gene expression quantification was
performed with StringTie2 1.3.6. Statistical analysis and visualization of expression data were conducted using several
R software 4.0.2*? packages (eg, edgeR 3.30.3, ggplot 3.3.2, pcaMethods 1.84.0, M3C 1.14.0). Data from differential
expression analysis (DEA) were used in the Gene Ontology database for functional enrichment analysis. Qualitative
and quantitative parameters of RNA sequencing and mapping are shown in Supplement Table ST2 for individual

samples.

ELISA
TGF-B in the supernatants of K562, MOLM-13, THP-1, U937, hTERT-MSCs, and complete media was detected using an
hTGF-beta 1 DuoSet ELISA Kit (DY240; BioTechne) according to the manufacturer’s instructions, using a Spark
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Multimode Microplate Reader (Tecan; Mannedorf, Switzerland). Samples were stored at —20 °C until processing without
dilution. Background signal from the media (<30 pg/mL) was subtracted from supernatant values.

Quantitative PCR (qPCR)

RNA was isolated from 5x10° cells (K562, MOLM-13, THP-1, U937, and MSCs) using the RNeasy Plus Mini Kit (50)
(74104; BioTech) following the manufacturer’s instructions. RNA was eluted with 20 pL of RNase-free water
(Invitrogen; 10977015) and quantified using a NanoDrop One spectrophotometer (ThermoFisher; Waltham, MA,
USA). Reverse transcription was performed using Oligo d(T) (Fisher Scientific; Waltham, USA; 18418020), dNTP
mix (Fisher Scientific; 10297018), and RNase-free water. Samples were heated to 65 °C for 5 min on a thermal cycler
(Biometra; Gottingen, Germany) and then placed on a frozen cooler rack. In the second step, 5x SSIV Buffer, DTT,
RNaseOUT recombinant RNase inhibitor (10777019), and SuperScript IV reverse transcriptase (200 U/uL, 18090200)
(all ThermoFisher) were used. The mix was incubated at 55 °C for 10 min, then heated to 80 °C for 10 min. Samples
were stored at —20 °C or used for qPCR immediately.

Quantitative PCR was performed using PowerUp SYBR Green Master Mix (2%) (A25918; ThermoFisher Scientific)
and primers (KRD) (GAPDH: forward 5'-CTC CTC CTG TTC GAC AGT CA-, reverse 5'-CCC AAT ACG ACC AAA
TCC GTT G-; TGF-B: forward 5'"CAC AGA GTG GGA ACA AAA AGG T-, reverse 5'CCA ATG GAA CAT CGT
CGA GCA-) on a LightCycler 480 system (Roche; Basel, Switzerland). Conditions were as follows: incubation at 95 °C
for 5 min, followed by 40 cycles of 95-60-72 °C for 10s each, with a final cooling to 40 °C. Data were processed using
the delta-delta CT method, where fold change in expression was calculated using the 27" formula: AACt = [ACt
(sample) — ACt (control)], in which ACt = [Ct (gene of interest) — Ct (GAPDH)].

Calcein AM Release Cytotoxicity Assay

K562 target cells were stained with Calcein AM cell-permanent dye (C3100MP; Invitrogen) following the manufac-
turer’s instructions. Meanwhile, effector NK cells were serially diluted in 96-well round-bottom plates in triplicate to
a final count of 4.5 x 105, 1.5 x 10°, 5 x 10%, and 1.6 x 10* cells per well. Target cells were added at 5 x 10° cells per well
and incubated for 3 h at 37 °C. Complete medium was used as a blank, target cells without effectors served as a control
for spontaneous cell death, and heat-killed (70 °C for 10 min) target cells were used for the maximal threshold value.
Fluorescence in supernatants was measured using a Spark Multimode Microplate Reader (Tecan; Méinnedorf,
Switzerland) at an excitation of 488 nm and emission of 520 nm.

Statistics

All statistical analyses were performed using GraphPad Prism version 9.3.1. The normality of data was tested using the
Shapiro—Wilk test, followed by analysis with a paired #-test, one-sample #-test, Wilcoxon test, or ANOVA, as appropriate.
Statistical significance levels are reported as follows: (ns p > 0.05; * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001);
data are displayed as the mean + SD.

Results
TGF- Reprograms Gene Expression to Impair NK Cytotoxicity and Migration

TGF-B is known to impair NK cell function in various malignancies,'* and elevated levels of active TGF-B have been
detected in the bone marrow of AML patients with early relapse.” To assess its expression in the leukemic microenvir-
onment, we measured TGFB1 RNA and protein levels in leukemic cell lines and hTERT MSCs (Figure 1A and B). K562
cells exhibited the highest TGF-B production, followed by MOLM-13 and MSCs, while THP-1 and U937 showed lower
expression. As MSCs (and MSC-derived CAFs) are a common source of TGF-B,'® intracellular TGF-f levels were
assessed in MSCs cultivated with and without primary AML cells (distinguished as shown in Figure 1C). Frequencies of
blast cells in patient samples are shown in Figure 1D. MSCs co-cultured overnight with blasts displayed significantly
increased intracellular TGF-f levels, as measured by flow cytometry (Figure 1E, supplement Figure SF2). The blast cells

were not positive for intracellular TGF-f regardless of MSCs.
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Figure 2 TGF-B reprograms gene expression to impair NK cytotoxicity and migration. (A) Timeline of TGF-B exposure in NK cell cultures during a 14-day expansion
protocol, indicating time points for administration. (B) t-SNE clustering of RNA-seq data showing transcriptomic differences between untreated NK cells (Ctrl) and those
exposed to TGF-p for 14 days (TGF-B'*%), 7 days (TGF-B"°), or | day (TGF-B') (n = 3). (C-E) Pathway enrichment analysis of differentially expressed genes following TGF-f
exposure at each time point, highlighting disrupted immune and cytotoxicity-related pathways (n = 3).

To investigate the impact of TGF-$ on NK cell-based immunotherapy, we performed RNA-seq on in vitro—expanded
NK cells from healthy donors treated with TGF-B for 14 days (TGF-B'*%), 7 days (TGF-B’®), and 1 day (TGF-p'%)
compared to untreated controls (Ctrl; Figure 2A). TGF-B concentrations were selected based on prior studies.'**3
RNA-seq analysis revealed substantial shifts in gene expression across all TGF-p—treated NK cell groups (Figure 2B).
Differential expression analysis identified 658, 799, and 975 differentially expressed genes (DEGs) in the TGF-B'#¢,
TGF-B’® and TGF-P'® groups respectively, relative to untreated NK cells.

Pathway enrichment analysis demonstrated significant disruptions in immune-related pathways, including cytokine
production, effector molecule synthesis, Fc receptor signaling, and NK cell cytotoxicity in all three conditions
(Figure 2C—E). The longest exposure (TGF-B'*?; Figure 2C) primarily altered immune response pathways, affecting
NK cell cytokine production, acute inflammatory responses, and cytotoxic activity, as well as NK cell migration. In the
TGF-p’¢ condition (Figure 2D), pathways related to cytotoxic function including cytokine production, Fc-gamma

receptor signaling, and cell adhesion were disrupted. Short-term exposure (TGF-p'%; Figure 2E) had a distinct effect,
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altering extracellular matrix maintenance and more strongly influencing NK cell migration and adhesion processes,
including tethering, rolling, vascular adhesion, and extravasation. These findings indicate that even brief TGF-f exposure
reshapes NK cell functionality, with more pronounced effects on mobility-related processes at shorter time points.

TGF-B Restrains NK Cell Cytotoxicity and Restricts Migration in vitro

To gain more insight into TGF-pf—induced alterations in NK cells, we performed functional assays alongside additional
RNA-seq analyses. To do so, we cultured NK cells with TGF-p across the three exposure durations (TGF-p'*!, TGF-p’¢
and TGF-B'?) and then performed DEG analysis compared to untreated controls to assess the time-dependent impact on
NK cell function.

DEG analysis revealed significant changes in key cytotoxicity-related genes. Specifically, long-term exposure (TGF-'*?)
significantly reduced the expression of granzyme B (GZMB) and multiple cellular receptors, including NCR3, FCGR3A4,
KIR2DL4, FCGR3B, NCR2, CX3CRI, and CCR7 (Figure 3A). Intermediate exposure (TGF-B’?) affected a subset of these
receptors (NCR3, KIR2DL4, and FCGR3B) while additionally downregulating interferon-y (IFNG) and perforin 1 (PRF1)
(Figure 3B). The shortest exposure (TGF-B'®) primarily altered SMAD3, GZMB, and NCR3 expression (Figure 3C). Global
gene expression analysis further revealed that TGF- influenced cellular mobility and adhesion pathways. While adhesion-
related processes were disrupted across all treatment durations, pathways associated with tethering, rolling, and extravasation
were most affected by short-term exposure (TGF-B'?) (Figure 2C—E). Among the most downregulated genes were SMAD3 -
closely linked to TGF-B signaling and cell-cell interactions as well as CCL3, DAPK2, MAL, VCAM-1, and ITGB2.
Interestingly, despite the general suppression of adhesion-related genes, CD9, CTNNDI, PLEC, and PODXL2 were sig-
nificantly upregulated (Figure 3D), suggesting a more complex regulatory role for TGF-f in NK cell adhesion.

In agreement with these transcriptional changes, cytotoxicity assays using K562 cell suspensions showed
a significant, time-dependent decline in NK cell-mediated target cell elimination following TGF-B exposure
(Figure 3E). Furthermore, in correlation with the functional impairment, a phenotypical shift of NK cells was also
confirmed via flow cytometry, as KIR2DL3, CD16, Granzyme B and NCR3 were significantly downregulated upon
prolonged TGF-f exposure (Figure 3F, Supplement Figures SF3 and SF4).

Overall, these findings demonstrate that TGF-f pre-treatment not only suppresses NK cell cytotoxicity but also
modulates adhesion and migration pathways, highlighting an underexplored regulatory role of TGF-B in NK cell
mobility.

TGF-B Further Impairs NK Cell Cytotoxicity in Leukemic Co-Cultures with MSCs
To assess how TGF-f and MSCs influence NK cell-mediated cytotoxicity, we employed a 2D monolayer co-culture
system using hTERT MSCs and one of four leukemic cell lines: K562 (CML), THP-1 (AML), MOLM-13 (AML), or
U937 (pro-monocytes). Flow cytometry was used to measure target-specific NK cell cytotoxicity (Figure 4A-D). K562
cells, highly susceptible to NK cell killing and routinely used in cytotoxicity assessment, were included alongside AML-
derived cell lines to compare differences in NK cell responses across models and evaluate the impact of MSCs.

Consistent with previous Calcein AM cytotoxicity assay results, NK cell-mediated elimination of leukemic cells was
significantly impaired by TGF-p in a time-dependent manner. Longer exposure (TGF-B’%) further decreased NK cell
cytotoxicity across all tested leukemic cell lines, both in direct cytotoxicity assays and in co-culture with MSCs. Notably,
the presence of MSCs slightly reduced the magnitude of TGF-B’s suppressive effect (Figure 4A—C). MSCs, however,
provided additional protection against NK cell-mediated clearance of THP-1 and U937 cells, supporting the hypothesis
that MSCs contribute to immune evasion in the leukemic microenvironment.

Finally, Calcein AM assays confirmed that K562 cells were protected by MSCs, while the cytotoxicity remained
target-specific K562 cells were eliminated, whereas MSCs exhibited no significant increase in cell death (Figure 4E).
These findings suggest that MSCs, in addition to TGF-f, contribute to a protective niche for leukemic cells, further
diminishing NK cell-mediated cytotoxicity.
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Figure 3 TGF-f restrains NK cell cytotoxicity and restricts migration in vitro. (A—=C) Volcano plots showing differentially expressed genes (DEGs) in NK cells following TGF-B
treatment for | day (TGF-B'%), 7 days (TGF-B’®), or 14 days (TGF-B'*Y). Significantly downregulated (red) and upregulated (blue) genes are highlighted, while non-significant

genes appear in gray. Key genes involved in NK cell cytotoxicity, migration, and signaling are labeled. (logFC > I; logFDR > 0.05).

35-37

(D) Heatmap showing selected migration,

adhesion, and cytotoxicity-related pathways in TGF-f-treated NK cells. Differentially expressed genes (DEGs) are grouped into Gene Ontology categories: cell-cell junction
organization (CCJO), positive regulation of leukocyte migration (PRoLM), leukocyte adhesion to vascular endothelial cells (LAtVEC), cellular component maintenance (CCM),
regulation of cellular extravasation (RoCE), and cell extravasation (CE) (n = 3) (E) NK cell-mediated cytotoxicity against K562 target cells, measured using the Calcein AM assay.
Control (Ctrl) NK cells were compared with NK cells pre-treated with TGF-B for 14 days (TGF-B'*®), 7 days (TGF-$’¢), 3 days (TGF-$), 18 h (TGF-$'®"), or | h (TGF-B'")
before the assay (n = 6-9; paired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; mean * SD). (F) Fold change in geometric mean of fluorescence (GMF) of key NK cell markers after
exposure to TGF-B (TGF-B'*, TGF-B”¢, TGF-'?) compared to controls (Ctrl) (n =3; paired t-test; * p < 0.05; **p < 0.01; ***p < 0.001; mean # SD).
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Figure 4 TGF-f further impairs NK cell cytotoxicity in leukemic co-cultures with MSCs. (A=D) Percentage of dead target cells (K562, THP-1, MOLM-13, U937) following NK
cell-mediated cytotoxicity, assessed via flow cytometry. Control (Ctrl) NK cells and NK cells pre-treated with TGF-p for 7 days (TGF-B’%) or 18 hours (TGF-p

18h:

) were co-

cultured with target cells in the presence (gray bars) or absence (white bars) of MSCs (n = 8; paired t-test; ns p > 0.05; * p < 0.05; ** p £ 0.01; ¥ p < 0.001; **** p < 0.0001; mean
+ SD). (E) NK cell cytotoxicity toward K562 target cells in the presence or absence of MSCs, assessed using the Calcein AM assay (9:1 effector-to-target ratio). A significant
reduction in K562 cell death was observed when MSCs were present, whereas NK cells did not induce MSC death (MSC only vs K562 + MSC). Paired t-test; ns p > 0.05;

*p £0.05; #p < 0.01; ¥¥p < 0.001; ***p < 0.0001; mean * SD.
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TGF-B Decreases NK Cell Infiltration in 3D Leukemic Spheroids

Generating compact spheroids composed solely of leukemic cells remains challenging.”® To overcome this, we estab-
lished in vitro dual spheroids, in which hTERT MSCs serve as a 3D scaffold supporting leukemic K562, THP-1, MOLM-
13, and U937 cells. We monitored the incorporation of these leukemic cells into the 3D structures by confocal
microscopy and used maximum intensity projections to assess leukemic cell distribution within the spheroids
(Figure 5SA—H). All four cell lines successfully entered the MSC scaffolds and formed compact, uniform spheroids.
Through optimization, a swift dissociation protocol was established, opting for thorough mechanical disruption by
pipetting, rather than prolonged treatment with TrpLE, as the viability of cells would decrease with time. We also
assessed the infiltration of TGF-B-treated NK cells into these dual spheroids (Supplement Figures SF5-SF8). Two
exposure conditions were tested: 7-day (TGF—B7d) and 18-hour (TGF—B‘S}‘) treatments, with the shorter exposure chosen

to better represent in vivo conditions. NK cell infiltration was significantly reduced following TGF-p treatment in all four
spheroid types (Figure 5I-L). The most pronounced reductions were observed with TGE-B'*", particularly in THP-1 and
MOLM-13 spheroids (Figure 5J and K), consistent with RNA-seq data. Overall, these data show that TGF-3 suppresses
NK cell infiltration into the 3D leukemic microenvironment and implicates TGF-B in restricting NK cell access to

leukemic cells within the BMN.

Discussion

Leukemic cells in the BMN which are resistant to standard chemotherapy>® may underlie refractoriness or relapse in
AML patients.** NK cell-based immunotherapy offers a promising approach to prevent disease resistance and relapse by
leveraging NK cells’ immunosurveillance function and antigen-independent cytotoxicity.! Similar to solid tumors,
however, NK cell dysfunction is common in AML and is likely driven by multiple factors, including hypoxia, nutrient
deprivation, and immunosuppressive signals from myeloid-derived suppressor cells or MSCs within the BMN,!'>-40:4!
Several immunomodulatory agents, such as IL-6, IL-10, prostaglandin E2 (PGE2), and TGF-p, have been implicated in
AML-related NK cell impairment.® Here, we assessed the impact of TGE-p on NK cell activity in order to describe the
potential challenges posed by the AML niche after adoptive transfer. With this knowledge, in vitro NK cell expansion
protocols could be optimized to support key NK cell functions directly coping with the obstacles presented by TGF-f.

We first demonstrated that TGF-f alters gene expression related to cytotoxicity, adhesion, and migration, then used
2D and 3D leukemic microenvironment models to show that TGF-B, likely present in the BMN, inhibits NK cell
function, mobility, and cytotoxicity.

TGF-B acts via autocrine and paracrine signaling, with its deposition and activation closely tied to extracellular matrix
components and tissue architecture.*” Given that circulating NK cells have a lifespan of 1-2 weeks in vivo,* we
administered TGF-$ over different durations, from 1 hour to 14 days: while prolonged exposure is less physiologically
relevant, it represents the in vitro NK cell expansion process using TGF-B-producing K562 feeder cells. In this study, the
irradiated K562 cells are not present in the culture by day 7 of the expansion. Furthermore, the NK cell media is being
partially refreshed with every passage. Yet K562-derived TGF-f in the media may be potentially deposited and activated
throughout longer time periods of the expansion in case of continuous production protocols. By contrast, shorter
treatments reflect NK cells’ potential in vivo exposure upon entering the BMN.

Using RNA-seq, we found that TGF-B influences NK cell proliferation, nucleic acid maintenance, and cytotoxicity
(Figures 2 and 3). Consistently, AML patient-derived NK cells typically exhibit reduced expression of natural cytotoxi-
city receptors (NCRs), correlating with impaired anti-leukemic responses, which is further compounded by low NCR
ligand expression on leukemic cells.® Specifically, and similar to Viel et al, we observed TGF-B-mediated down-
regulation of cytotoxicity-related genes, including granzyme B, perforin 1, interferon-gamma, and Fc receptor
subunits.*® NK cell activation receptors NCR2 and NCR3, as well as the activating/inhibitory receptor KIR2DL4,
were also downregulated. NCR1 and NKG2D expression, however, remained unchanged, as did inhibitory KIR receptors
KIR2DL2, KIR2DLS5, and KIR3DL1 (Figure 3)—contrasting prior reports of their dysregulation in AML-derived NK
cells.>>*** Additionally, our findings suggest that NK cells may perpetuate TGF-p—induced immunosuppression via
PGE2, as genes in the PGE2 synthesis pathway were upregulated (Figure 2). Moreover, PGE2 has been shown to
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Figure 5 TGF-f decreases NK cell infiltration in 3D leukemic spheroids. (A—D) Representative z-stack confocal microscopy images of dual spheroids composed of MSCs
(green, CellTrace CFSE) and leukemic cells K562 (A), THP-1 (B), MOLM-13 (C), and U937 (D) cells (red, CellTrace FarRed). The nuclei are counterstained with Hoechst
33342 (blue). (E-H) Maximum intensity projections for K562 (E), THP-1 (F), MOLM-13 (G), and U937 (H) spheroids. Scale bar: 100 ym. (I-L) Quantification of NK cells
infiltrating spheroids following TGF-B pre-treatment for 7 days (TGF-B’%) or 18 hours (TGF-B'®"), compared to untreated control (Ctrl) NK cells. NK cell counts were
obtained from confocal microscopy images using Image] Fiji software. Independent experiments: (I) K562, n = 5; (J) THP-1, n = 11; (K) MOLM-13, n = | |; (L) U937, n = 5.
Paired t-test; ns p > 0.05; *p < 0.05; mean + SD.
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suppress NK cell cytotoxicity against AML blasts.*” In the future, the TGF-B-PGE2 axis could be further examined in the
context of AML and therapy.

Beyond cytotoxicity, TGF-p altered NK cell adhesion and migration genes, affecting processes such as tethering,
rolling, microtubule rearrangement, and chemoattraction. These findings emphasize the need to assess NK cell mobility
alongside cytotoxicity in biological assays, in order to understand whether the NK cell failure in AML is caused by
suppression of cytotoxic functions alone, or by incapability to enter and scan the BMN as well.

While NK cell migration is central to immune surveillance, it remains understudied in the context of TGF-§
signaling.'”***” Here, we used 2D and 3D co-culture models incorporating hTERT MSCs and various leukemic cell
lines (K562, THP-1, MOLM-13, and U937) to better evaluate NK cell infiltration and cytotoxicity. The BMN is a highly
complex environment containing hematopoietic cells at various maturation stages, adipocytes, endothelial cells, fibro-
blasts, osteoblasts, and osteoclasts.” Each cell type contributes uniquely to BMN homeostasis. For our studies, we
prioritized MSCs due to their ability to form spheroids*® their plasticity under cancer-induced signals, and their role as
TGF-B producers.'> A limitation of this study is the exclusive use of immortalized leukemic cell lines and hTERT MSCs,
which may not fully reflect BMN heterogeneity in AML patients. This approach, however, allowed us to generate models
with controlled, reproducible conditions for investigating NK cell interactions. Nevertheless, they lack the genetic and
phenotypic diversity of primary AML blasts and patient-derived stromal cells.*'*** Future studies that incorporate patient-
derived AML samples and primary BM stromal cells are now warranted to more closely recapitulate the in vivo
immunosuppressive signals within the AML microenvironment. Despite these potential limitations, we confirmed that
all cell types in our in vitro models produced TGF-B, with K562 cells being the most potent source. TGF-3 secretion
within the BMN originates from various cellular sources,*® and indeed, our results highlight the variable contributions of
individual cell types.

Focusing on NK cell cytotoxicity in the presence of TGF-§ and MSCs, we found that NK cells exposed to TGF-§
exhibited reduced target-specific elimination of all four leukemic cell lines in a time-dependent manner. Conversely,
MSCs reduced NK cell-mediated clearance of THP-1 and U937 cells, but this trend was absent for K562 and MOLM-13
cells. This variability likely stems from differing NK cell recognition mechanisms across target cell types. For example,
MSCs may not modulate the expression of receptors critical for K562 elimination, such as NKG2C.>® Further studies are
now needed to elucidate these molecular interactions.

Our findings indicate that TGF-B and MSCs impair NK cell-mediated leukemic cell elimination. Longer TGF-p
exposure exacerbated functional impairment, but even short exposures - arguably more physiologically relevant - yielded
variable responses among NK cell donors. This donor-dependent variability suggests that NK cell-based therapies may
have heterogeneous efficacy once introduced into the leukemic niche. Future NK cell therapy protocols could incorporate
cytokine-based functional assays to screen for highly responsive donors while excluding less suitable ones.

To better mimic in vivo conditions, we used a 3D spheroid model, leveraging the ability of MSCs to self-
aggregate.**>! Previous 3D leukemia models have demonstrated increased drug resistance and recapitulated hypoxic
BMN conditions.>® Here, we utilised 3D spheroid cultures to investigate NK cell mobility, a key determinant of NK cell-
based immunotherapy efficacy. Each leukemic cell type in our study successfully formed spheroids with MSCs over-
night. NK cell infiltration varied by donor and leukemic cell type. TGF-B exposure generally reduced NK cell infiltration,
particularly in THP-1-, MOLM-13—, and, to a lesser extent, U937-derived spheroids, when cells were treated for
18 hours. RNA sequencing corroborated these findings, with shorter TGF-B exposures most markedly affecting genes
linked to extravasation, tethering, and rolling. Surprisingly, NK cell infiltration into K562-derived spheroids was
significantly reduced following prolonged TGF-B exposure. This discrepancy may stem from unique K562-MSC
interactions affecting spheroid composition. Future studies should characterize surface molecule expression and cell
junction organization within different spheroid types to identify key receptors governing NK cell migration.

Conclusions

Overall, our results demonstrate that TGF- downregulates genes associated with NK cell adhesion and movement,
reinforcing its previously undescribed role in impairing NK cell mobility. These findings, combined with RNA sequen-
cing data, provide novel insights into the impact of TGF-§ on NK cell trafficking in the AML microenvironment.
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Immune cell migration and adhesion have primarily been studied in dendritic cells and other antigen-presenting cells,
often in the context of solid tumors or other tissues.>>>> Despite AML is a non-solid malignancy, the migratory capacity
of NK cells likely enhances their role in immune surveillance role in this cancer.’® Our findings, therefore, contribute to
understanding how the leukemic niche modulates NK cell infiltration into the BMN, with potential implications for
improving the efficacy of leukemia immunotherapies. By identifying key barriers to NK cell migration, these results may
inform new therapeutic strategies targeting the BMN to enhance NK cell-based treatments.
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