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Background: Multiple myeloma (MM) is characterized by an excessive proliferation of clonal plasma cells in the bone marrow 
(BM). Components in BM niche contribute to the immunosuppressive tumor microenvironment (TME), but three-dimensional (3D) 
MM models that recreate the complex TME and enable high-throughput cytotoxicity assay of chimeric antigen receptor (CAR)- 
engineered immune cells are still lacking.
Methods: Stable, luciferase (Luc)-labeled target MM cells were generated using Luc/RFP dual reporter system to track MM growth. 
3D spheroids were formed in a 96-well plate in the presence or absence of cancer-associated fibroblast (CAF)-like stromal cells 
activated by MM-derived conditioned medium and the cytotoxicity of CAR-immune cells, which were represented by third-generation 
anti-CD138 CAR-NK-92 cells, was evaluated by luciferase assay using a multimode microplate reader. Immune cell infiltration was 
visualized under a fluorescence microscope by using multiple fluorescent dyes.
Results: We first showed that luciferase assay provides a relatively simple and robust means to specifically monitor Luc-labeled tumor 
cell growth in a coculture system, allowing the high-throughput assessment of CAR-immune cytotoxicity. Through this assay, we 
demonstrated that CAF-like stromal cells impaired NK cell effector function in 2D culture and 3D spheroids, likely via paracrine 
signaling and physical barrier function. Importantly, we showed that 3D spheroids consisting of MM cells and CAF-like stromal cells 
provide a more comprehensive, physiologically relevant immuno-oncology model. Our established model could also be used to 
investigate the trafficking and infiltration of immune cells into the core of spheroids. Herein, we showed that CAR incorporation did 
improve the ability of NK cells to infiltrate 3D spheroids.
Conclusion: Our established 3D spheroid model, which partially recapitulates the complex TME with immunosuppressive environ
ment, is suitable for high-throughput screening of CAR-immune cytotoxicity and could be important in accelerating immuno-oncology 
drug discovery for MM since there is a pressing need to establish innovative CAR-immune cells.
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Introduction
Immunotherapy harnessing the power of immune system to combat cancer is heralded as the fifth pillar of cancer therapy, 
alongside surgery, chemotherapy, radiotherapy, and targeted therapy. The cellular and molecular mechanisms of cancer 
immune escape have led to the development of immune checkpoint inhibitors (ICIs) against CTLA-4, PD-1, and PD-L1, 
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which have been widely used for the treatment of a broad spectrum of advanced cancers, such as metastatic melanoma, 
non-small cell lung cancer, renal carcinoma, and Hodgkin lymphoma, in the past decade.1,2 Adoptive cell therapy (ACT) 
is a more complex approach to immunotherapy involving the genetic engineering of patient’s own or donor immune cells 
to express tumor antigen-specific chimeric antigen receptor (CAR) or T-cell receptor (TCR) to enhance their capability to 
recognize and target tumor cells in vivo.3

CAR-T cells have emerged as a standard of care for relapsed/refractory B-cell malignancies, ie, acute lymphoblastic 
leukemia (ALL) and non-Hodgkin lymphoma (NHL), since the approval of the first two anti-CD19 CAR-T cell products 
by the US Food and Drug Administration (FDA) in 2017.4,5 Most recently, two anti-B cell maturation antigen (BCMA) 
CAR-T cells have been approved for the treatment of relapsed/refractory multiple myeloma (MM), and a total of six 
products are available thus far.6 Despite the remarkable clinical success of CAR-T cells in certain hematologic 
malignancies, there are still various major limitations and challenges that restrict their efficacy and/or widespread use, 
eg, laborious manufacturing process, severe life-threatening toxicities, tumor antigen escape, restricted trafficking, and 
limited tumor infiltration.7 Several types of CAR-immune cells have been rapidly developed and are currently under
going clinical studies as alternatives to CAR-T cells, including CAR-natural killer (NK) cells, CAR-NKT cells, and 
CAR-macrophages (CAR-M), all of which have a greater off-the-shelf potential, a likely lower production cost, and safer 
clinical profiles.8,9 Likewise, multiple engineering strategies have been explored to design better CARs to improve 
therapeutic efficacy and tumor specificity, and overcome antigen escape and immunosuppression in the tumor micro
environment (TME), for example, screening and verification of new target antigens, introducing the dependency of 
functional activation on multiple tumor antigens, targeting tumor stroma, etc.10,11 Hence, there is a pressing need for 
high-throughput screening models for evaluating the cytotoxicity of CAR-immune cells to identify the potential 
therapeutic candidates for further preclinical and clinical studies.

MM is the second most common hematologic malignancy worldwide and is characterized by excessive proliferation 
of clonal plasma cells in the bone marrow (BM) and overproduction of monoclonal immunoglobulins.12,13 As mentioned, 
CAR-T cells present promising advances in the treatment of MM; however, the durability of responses remains 
a therapeutic challenge.14,15 A significant proportion of MM patients eventually experience relapse although the majority 
of patients (> 70%) initially respond to anti-BCMA CAR-T cells. In conventional two-dimensional (2D) cell culture 
system, individual MM cell lines are propagated in suspension, and thus interactions between different cell populations 
and mechanical cues are not present, unlike in the BM.16,17 It is widely accepted that three-dimensional (3D) cell culture 
models better mimic the tumor architecture and microenvironment, providing more physiological relevance. Although 
the importance of BM environment in supporting MM growth has been previously reported,13,18 3D MM models that 
recreate the complex TME for immuno-oncology research, particularly for the high-throughput assessment of the 
cytotoxicity of immune cells, are still lacking. The evaluation of immune cytotoxicity was initially based on live/dead 
staining and subsequent evaluation/visualization by flow cytometry or imaging, which are laborious. Previously, we 
designed a third-generation CAR targeting CD138 (syndecan-1), which is highly expressed in MM, and established anti- 
CD138 CAR-NK-92 (CAR138 NK-92) cells with high and selective cytotoxicity against CD138-positive MM cells as 
evaluated in the 2D culture.19 In the present study, CAR138 NK-92 cells were therefore used as a representative CAR- 
immune cells for testing against the established high-throughput 3D MM model. Our preclinical in vitro model could be 
important in accelerating immuno-oncology drug discovery for MM since there is a pressing need for identification and 
optimization of novel CAR-immune cells.

Materials and Methods
Cell Culture
Human NK-92 cells, and hematologic cancer cell lines, including human mantle cell lymphoma (MCL) Jeko-1 cells and 
human MM NCI-H929 and MM.1R cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, 
USA). Normal, human diploid lung fibroblasts, WI-38-40 (JCRB0518), and immortalized, human BM-derived mesench
ymal stem cell (MSC) line, UE6E7T-3 (JCRB1136), were obtained from Japanese Collection of Research Bioresources 
(JCRB) Cell Bank (Osaka, Japan), and human embryonic kidney (HEK) 293FT cells were obtained from Thermo Fisher 
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Scientific (Waltham, MA, USA). Mycoplasma contamination was checked every eight weeks using MycoAlertTM PLUS 
mycoplasma detection kit (Lonza, Cologne, Germany), and any cell lines found positive were discarded.

NK-92 cells were cultured in Minimum Essential Medium Alpha (MEM α; Gibco, Thermo Fisher Scientific) 
containing 100 U/mL recombinant human (rh) IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany), 12.5% horse 
serum (Invitrogen, Carlsbad, CA, USA), and 12.5% fetal bovine serum (FBS; Merck Millipore, Darmstadt, Germany). 
HEK293FT cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), while WI-38-40 and UE6E7T-3 cells 
were cultured in MEM and DMEM with low glucose, respectively. All other cells were cultured in RPMI 1640 medium 
containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. All cells were maintained in a humidified 
atmosphere of 5% CO2 at 37 °C.

CAR Constructs and Anti-CD19 and Anti-CD138 CAR-NK-92 Cells
Third-generation CARs targeting CD19 (anti-CD19 CAR) and CD138 (anti-CD138 CAR) with a CD3ζ signaling domain 
and costimulatory domains CD28 and 4–1BB were designed, constructed and cloned into lentiviral vector Lenti-EF1a-AT 
-Free by Creative Biolabs (Shirley, NY, USA). The inserts were confirmed by Sanger sequencing. Stable, anti-CD19 
CAR and anti-CD138 CAR-expressing NK-92 cells, designated as CAR19 NK-92 and CAR138 NK-92 cells, respec
tively, were subsequently established as previously described.19 The CAR expression on CAR19 NK-92 and CAR138 
NK-92 cells were routinely checked by flow cytometry based on F(ab’)2 fragment and target antigen-specific detection to 
ensure their expression and functionality as previously described.19

Luciferase Reporter and Lentiviral Production
Lentiviral dual reporter UbC-RFP-T2A-luciferase (Luc) plasmid was obtained from System Biosciences (Mountain View, 
CA, USA). To produce lentiviral particles, the Luc/RFP reporter plasmid was incubated with HEK293FT packaging cells in 
conjunction with pCMV.dR8.2 dvpr lentiviral packaging and pCMV-VSV-G envelope plasmids (Addgene #8454 and 
#8455)20 at a ratio of 12:5:1 using Lipofectamine 3000 (Thermo Fisher Scientific). HEK293FT cells were checked for the 
RFP positivity by flow cytometry at 24 and 48 h posttransfection, and the particles were harvested, pooled, and concentrated 
using Amicon Ultra-15 centrifugal filters (Merck Millipore, Tullagreen, Ireland) at 4500 × g for 1 h.

Generation of Stable Luc-Labeled Target Cells
Target tumor cells were transduced with lentiviral particles containing the Luc/RFP reporter using spinoculation 
technique. Briefly, cells at 5×105 cells/mL were transduced with concentrated viral particles in the presence of polybrene 
(8 μg/mL) (Miltenyi Biotec), followed by a spinoculation at 800 × g for 2 h at room temperature. At 24 h posttransduction, 
the cells were replenished with fresh medium and cultured for an additional 48 h. After which, the cells were enriched by 
fluorescence-activated cell sorting (FACS) for RFP-positive cells using FACSAria cell sorter (BD Biosciences, San Jose, 
CA, USA). Cell transduction and sorting were repeated thrice to ensure that more than 80% of the cells in culture were 
positive for RFP. The enriched cells were then checked for luciferase activity by a multimode microplate reader or 
bioluminescence imaging as described below. To verify the stability of luciferase expression, the cells were maintained in 
cultured for two months plus three freeze-thaw cycles.

Luciferase Activity by Multimode Microplate Reader and Bioluminescence Imaging
Luc-labeled tumor cells were seeded into a 96-well plate at the indicated cell number and treated with 150 μg/mL 
IVISbrite D-luciferin, potassium salt (Revvity, Waltham, MA, USA) for at least 5 min (2D culture) or 1 h (3D culture) 
prior to the measurement of luciferase activity by luminescence detection using VICTOR Nivo S multimode microplate 
reader with a luminescence filter (700 nm IR Blocker; Revvity) using VICTOR Nivo 5.0.1 software. The luminescence 
results were presented as counts. For bioluminescence imaging, the cells were similarly treated with IVISbrite D-luciferin 
and monitored on an IVIS Spectrum imaging system (PerkinElmer, Waltham, MA, USA) using Living Image Software 
4.3.0. The luminescence results were presented as total flux (photons (p)/sec).
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Luciferase-Based NK Cytotoxicity Assay
2D or 3D culture of Luc-labeled target cells were cocultured with wild type (WT) or CAR-NK-92 cells at various 
effector-to-target (E:T) ratios for the indicated times (0−24 h). The luminescence signals were subsequently detected by 
a multimode microplate reader. The percentage of killing was calculated using the following formula: % specific killing = 
[(average signal from well with target cells alone) − (signal from well with effector and target cells)]/(average signal 
from well with target cells alone) × 100.

Flow Cytometry-Based NK Cytotoxicity Assay
Target tumor cells were labeled with PKH67 green fluorescent lipophilic dye for 5 min at room temperature and were 
mixed with various E:T ratios of CAR-NK-92 cells for the indicated times (0−24 h). After which, target cell death was 
evaluated by Annexin V/7-AAD assay. The mixture of effector and target tumor cells was harvested, washed, and stained 
with PE-conjugated Annexin V and 7-AAD in binding buffer supplemented with 5 mmol/L calcium chloride for 15 min 
at room temperature. Samples were immediately analyzed by the FACScalibur flow cytometer (BD Biosciences) with 
a specific gating strategy to determine the percentage of cell death of the target tumor cells, which was defined as 
Annexin V- and/or 7-AAD-positive cells in the PKH67-positive subpopulation.

Collection of MM-Derived Conditioned Medium and Activation of the Stromal Cells
Human MM NCI-H929-Luc cells at a density of 0.5−1×106 cells/mL were cultured in RPMI 1640 medium containing 
10% FBS in a T75 flask with a total volume of 20 mL for 48 h to generate the conditioned medium (MM-CM). The 
collected MM-CM was centrifuged at 2500 rpm at 25 °C for 10 min to remove cell pellets and stored at − 80 °C until use. 
For stromal cell activation, 2×105 WI-38-40 or UE6E7T-3 cells were plated into a 6-well plate and left overnight. The 
normal culture medium was removed and replaced with 4 mL MM-CM for an additional 48 h.

qPCR Analysis
Total RNA was isolated using TRI Reagent® (Molecular Research Center, Cincinnati, Ohio, USA) and 2 μg of total RNA 
was converted to complementary DNA (cDNA) using the RevertAid First Strand cDNA synthesis kit (Thermo Fisher 
Scientific). The qPCR reactions consisted of 1X Select Master Mix (Thermo Fisher Scientific), 200 nM of forward and 
reverse primers (see also Supplementary Table S1 for primer sequences), and 1 μL of diluted template cDNA (~40 ng) 
were run on the CFX384 Touch Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). The cycle parameters 
started with an activation step at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 15 sec and 
annealing/extension at 60 °C for 1 min. Relative expression of each gene was normalized to the housekeeping GAPDH 
gene product. Heatmap and hierarchical cluster analysis were performed using Bio-Rad CFX Manager 3.0 software.

Formation of 3D Tumor Spheroids
3D tumor spheroids were generated in the presence or absence of activated stromal cells, designated as 3D MM/CAF and 
bare 3D MM spheroids, respectively. Briefly, 5×103 Luc-labeled MM cells with or without activated WI-38-40 cells at 5 
or 10×103 cells per well (1:1 or 1:2 ratio) were resuspended in 1.2% methylcellulose (MC) (H4100; Stem Cell 
Technologies, Vancouver, Canada) supplemented with 30% FBS, 1% bovine serum albumin (BSA), 100 μM 2-mercap
toethanol, and 2 mm GlutaMax (Gibco). The mixture was then plated in ultralow adherent, round bottom 96-well plates 
(Thermo Fisher Scientific) and cultured for 5−6 days. The growth of MM cells was measured by luciferase activity as 
described above.

Immune Cell Infiltration
To visualize different subpopulations in the 3D spheroids, target tumor cells were prelabeled with PKH26 red- 
fluorescent, lipophilic membrane dye (Sigma-Aldrich, St. Louis, MO), whereas activated WI-38-40 cells were prelabeled 
with PKH67 green-fluorescent dye (Sigma-Aldrich) before being resuspended in the MC-based matrix, as described 
above. On day 6 of culture, effector WT or CAR138 NK-92 cells were prelabeled with Vybrant DyeCycle Violet stain 
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(Thermo Fisher Scientific, Waltham, MA) and added to the spheroids for a 24-h incubation. Visualization was conducted 
using a Leica DMi8 inverted fluorescence microscope equipped with a Leica DFC6200 camera and Leica Application 
Suite X (LAS X) imaging software (version 3.7.6) (Leica Microsystems, Wetzlar, Germany). For each sample, 
a minimum of 150 z-stacks were acquired at an interval of 8 μm. Measurement of region of interest (ROI) was 
performed on the merged z-stack micrographs using LAS X.

Statistical Analysis
The data represent means ± S.D. from three or more independent experiments or as indicated. Statistical analysis was 
performed by Student’s t-test or one-way ANOVA followed by Tukey’s multiple comparison test at a significance level of 
P < 0.05 using GraphPad Prism software 8.0. Descriptive statistics, ie, 95% confidence interval (CI; upper and lower 
bounds) for cytotoxicity data are summarized in Supplementary Tables S2−S5.

Results
Characterization of Luc-Labeled Target Cells
One of the most common assays for CAR-immune cytotoxicity is the flow cytometry-based assay using Annexin V and/or 
propidium iodide (PI) or 7-AAD dyes. However, to distinguish between tumor and effector immune cells, the additional 
staining of either tumor or effector cells with a fluorescent cell staining dye, eg, PKH67 or carboxyfluorescein succinimidyl 
ester (CSFE), is needed.19,21,22 For high-throughput applications, we generated various Luc-labeled tumor cells, including 
Jeko-1-Luc, MM.1R-Luc, and NCI-H929-Luc cells, through multiple rounds of lentiviral transduction of Luc/RFP reporter 
transgene and sequential FACS sorting, which allowed the direct measurement of luciferase activity upon exposure to 
D-luciferin substrate (Figure 1A). The enriched Luc-labeled cells were checked after being maintained in culture for more 
than two months or at > 20 passages after FACS sorting. Figure 1B shows a linear correlation between luminescence signal 
from the microplate reader and cell number (R2 > 0.99). The linear correlation was also found between IVIS biolumines
cence intensity and cell number (R2 > 0.99) (Figure 1C; see also Supplementary Figure S1 for results of MM.1R-Luc cells), 
and hence these Luc-labeled tumor cells can be used for in vivo xenograft mouse models as well.

CAR-NK Cells Show Dose-Dependent Cytotoxicity Against Luc-Labeled Target Cells
Next, CAR-immune cytotoxicity against the established Luc-expressing tumor cells in 2D culture was measured. The 
cytotoxic functions of CAR138 NK-92 cells (effector cells, E) against CD138-positive NCI-H929-Luc MM cells (target 
cells, T) were determined by luciferase assay using a multimode microplate reader in comparison to the conventional 
flow cytometry-based Annexin V/7-AAD assay at various E:T ratios, as schematically illustrated in Figure 2A. The 
cytotoxicity of CAR19 NK-92 cells (E) against CD19+ Jeko-1-Luc cells (T) was also included as CD19 is considered 
a standard target antigen. We assessed the expression of surface CD19 and CD138 in Jeko-1-Luc and NCI-H929-Luc 
cells, respectively, to confirm that expression of target antigen in Luc-labeled cells was not significantly different from 
that in parental cells (Figure 2B). Figure 2C shows that both CAR19 and CAR138 NK-92 cells were highly cytotoxic 
toward their corresponding target tumor cells in a dose-dependent manner. Percentages of specific killing in Jeko-1-Luc 
cells were comparable between luciferase assay and Annexin V/7-AAD assay, although the luciferase assay deemed to be 
more sensitive in NCI-H929-Luc cells. A significant increase in surface CD107a expression, a functional marker of NK 
cell activity, in CAR138 NK-92 cells upon NCI-H929 exposure at various E:T ratios further supported the higher 
cytotoxicity of CAR138 NK-92 cells toward NCI-H929-Luc cells (Supplementary Figure S2).

MM-CM Activates a Cancer-Associated Fibroblast-Like Phenotype in Stromal Cells
It is well-accepted that stromal cells in the TME plays a fundamental role in tumor growth and progression of numerous 
cancers.23,24 Cancer-associated fibroblasts (CAFs), the most prominent cell type in the TME, can be activated or 
differentiated from stromal cells, including normal fibroblasts and MSCs under the influence of tumor cells via paracrine 
signaling and/or direct cell-cell interaction.23,25 CAFs have long been considered the protumorigenic component of the 
TME.26,27 Here, we collected the MM-CM from NCI-H929-Luc cells at 0.5 or 1×106 cells/mL to activate UE6E7T-3 
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Figure 1 Luciferase activity in Luc-labeled tumor cells linearly correlates with cell number. (A) Schematic diagram of the generation of Luc-labeled tumor cells and 
measurement of luciferase activity in 96-well plate following the addition of luciferase substrate D-luciferin. (B and C) Luciferase activity in human MCL Jeko-1-Luc, MM 
NCI-H929-Luc, and MM MM.1R-Luc cells was assessed by luminescence microplate reader (B) and IVIS bioluminescence imaging (C). Data showed a linear correlation 
between luminescence signal (count or total flux) and cell number in both detection systems (see also Supplementary Figure S1). Figure 1A created in BioRender. 
Luanpitpong, S. (2025) https://BioRender.com/ f56a368.
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Figure 2 CAR-NK cytotoxicity against Luc-labeled tumor cells in 2D culture. (A) Schematic diagram of the parallel evaluation of CAR-NK cytotoxicity by luciferase assay 
using microplate reader and Annexin V/7-AAD assay using flow cytometry. (B) Flow cytometric analysis of target antigen expression in Luc-labeled tumor cells, ie, CD19 in 
Jeko-1-Luc cells and CD138 in NCI-H929-Luc cells. (C) Percentages of specific killing of Jeko-1-Luc (left) and NCI-H929-Luc (right) cells in response to CAR19 and CAR138 
NK-92 cells, respectively, at indicated E:T ratios at 4 h in comparison to their WT counterparts, as measured by luciferase and Annexin V/7-AAD assays. ***P < 0.001 versus 
WT NK-92 cells at the same concentration; ##P < 0.01, ###P < 0.001 versus data from luciferase assay under the same conditions; two-sided Student’s t-test. Figure 2A 
created in BioRender. Luanpitpong, S. (2025) https://BioRender.com/ r44v780.
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MSCs and WI-38-40 normal fibroblasts, as schematically illustrated in Figure 3A. The inflammatory and myofibroblast 
markers, which are generally expressed on inflammatory CAFs (iCAFs) and myofibroblastic CAFs (myCAFs), 
respectively,23,27 were determined by qPCR at 48 h. Figure 3B shows that UE6E7T-3 cells expressed higher mRNA 
levels of iCAF-like markers than WI-38-40 cells at the basal state and upon activation by MM-CM. WI-38-40 cells, by 
contrast, expressed relatively higher expression of myCAF-like markers. When analyzed separately, we found that MM- 
CM induced the expression of both iCAF- and myCAF-like markers in WI-38-40 cells and, to a lesser extent, in 
UE6E7T-3 cells (Figure 3C and D). The dose-dependent activation of CAF markers in response to MM-CM in WI-38-40 
cells included PDPN, IL1A, IL6, ACTA2, and MYL9, and in UE6E7T-3 cells included IL1A, IL6, and TAGLN. 
Additionally, Western blot analysis revealed an activation of common CAF markers, ie, FAP and S100A4, in both MM- 
CM-exposed UE6E7T-3 and WI-38-40 cells (Supplementary Figure S3). Meanwhile, the level of IL-6, but not TGF-β, 
was found to increase in UE6E7T-3 cells by MM-CM, supporting its iCAF-like phenotype. Although the CAF profiles 
are not fully characterized herein, these results confirmed the acquisition of activated fibroblasts and MSCs with a CAF- 
like phenotype by MM cells via paracrine signaling. Coculture of NCI-H929-Luc cells and activated stromal cells in 2D 
culture were found to promote the growth of NCI-H929-Luc cells at 24−72 h, thereby validating the tumor-promoting 
role of activated stromal cells used herein (Supplementary Figure S4).

Activated Stromal Cells Protected MM Cells Against CAR138 NK Cells
CAFs have previously been shown to promote an immunosuppressive TME in various cancers.23,25 In MM, CAFs have 
previously been shown to inhibit the antitumor activity of anti-BCMA CAR-T cells in vivo.28 We next determined the 
impact of activated stromal cells with a CAF-like phenotype on the cytotoxicity of CAR138 NK-92 cells toward MM cells 
in 2D coculture. NCI-H929-Luc MM target (T) cells were cultured in direct contact with MM-CM-activated UE6E7T-3 or 
WI-38-40 stromal cells at 1:1 ratio, after which they were exposed to WT or CAR138 NK-92 (E) cells at various E:T ratios, 
ie, 1:10, 1:5, and 1:2, and NK cytotoxicity was measured by luciferase assay at 4−24 h, as schematically illustrated in 
Figure 4A. Figure 4B shows that both activated UE6E7T-3 or WI-38-40 cells protected NCI-H929-Luc cells from the 
antitumor activity of WT NK-92 cells at various E:T ratios and time points; however, only activated WI-38-40 cells had 
strong protective effects against CAR138 NK-92 cells. Collectively, our data confirmed that stromal cells activated by MM- 
CM impaired NK cell function and that activated WI-38-40 cells exhibited more profound effect than UE6E7T-3 cells, 
consistent with the qPCR data showing the striking upregulation of CAF markers in activated WI-38-40 cells (Figure 3D).

Growth Kinetics of 3D Tumor Spheroids by Luciferase Assay
We initially established 3D tumor spheroids of human MM cells, in the absence of stromal cells, using MC-based matrix 
in a 96-well plate, which is applicable for further high-throughput applications, and cell growth kinetics were quantified 
by luciferase assay, as schematically illustrated in Figure 5A. NCI-H929-Luc cells were seeded at different densities, 
ranging from 3000 to 7500 cells, and visualized at various times under an inverted microscope to verify the optimal 
culture conditions. Figure 5B shows that round tumor spheroids were formed and that spheroid sizes correlated well with 
the initial cell seeding and time in culture, indicating the allowance of MM cell proliferation in 3D culture for up to 5 
days. To generate the growth curve, the number of NCI-H929-Luc cells in 3D spheroids was calculated from the standard 
curve of luminescence signal versus cell number and plotted over time. As the spheroids grew over time, the 
luminescence signal and calculated cell number increased, with larger spheroids correlating to higher signals 
(Figure 5C). These results validated the ability to track the size and growth of 3D spheroids by luciferase assay.

Cytotoxicity of CAR138 NK Cells in 3D Tumor Spheroids
Having demonstrated the formation of 3D spheroids of MM cells and its growth detection by luciferase assay, we next 
investigated the cytotoxicity of CAR-immune cells toward these spheroids. 3D MM spheroids at the initial seeding of 
5000 NCI-H929-Luc cells were formed for 5 days, after which they were exposed to CAR138 NK-92 cells at 25000 and 
50000 cells, as schematically illustrated in Figure 5D, equivalent to the E:T ratios of approximately 1:3 and 2:3, 
respectively, for 4−24 h. Similar to the findings in 2D culture model, CAR138 NK-92 cytotoxicity was significantly 
greater than that of WT NK-92 cells at various times and concentrations and its effect was in a dose- and time-dependent 
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Figure 3 Activation of stromal cells with a CAF-like phenotype by MM-CM. (A) Schematic diagram showing the collection of MM-CM from NCI-H929 cells and activation of 
stromal cells, ie, UE6E7T-3 MSCs and WI-38-40 fibroblasts. (B−D) qPCR analysis of UE6E7T-3 and WI-38-40 cells upon exposure to various concentrations of MM-CM, ie, 
MM0.5-CM and MM1-CM. (B) Data from three biological replicates were normalized to the house-keeping gene GAPDH, averaged and represented in a heatmap on a three- 
color scale of red (upper), black (midpoint) and green (lower). With different gene expression patterns, the qPCR results of activated UE6E7T-3 (C) and WI-38-40 cells (D) 
were separately plotted and analyzed. **P < 0.01, ***P < 0.001 versus UE6E7T-3 or WI-38-40 cells in plain media; one-way ANOVA with Tukey’s post- 
test. Figure 3A created in BioRender. Luanpitpong, S. (2025) https://BioRender.com/ t14d651.
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Figure 4 Activated stromal cells impaired CAR-NK cytotoxicity in 2D culture. (A) Schematic diagram of NK cytotoxicity by luciferase assay in 2D coculture of Luc-labeled 
MM cells and activated stromal cells. (B) Percentages of specific killing of NCI-H929-Luc cells in response to WT and CAR138 NK-92 cells in the presence or absence of 
MM1-CM-activated WI-38-40 and UE6E7T-3 cells at various E:T ratios at 4−24 h. *P < 0.05, ***P < 0.001 versus indicated group under the same E:T ratio; one-way ANOVA 
with Tukey’s post-test. FIgure 4A created in BioRender. Luanpitpong, S. (2025) https://BioRender.com/ i56f301.
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Figure 5 Growth kinetics of 3D MM spheroids and its response to CAR-NK cells. (A) Schematic diagram of 3D MM spheroid formation. (B) Morphology of generated 3D 
MM spheroids from NCI-H929-Luc cells with different seeding numbers, ranging from 3000−7500 cells, on days 3 and 5 of culture. Scale bar = 500 μm. (C) Numbers of NCI- 
H929-Luc cells on days 3 and 5 of culture, as calculated from the standard curve of luminescence signal versus cell number. ***P < 0.001 versus 3D MM spheroids from the 
indicated starting number; two-sided Student’s t-test. (D) Schematic diagram of NK cytotoxicity by luciferase assay in 3D MM spheroids. (E) Percentages of specific killing of 
NCI-H929-Luc cells in 3D MM spheroids in response to WT and CAR138 NK-92 cells at 25000−50000 cells at 4−24 h. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT NK-92 
cells under the same conditions; two-sided Student’s t-test. Figure 5A and D created in BioRender. Luanpitpong, S. (2025) https://BioRender.com/ e35q840.
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manner (Figure 5E). Additionally, CAR138 NK-92 cells were evident to be more cytotoxic in 2D culture than in the 3D 
spheroids. For example, CAR138 NK-92 cells at the E:T ratio of 1:2 would kill most (~ 90%), if not all, NCI-H929-Luc 
cells in 2D culture at 4 h, while 24 h was required for CAR138 NK-92 cells at the higher E:T ratio of 2:3 for equivalent 
cell killing toward 3D spheroids.

Activated Stromal Cells Promoted MM Growth and Impaired CAR138 NK Cell 
Function in 3D Spheroids
We further determined the impact of activated stromal cells on tumor growth in 3D culture. 3D MM/CAF spheroids were 
formed in the presence of CAF-like, activated WI-38-40 fibroblasts at the seeding tumor-to-stroma ratios of 1:1 and 1:2, 
as schematically illustrated in Figure 6A, and the number of NCI-H929-Luc cells was evaluated by luciferase assay 
on day 5 of culture in comparison to those in the bare 3D MM spheroids without stromal cells. Figure 6B shows that 
activated WI-38-40 cells promoted the 3D growth of NCI-H929-Luc cells in a dose-dependent manner, supporting the 
tumor-promoting role of CAFs in the TME and validating the utility of using activated WI-38-40 cells in 3D culture. 
Next, the cytotoxicity of CAR138 NK-92 cells against 3D MM/CAF spheroids, which were generated from the seeding 
tumor-to-stroma ratio of 1:1, was determined to evaluate the functions of CAR-immune cells under the more complex 
TME, as schematically illustrated in Figure 6C. CAR138 NK-92 cells at 25000 and 50000 cells were added to the 3D 
MM/CAF spheroids on day 6 of culture and the specific tumor killing was evaluated by luciferase assay at 4 
−24 h. Figure 6D shows that CAR138 NK-92 cells induced higher NCI-H929 cell death rate than WT NK-92 cells in 
3D MM/CAF spheroids at various times and doses, similar to the results obtained from the bare 3D MM spheroids and 
2D culture. Importantly, activated WI-38-40 cells were found to protect NCI-H929-Luc cells against WT and CAR138 
NK-92 cells, particularly at the lower dose and shorter time. A similar pattern of MM protection by activated WI-38-40 
cells against WT NK-92 cells and CAR138 NK-92 cells were observed in 3D MM/CAF spheroids composed of MM.1R 
cells (Supplementary Figure S5). Altogether, our findings suggest that 3D MM spheroids with activated stromal cells 
may offer a more physiological representation of the complex TME in vivo.

Infiltration of CAR138 NK-92 Cells Into 3D Spheroids
One of the challenges of CAR-T cell therapy is the physical barriers that limit the infiltration of immune cells into tumor 
masses.10,29,30 Hence, immune infiltration, which can be monitored in 3D spheroids but not in the more common 2D 
culture, is important for designing better CAR-immune cells. We herein tracked the infiltration of WT and CAR138 NK- 
92 (blue) cells into the 3D MM spheroids of NCI-H929-Luc (red) cells formed with or without activated WI-38-40 
(green) cells at 24 h after incubation using an advanced inverted fluorescence microscope. ROIs were categorized as 
follows: ROI1, the peripheral zone of tumor cells in a spheroid; ROI2, the core of tumor cells in a spheroid. Figure 7 
shows that the bare 3D MM and 3D MM/CAF spheroids without NK-92 cells exhibited an intact, round morphology, 
whereas those with either type of NK-92 cells exhibited a reduced spheroid volume and damaged structure, indicating 
a cytolytic activity in the peripheral zone of the spheroids. The excessive infiltration of CAR138 NK-92 cells, but not WT 
NK-92 cells, into the core of bare 3D MM spheroids was noticeable from the presence of blue cells in the ROI2. We also 
observed that the presence of CAF-like, activated WI-38-40 fibroblasts inhibited the infiltration of CAR138 NK-92 cells 
into the core zone of spheroids, yet CAR138 NK-92 cells infiltrated more efficiently into the inner core of spheroids than 
WT NK-92 cells.

Discussion
To date, six second-generation CAR-T cell products targeting one of the two antigens, either CD19 in certain B-cell malignancies 
or BCMA in MM, have been granted FDA approval, namely Kymriah (tisagenlecleucel), Yescarta (axicabtagene ciloleucel), 
Tecartus (brexucabtagene), Breyanzi (lisocabtagene maraleucel), Abecma (idecabtagene vicleucel), and Carvykti (ciltacabtagene 
autoleucel).31,32 Despite this progress over a relatively short time span, various challenges and limitations to effective CAR-T cell 
therapy in hematologic malignancies and most solid tumors remain. Investigators are attempting to improve the safety associated 
with the currently approved products through innovations in CAR designs, eg, implementing on/off switches and suicide gene 
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Figure 6 Formation of 3D MM/CAF spheroids and its response to CAR-NK cells. (A) Schematic diagram showing the formation of 3D spheroids composed of MM cells and 
MM-CM-activated WI-38-40 fibroblasts, designated as 3D MM/CAF spheroids. (B) Numbers of NCI-H929-Luc cells in bare 3D MM spheroids and 3D MM/CAF spheroids 
generated from different ratios of activated WI-38-40 cells on day 5 of culture, as calculated from the standard curve of luminescence signal versus cell number. (C) 
Schematic diagram of NK cytotoxicity by luciferase assay in 3D MM/CAF spheroids. (D) Percentages of specific killing of NCI-H929-Luc cells in 3D MM/CAF spheroids in 
response to WT and CAR138 NK-92 cells at 25000−50000 cells at 4−24 h. *P < 0.05, **P < 0.01, ***P < 0.001 versus bare 3D MM spheroids without activated stromal cells 
under the same conditions or as indicated; two-sided Student’s t-test. Figure 6A and C created in BioRender. Luanpitpong, S. (2025) https://BioRender.com/ b89n777.
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Figure 7 Infiltration of CAR-NK cells into 3D spheroids. 3D spheroids of MM NCI-H929-Luc cells (red), prelabeled with PKH26 dye, were formed in the presence or 
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system, introducing the requirement of multiple tumor antigens, etc.10,31,33 To overcome tumor antigen escape—that is, a partial 
or complete loss of the target antigen in tumor cells after initial response—multitarget strategies created by mixing different 
CAR-T cell products targeting single tumor antigens or by transducing T cells with multiple CAR constructs or bispecific CAR 
constructs may be used. The critical barriers that diminish CAR-T cell efficacy in solid tumors include the antigen heterogeneity, 
the physical barrier of the TME and its immunosuppressive network, and the suboptimal trafficking into tumor masses.7,10,29 

Investigators have developed new CARs not only for CAR-T cells to address these challenges but also for several non-T, CAR- 
immune cells with diverse trafficking and killing mechanisms.9,31,34 That has raised the prospect that novel CAR-immune cells 
with reduced toxicity and enhanced efficacy toward solid tumors and incurable hematologic cancers could be provided. There has 
been a considerable increase in targeting CAFs and the TME using immunotherapy.28,35 Accordingly, there is a pressing need for 
high-throughput screening models with enhanced physiological relevance and TME complexity for evaluating the cytotoxicity of 
CAR-immune cells to identify potential therapeutic candidates for further preclinical and clinical studies.

MM, although it is a hematologic malignancy, is among those tumors whose survival and expansion of malignant cell 
clones heavily depend on various direct and indirect signaling pathways provided by the surrounding TME.13,25 

Numerous studies have demonstrated that the dynamic interactions between the TME and MM cells affect its progression 
and dissemination.36,37 Like in solid tumors, barriers to CAR-T cell activity in MM could be possibly linked to the 
immunosuppressive TME and T cell exhaustion/dysfunction.15,25,38 Elevated expression of CAF markers was detected in 
the BM of patients with MM progression.39 However, 3D MM models for immuno-oncology research that mimic the 
TME, which consists of CAFs or other stromal cells, and allow high-throughput screening have not been well 
established. In this study, we demonstrated the formation of 3D spheroids of Luc-labeled MM cells with CAF-like 
stromal cells, which was activated by exposing WI-38-40 fibroblasts to MM-CM through paracrine signaling, in a 96- 
well plate format. Cytotoxicity of representative CAR-immune cells, which in this case were third-generation CAR138 
NK-92 cells, was then evaluated by a high-throughput luciferase assay instead of a conventional flow cytometry-based 
Annexin V/7-AAD assay. Notably, monitoring of NK cytotoxicity in 3D spheroids by Annexin V/7-AAD assay can be 
time-consuming because it requires additional steps of fluorescent dye prelabeling and destruction of 3D spheroids 
postincubation. We validated herein the ability of luciferase assay to track the growth of MM cells and detect the 
cytotoxicity of CAR-immune cells in 2D culture and in 3D spheroids. As the luciferase assay could be performed without 
lysing the cells and D-luciferin did not affect cell viability, repeated measurements at multiple time points could be taken 
in the same experimental well. Unsurprisingly, CAR138 NK-92 cells displayed greater antitumor activity than WT NK- 
92 cells in both 2D and 3D cultures at various times and concentrations. Importantly, activated stromal cells with a CAF- 
like phenotype impaired NK cell effector function in both 2D and 3D cultures, indicating that the activated stromal cells 
did provide the immunosuppressive TME, which resembled real scenarios in vivo.28,39 We postulated that the protective 
effect of activated stromal cells against WT and CAR138 NK-92 cells was likely through physical barrier function and 
the secretion of cytokines and other soluble factors based on the observation that activated tumor cells impaired NK cell 
function in 2D coculture, where the cells were lightly in contact.

In the past decade, 3D tumor spheroids have been widely used to assess tumor responses to chemotherapy and 
radiotherapy, considering that they are a better predictor of in vivo responses.40,41 Tumor cells in 3D spheroids are generally 
more resistant to the treatment than those in 2D culture, attributable to the physical barriers and numerous signals mediated 
by cell-cell interaction, the surrounding extracellular matrix (ECM), and hypoxic core.42 We observed that CAR138 NK-92 
cells were less effective at combating MM cells in the 3D spheroids, especially 3D MM/CAF spheroids, when compared to 
2D culture, suggesting that 3D spheroids with activated stromal cells could capture tumor-stromal cell interactions and are 
more closely resemble the complexity of immunosuppressive TME observed in MM. Not only did activated stromal cells 
impair CAR-NK cell effector function, but also promoted MM growth, consistent with previous studies reporting the 
tumor-promoting role of BM-derived CAFs isolated from MM patients.28,39 The limitation of our 3D spheroid study is the 
relatively high variations of tumor response, resulting in an insufficient statistical power (~ 70%) in a certain condition, ie, 
when comparing the specific tumor killing of 25000 WT NK-92 cells in bare 3D MM spheroids versus 3D MM/CAF 
spheroids at 24 h, though we were able to achieve statistical significance (Supplementary Table S5).

Accumulating evidence indicates that tumor infiltration is one of the parameters that dictates the success of cellular 
therapy.29,43,44 We for the first time visually demonstrated that CAR138 NK-92 cells, but not WT NK-92 cells, were able to 
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infiltrate into the core of 3D MM spheroids and, to a lesser extent, 3D MM/CAF spheroids—the degree of immune cell 
infiltration correlated well with their cytotoxic potential. To exert antitumor activity, CAR-immune cells must traffic to BM 
niche, where the majority of MM cells reside, to promote effective antigen recognition.13,25 We postulated that the activated 
stromal cells created a physical barrier that impeded the infiltration and mobility of effector immune cells, even with CAR 
incorporation, as activated stromal cells localized mostly in the core zone where the infiltration of CD138 NK-92 cells was 
limited. Still, the established 3D spheroid model has some limitations. Our data revealed that although activated WI-38-40 
cells promoted MM cell growth in 3D spheroids, they themselves did not proliferate well in the MC-based matrix, thereby 
increasing the ratio of tumor-to-stroma in 3D MM/CAF spheroids by approximately 10 times the ratio in those 2D culture 
experiments. Hence, the observed tumor-protective effect of activated stromal cells was much weaker in 3D MM/CAF 
spheroids than in 2D coculture. Further studies are required to identify the matrix for spheroid formation that supports both 
tumor and stromal cell growth. Additionally, it is worthwhile to incorporate endothelial cells into the system to recreate even 
more complex interactions in the TME, which is lacking in the current model, and further explore potential novel therapeutic 
strategies, ie, combination therapy targeting MM cells, tumor stroma, and angiogenesis.45,46

Conclusion
Taken together, our findings indicate that the established 3D spheroid model composed of MM cells and activated 
stromal cells recapitulates some of the complexity of TME with immunosuppressive environment. We further revealed 
that this model is suitable for high-throughput screening of CAR-immune cytotoxicity using luciferase assay and offers 
the possibility to evaluate immune cell infiltration, thus overcoming the current drawbacks of conventional cytotoxicity 
assays and of 2D culture. Targeting CAFs has been investigated as a promising approach to enhance the efficacy of CAR- 
T cells in MM and to overcome the CAR-T exhaustion/dysfunction involving relapse.15,28 Our established 3D MM/CAF 
spheroids, though require further in vivo validation for its predictive efficiency, might prove useful for better under
standing of mechanisms underlying CAR-immune cytotoxicity and interactions/crosstalk among MM cells, stromal cells, 
and immune cells as well as for screening of other strategies targeting MM cells and/or CAFs, eg, by therapeutic 
monoclonal antibodies. The protocols described here may be applicable to other types of tumor cells as well.
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