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ABSTRACT

Drug resistance frequently emerges in breast cancer during chemotherapy, and standalone immunotherapies often
yield insufficient results. Therefore, the clinical advancement of combined chemo-immunotherapy strategies is
critically needed. However, traditional two-dimensional cell cultures and animal models remain inadequate for
reliably assessing the outcomes of such combined treatments. This study presents a straightforward automated
multi-well system developed for producing tumor-associated macrophages (TAMSs)-immunized breast cancer
organoids encapsulated in alginate hydrogels. Using an automated robotic microinjection approach, alginate
hydrogels were formed in situ, followed by the introduction of mixed suspensions containing breast cancer cells
and TAMs to generate organoids. Breast cancer organoids incorporating TAMs displayed pronounced resistance
to epirubicin, yet this effect was effectively reversed by the targeted immunotherapeutic agent PLX3397.
Synergistic benefits were systematically examined through multiple schedules of co-administering PLX3397
alongside epirubicin. Complementary RNA sequencing and quantitative polymerase chain reaction analyses were
performed to profile gene expression changes under co-treatment conditions, revealing three significantly altered
genes—IL6, CD37, and GLS2—that participate in the tumor necrosis factor signaling pathway, PI3K-Akt
signaling pathway, and epidermal growth factor receptor tyrosine kinase inhibitor resistance pathway. Overall,
these results highlight the capacity of the automated multi-well platform to serve as a viable substitute for
conventional bulk culture techniques in the evaluation of chemo-immunotherapy efficacy.
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Introduction

Chemotherapy and immunotherapy constitute two major therapeutic options for breast cancer [1], although both
approaches encounter substantial limitations in clinical use. Patients commonly acquire resistance to treatment
agents, leading to diminished therapeutic success. Additionally, many drugs demonstrate efficacy restricted to
particular subtypes or disease stages, reflecting the marked heterogeneity of breast cancer and the multifaceted
tumor microenvironment [2]. Epirubicin, an anthracycline chemotherapeutic, suppresses cancer cell growth and
division through direct DNA intercalation that disrupts DNA synthesis and replication processes. Despite this
mechanism, resistance in breast cancer cells severely constrains its practical application [3]. Clinical evidence
indicates that tumor-associated macrophages (TAMS) significantly modulate cancer cell drug sensitivity [4],
positioning TAMs as a valuable target for immunotherapeutic intervention [5, 6], especially within breast cancer
contexts [7]. PLX3397 (pexidartinib) selectively blocks the colony-stimulating factor 1 (CSF1) receptor, thereby
interrupting CSF1-dependent signaling essential for TAMs proliferation, maturation, and viability [8]. This
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property supports its potential use in combination regimens to counteract TAMs-driven resistance and enhance
overall treatment effectiveness against breast cancer.

Standard preclinical drug evaluation typically begins with two-dimensional cell culture models exposed to
candidate compounds to select agents showing strong anticancer activity with acceptable selectivity over normal
cells. Promising candidates then undergo further testing in animal models to determine in vivo efficacy, safety,
and pharmacokinetic behavior [9]. Nevertheless, roughly 90% of such candidates ultimately fail to progress to
human clinical trials despite extensive preclinical assessment [10]. The advent of tumor organoid technology has
provided a more physiologically relevant platform capable of mirroring key architectural and transcriptional
features of native tumors [11]. Existing studies confirm that organoids can accurately predict patient responses to
chemotherapy, targeted agents, and combination therapies [12, 13]. Although reliable breast cancer organoid
platforms were introduced in 2018 [14], ongoing research has emphasized the development of improved co-
culture systems integrating immune cells with cancer cells, utilizing either native or engineered tumor
microenvironment (TME) models [15]. Native TME approaches, including air-liquid interface (ALI) and
microfluidic three-dimensional cultures, maintain intact tumor fragments together with their original
microenvironment [16]. However, adapting ALI methods specifically for breast organoids has proven particularly
demanding due to difficulties in sustaining organoid expansion and immune cell viability compared with other
cancer types. Microfluidic systems, while commercially accessible in some forms, demand considerable technical
skill because of their intricate setup and inconsistent reproducibility [17]. In contrast, Matrigel-based
reconstructed TME models involve adding isolated or cultured immune cells to breast cancer cells embedded in
Matrigel. A key drawback is the frequent loss of immune components during tissue dissociation. In breast cancer,
M2-polarized TAMs may represent up to 50% of the cellular composition in certain solid tumors, actively
fostering tumor expansion, dampening immune surveillance, and promoting drug-resistant stem-like properties
[18]. Without TAMSs, Matrigel organoids struggle to model the activity of clinically relevant agents such as
PLX3397, thereby limiting their usefulness for studying combined chemo-immunotherapy.

Our prior work established alginate cryogels with controllable pore dimensions and porosity levels. Cryogels
exhibiting larger pores or elevated porosity were found to drive M2 macrophage polarization and promote anti-
inflammatory activity, indicating that these materials can mimic a supportive fibrillar extracellular matrix (ECM)
favorable for M2-type TAMs development [19]. Building upon this, a subsequent investigation [20] employed
the system to create immunized tumor organoids via co-culture of breast cancer cells and TAMs. Results showed
that the TAMs-enriched immune milieu substantially accelerated organoid proliferation and enhanced malignant
characteristics in vitro. While this model provided long-term culture stability, bulk culture formats were unsuitable
for scaled drug screening. The current study therefore introduces an accessible automated multi-well platform for
scalable production of these co-culture organoids. This platform enables systematic evaluation of epirubicin and
PLX3397 combination therapy while facilitating mechanistic exploration of TAMs-associated drug resistance.

Materials and Methods

Cells and materials

MCEF-7 cells (a human breast cancer cell line) were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum and 1% penicillin G and streptomycin. Human THP-1 cells were differentiated into
macrophage-like cells by exposure to 50 nM phorbol 12-myristate 13-acetate (PMA, Sigma) for 3 days. Alginates
(5—40 mPa s) were sourced from Aladdin (China). Epirubicin and PLX3397 were acquired from MCE (China).
CCK-8 and calcein-AM reagents were obtained from Solarbio (China).

Fabrication of breast cancer organoids in an automated robotic microinjection system

As depicted in Scheme 1, a 2% (w/v) alginate solution was prepared in ddH-O and loaded into the sample
reservoir. The automated robotic arm aspirated 100 pL per channel and delivered this volume into 96-well culture
plates containing 2% CaCl: solution. Tonic cross-linking occurred during a 1 h incubation, forming hydrogels in
situ, which were subsequently washed with deionized water. Cryogels were produced by freezing the hydrogels
at —80°C for 4 h, followed by lyophilization for 12 h. Suspensions of MCF-7 cells and macrophages were prepared
at a final density of 5 x 10* cells/mL. These mixed suspensions were added dropwise onto the porous cryogels in
the 96-well plates and permitted to infiltrate fully over a 30 min period. The plates were then placed in a 37°C
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incubator with a humidified 5% CO: atmosphere. Macrophage polarization was induced by supplementing the
culture medium with 20 ng/mL IL-4 (PeproTech) for the first 48 h.
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Scheme 1. Production of breast cancer organoids via an automated robotic microinjection system.

SEM observation

After culture, the hydrogels were rinsed twice with PBS and fixed in 2.5% glutaraldehyde for 1 h. The specimens
were washed again with phosphate buffer saline (PBS) and pre-frozen at —80°C for 12 h. Cross-sections of the
samples were coated with gold for about 90 s and imaged using a scanning electron microscope (Zeiss,
Gemini300).

Cell viability assay

Scaffolds were exposed to 10% CCK-8 solution (Dojindo, China) for 4 h at 37°C. Absorbance was measured at
450 nm using a Multimode Microplate Reader (Synergy2, Bio Tek, USA). ICso values were computed with Prism
software. Cell viability indices and Combination Index (CI) values were determined using CompuSyn software.

Live and dead assay

Samples were washed with PBS and stained with calcein AM/PI solution at room temperature for 20 min while
protected from light. After additional PBS washes, the cut surfaces were examined under an inverted fluorescence
microscope. Green fluorescence marked live cells, and red fluorescence indicated dead cells.

Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants were harvested after 7 days from breast cancer organoids cultured in the presence or absence of
macrophages, along with macrophage monocultures. Concentrations of 1L10, TGF-f, CCL17, CCL24, vascular
endothelial growth factor (VEGF), and EGF were quantified following the supplier’s protocol (MultiSciences,
China). Absorbance readings were taken at 450 nm on a microplate reader and adjusted against the 570 nm
reference wavelength.

Transwell assay

Organoids cultured with or without macrophages were retrieved from the alginate cryogels, dissociated into
single-cell suspensions of uniform density, and loaded into Transwell inserts (Corning). For invasion experiments,
Transwell membranes were pre-coated with Matrigel prior to cell seeding. Complete growth medium containing
serum was added to the lower compartment to stimulate migration. Following 3 days of incubation, migrated cells
on the underside of the membrane were fixed with paraformaldehyde. Cells remaining on the upper surface were
carefully wiped away with a cotton swab. Migrated cells were stained with 0.2% crystal violet and examined
microscopically.

RNA sequencing analysis

RNA was extracted and purified via oligo(dT)-linked magnetic beads before fragmentation. Double-stranded
cDNA was synthesized, end-repaired, and ligated with sequencing adapters. PCR amplification generated the final
library, which was sequenced on a BGlseg500 platform (BGI-Shenzhen, China). Bioinformatic processing of
RNA-seq results was conducted using Dr. Tom (https://biosys.bgi.com), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment was analyzed with DESeq?2 software.

Quantitative real-time PCR (qQRT-PCR)
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Samples were collected, washed with PBS, and processed for total RNA isolation using Trizol reagent (Yeason,
China). 1000 ng of RNA per sample was reverse-transcribed to cDNA (Vazyme, China). Quantitative real-time
PCR was carried out with the Taqg Pro Universal SYBR system (Vazyme, China). Relative expression levels were
determined by the —2AACt method.

Statistical analysis

Statistical evaluations were performed in Origin 9.0 software employing one-way ANOVA or Student’s t-test.
Differences were regarded as significant at p < 0.05. Experimental results are reported as mean value * standard
deviation.

Results and Discussion

Fabrication of immunized breast cancer organoids in ECM-mimicked hydrogels

The establishment of a three-dimensional matrix capable of supporting spheroid formation and serving as a
reliable platform for pharmacological screening was essential. Cryogels represent a specialized category of
hydrogels formed through polymerization under subzero conditions. These materials possess a highly
macroporous structure that combines elevated porosity with robust mechanical integrity, thereby providing an
environment conducive to spheroid development within a simulated tumor microenvironment [21, 22]. A primary
aim of this investigation was to assess the performance of the newly developed tumor organoid system relative to
conventional culture techniques, including standard hydrogels and multi-well formats. To achieve this, an
automated robotic microinjection system (Figure 1a) was utilized for two key functions: the in situ generation of
alginate hydrogels and the precise delivery of mixed cell suspensions containing breast cancer cells and TAMs to
produce organoids.

The alginate hydrogels self-assembled within multi-well plates upon exposure to CaCl: solution through calcium
ion-mediated cross-linking over a 1 h period (Figure 1b). Subsequent freeze-drying yielded alginate cryogels
displaying an interconnected porous network (Figure 1c). The mean pore diameter measured 181.5 £ 49.8 um,
with a porosity of 66.5% + 9.4%, consistent with findings from earlier reports [19, 20]. These characteristics
demonstrate the capacity of the cryogels to emulate the structural features of the extracellular matrix in vitro.

Figure 1. (a) Automated robotic microinjection system. (b) Alginate cryogels generated in situ. (c) Scanning
electron micrograph showing the pore structure of alginate cryogel, scale bar: 100 um.

To characterize the mechanical properties of the alginate cryogels, five randomly selected samples from a single
96-well plate were subjected to compression testing and Young’s modulus determination. The resulting
compressive stress-strain profiles revealed consistent plastic deformation beyond 60% strain (Figure 2a), while
Young’s moduli across the five hydrogels remained comparable, averaging approximately 100 kPa (Figure 2b).
Following 30 min of cell suspension seeding, adherent cells and cell clusters were readily visible on both the
surface and interior of the cryogels (Figure 2c). These observations align with previous findings [19, 20] and
confirm that the microinjection platform reliably reproduces the physical and mechanical attributes of alginate
cryogels suitable for tumor organoid cultivation.

Co-culture of breast cancer cells and TAMs within the alginate cryogels successfully established a TAMs-
dominated immune microenvironment that promoted breast cancer organoid development. Live/dead staining
demonstrated high cell viability of 96.7 + 3.3% (Figure 2d). After 7 days of culture, numerous compact spheroids
with diameters of approximately 100 um had formed (Figures 2e and 2f). Macrophage polarization status was
evaluated through immunofluorescent labeling of CD86 (M1 marker) and CD163 (M2 marker). The results

4



Mendoza et al., A Scalable Automated Platform for Immune Tumor Organoids Enables Functional Evaluation of Chemo-
Immunotherapy

indicated predominant M2 polarization within the spheroids, mirroring the in vivo situation in which M2-type
TAMs can comprise up to 50% of the cellular population in certain solid tumors [18]. Scanning electron
microscopy further revealed well-developed spheroids integrated within the alginate cryogel matrix (Figure 2g),
suggesting active cell-ECM interactions.

80 4
Gl 120 4 I

M

-3
o

£

Stress (KPa)
&
o

N
o
Young's Modulus (kPa)

0 20 40 60 80 100 ol . y : .
11
stk Ge Gelz Gel3 Geld Gels

a) b)

c)

Live Dead Merge

e)
Figure 2. Compressive stress-strain curve (a) and Young’s moduli (b) of alginate cryogels. Representative
images showing the surface and interior of cryogels 30 min after cell seeding (c). Fluorescent live/dead
staining (d), bright-field image (e), fluorescent image (f), and scanning electron micrograph (g) of spheroids
formed inside alginate hydrogels following 7-day culture. Scale bar: 100 pum.

Assessment of chem-immunotherapy using epirubicin in combination with PLX3397

Patients with breast cancer commonly develop resistance to epirubicin. Moreover, the emergence of this resistance
in breast cancer cells is challenging to detect using standard in vitro models, which restricts the reliability of
anticancer drug screening. In the present work, we investigated variations in epirubicin sensitivity across breast
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cancer organoid cultures maintained with and without tumor-associated macrophages (TAMs), alongside
spheroids formed exclusively from TAMSs. As presented in Figure 3a, responses to epirubicin remained largely
comparable among the three groups at lower drug concentrations. At elevated concentrations, however, the
presence of TAMs led to substantially heightened resistance relative to the control conditions. This pattern was
corroborated by the corresponding IC50 values: 153.9 + 27.7 nM for breast cancer organoids without TAMs,
157.2 £ 35.8 nM for TAMs alone, and 701.6 + 107.6 nM for breast cancer organoids with TAMs. Overall,
inclusion of TAMs within the organoids increased resistance to epirubicin by roughly 4.7 times. These
observations imply that TAMs play a central role in fostering drug resistance in breast cancer organoids cultured
in biomimetic environments, aligning with their established tumor-supportive properties in living systems [18].
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Figure 3. (a) Cell viability responses to epirubicin in breast cancer organoids cultured with or without
macrophages, and in macrophages alone. (b) ELISA quantification of secreted cytokines in breast cancer
organoids cultured with or without macrophages, and in macrophages alone. : *p < 0.05, ***p < 0.001. (c)
Transwell migration (upper) and invasion (lower) assays performed on breast cancer cells derived from
organoids with and without macrophages. Bright-field images were acquired at day 3 with an inverted
microscope; scale bar: 100 pm. (d) Cell viability and combination index values for different pairings of
PLX3397 and epirubicin. EP: epirubicin, PLX: PLX3397.

ELISA analysis revealed significantly elevated secretion of several critical cytokines involved in intercellular
signaling and immune modulation within breast cancer organoids containing macrophages (Figure 3b). These
included the chemokines CCL17, CCL22, and CCL24, the immunosuppressive cytokines 1L-10 and TGF-f, and
the growth factors VEGF and EGF. Prior studies have established that IL-10 and TGF-f strengthen the
immunosuppressive milieu within tumors [23]. M2-polarized macrophages have also been linked to diminished
paclitaxel effectiveness in breast cancer through activation of the IL-10/STAT3/Bcl-2 pathway [24]. Additionally,
CCL22 produced by M2-like TAMs can impair sensitivity to 5-FU by triggering EMT, activating PI3K/Akt
signaling, and blocking caspase-dependent apoptosis [25]. VEGF facilitates M2-like macrophage polarization
while cooperating with these cells to stimulate angiogenesis in poorly vascularized tumors, potentially hindering
efficient drug delivery and elevating tumor tolerance to treatment [26]. EGF, in turn, activates JAK/STAT3
signaling, promotes M2-like polarization, and contributes to resistance against osimertinib [27]. Transwell
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experiments further demonstrated that macrophages markedly enhanced the migratory and invasive capabilities
of breast cancer cells within the organoids, as indicated by increased cell movement after three days (Figure 3c).
To counteract drug resistance observed in the co-culture setting, subsequent experiments explored the use of
PLX3397, a macrophage-directed agent, to suppress TAM function within the biomimetic matrix. Therapeutic
outcomes were compared among epirubicin alone, PLX3397 alone, and the dual-drug regimen in breast cancer
organoids harboring TAMs. Combination index (ClI) calculations were performed across a range of concentrations
to evaluate the nature of drug interactions. Results shown in Figure 3d indicated that all ClI values for the
combination treatments fell below 0.75, confirming strong synergistic interactions between the macrophage-
targeted agent PLX3397 and the chemotherapeutic drug epirubicin. Collectively, these data highlight how
cytokine secretion in macrophage-enriched tumor organoids contributes to more aggressive malignant behavior
and increased chemoresistance.

Live-dead staining was additionally employed to directly visualize cell viability and treatment responses within
the three-dimensional matrix (Figure 4a). Consistent with its selective action on TAMs, PLX3397 monotherapy
produced almost no cytotoxic impact on the breast cancer organoids compared with untreated controls (BK).
Epirubicin monotherapy induced clear cell death, predominantly affecting cells on the organoid periphery (red
signal). The combined regimen (Mix) yielded the most potent cytotoxicity, with dead cells evident even in deeper
regions of the organoids. Quantitative assessment confirmed a significantly higher proportion of dead cells in the
Mix group than in the epirubicin-only group. In organoids lacking TAMs, the killing efficiency of the combination
and epirubicin alone was equivalent. Immunostaining for cell-type-specific markers (CD163 for M2-type TAMs
and CD133 for breast cancer cells) was used to track shifts in cellular composition (Figure 4b). Control organoids
contained roughly equal proportions of breast cancer cells and macrophages. PLX3397 treatment substantially
reduced the macrophage fraction, elevating the breast cancer cell proportion to 76.2% + 7.3%. Epirubicin, acting
as a non-selective cytotoxic agent, decreased overall organoid size but did not markedly alter the relative
abundance of the two cell populations. In the combination arm, dual depletion of macrophages by both agents
resulted in the highest breast cancer cell fraction of 85.1% + 8.2%.
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Figure 4. (a) Live/dead staining of breast cancer organoids containing macrophages under different treatment
conditions, with quantification of dead-to-live cell ratios. (b) Fluorescence images of co-cultures showing
TAMs (CD163, green) and MCF-7 breast cancer cells (CD133, red), with DAPI nuclear counterstaining

(blue). Scale bar: 100 pm. Percentages of breast cancer cells within organoids were determined. (C)
Assessment of growth suppression in breast cancer organoids following various treatments. Drug-free

medium served as the control. Relative organoid volumes at different time points are normalized to day 0

values. BK: untreated control, PLX: PLX3397 alone, EP: epirubicin alone, Mix: PLX3397 plus epirubicin. :

***p < 0.001.

Growth dynamics of the organoids were monitored across treatment groups (Figure 4c). Untreated controls
exhibited continuous expansion, attaining nearly 200% of starting volume by day 5. Both PLX and EP
monotherapies produced moderate volume reductions to approximately 60% and 40% of initial size, respectively.
The combination treatment achieved superior inhibition, decreasing organoid volume to about 20% of the original.
Histological sections from day 0 and day 5 corroborated these differential inhibitory effects. Calculation of the
time required for organoid volume to decline to 50% of baseline (T1/2) yielded 3.94 + 0.55 days for epirubicin
alone and 1.68 + 0.37 days for the combination. These results underscore the enhanced therapeutic impact of dual
treatment, attributable to decreased drug resistance and deeper penetration of the chemotherapeutic agent
following TAM depletion.

Mechanistic exploration of drug resistance reversal via combined therapy

To elucidate the mechanisms underlying the reversal of drug resistance in breast cancer cells through combined
treatment, transcriptomic profiling via RNA sequencing was performed on samples subjected to the different
therapeutic regimens. The analysis identified 255 differentially expressed genes in the combination therapy group
(Figure 5a), 246 genes following PLX3397 monotherapy, 768 genes after epirubicin monotherapy, and 11 genes
that were commonly altered across all treatment arms (ATP5MF, FUT9, TEX49, CDRT4, H3C15, ZNF81, DDR2,
NUTM2A, TBC1D3H, FMNL1, CACNB4). Subsequent KEGG pathway enrichment analysis (Figure 5b)
identified the five most prominent pathways: cytokine-cytokine receptor interaction, mitogen-activated protein
kinase (MAPK) signaling pathway, PI3K-Akt signaling pathway, epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor resistance, and ECM-receptor interaction. Corresponding heat maps (Figure 5c)
highlighted the specific differentially expressed genes within each of these pathways, many of which are known
to contribute to chemoresistance in breast cancer.
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Figure 5. Overview of global transcriptomic alterations. (a) Venn diagram depicting the distribution of
differentially expressed genes among treatment conditions. (b) KEGG enrichment analysis indicating the top
five enriched pathways. (c) Heat maps showing differentially expressed genes associated with ECM-receptor

interaction, EGFR tyrosine kinase inhibitor resistance, PI3K-Akt signaling pathway, MAPK signaling

pathway, and cytokine-cytokine receptor interaction. PLX: PLX3397 monotherapy, EP: epirubicin
monotherapy, Mix: co-administration of PLX3397 and epirubicin.

Based on these transcriptomic findings, three candidate genes—IL6, CD37, and GLS2—were chosen for detailed
investigation owing to their notable expression differences across the treatment groups. These genes map to the
cytokine-cytokine receptor interaction, PI3K-Akt signaling pathway, and EGFR tyrosine kinase inhibitor
resistance pathways, respectively. Quantitative real-time PCR was then used to measure their mMRNA levels in
each experimental condition (Figure 6a). Combination therapy led to a pronounced reduction in IL6 expression.
As IL6 is known to facilitate tumor immune escape and promote chemoresistance [28], its downregulation via
macrophage-directed combination approaches may enhance the responsiveness of breast cancer cells to
chemotherapy. Conversely, CD37 mRNA levels were significantly elevated in the combination treatment group.
Prior evidence indicates that diminished CD37 expression correlates with the acquisition of drug resistance in
tumors [29]; therefore, its upregulation during combined therapy could aid in restoring drug sensitivity in breast
cancer cells. Furthermore, GLS2 expression is typically induced under chemotherapeutic stress in cancer cells
[30]. In this study, the dual treatment effectively suppressed this stress-related increase in GLS2, pointing to an
additional mechanism for attenuating resistance. Functional assays revealed that modulation of IL6, CD37, and
GLS2 expression markedly affected the improved cell-killing efficacy achieved by co-administration in the
immune-reconstituted tumor organoid system (Figure 6b). Addition of IL6 or suppression of CD37 resulted in
elevated macrophage proportions and reduced breast cancer cell fractions within the organoids, while GLS2
inhibition produced a slight rise in the breast cancer cell percentage.
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Figure 6. (a) Quantitative analysis of IL6, CD37, and GLS2 mRNA expression in macrophage-containing
breast cancer organoids following various treatments by gRT-PCR. : ***p < 0.001. (b) Live/dead cell
staining evaluating organoid responses to combined PLX3397 and epirubicin therapy under altered
expression of the three target factors.

Breast cancer commonly acquires resistance to chemotherapeutic drugs and is particularly difficult to manage
once it reaches advanced or metastatic stages [31]. Although immunotherapeutic agents have shown strong
promise across multiple cancer types, their efficacy as standalone treatments remains limited [32]. In breast
cancer, the tumor microenvironment (TME) significantly influences both disease progression and resistance to
therapy. M2-polarized tumor-associated macrophages (TAMS) can account for up to 50% of the cellular content
in some solid tumors and help establish an immunosuppressive milieu that promotes tumor persistence [18]. The
extracellular matrix (ECM) additionally acts as a physical obstacle, restricting the access of immune effector cells
and chemotherapeutic agents [33]. Therefore, the development of 3D organoid models that accurately replicate
this immunosuppressive TME is vital for effective drug screening in the context of chemo-immunotherapy [34].
The present study utilized a TAMs-integrated organoid model that closely mirrored the biological features of the
source tumors and successfully recreated an immunosuppressive niche, as previously confirmed in our recent
work [20]. Alginate hydrogels were employed in this culture system to provide a three-dimensional scaffold
supporting cell adhesion, while eliminating the risk of zoonotic pathogen transmission inherent to Matrigel, which
can adversely affect macrophage behavior [35]. These hydrogels further contributed to a physiologically relevant
3D setting that better preserves the architectural organization of original tumor tissue [36]. Moreover, the scaffold
structure within the organoids served as a barrier that limited drug penetration, thereby enhancing the model’s
ability to simulate realistic responses to chemo-immunotherapeutic interventions.

Tumor organoid technology has emerged as a key innovation propelling precision medicine forward by supplying
clinically more relevant platforms for testing therapeutic strategies and potentially improving patient outcomes
[37]. Microfabricated microwell systems have demonstrated utility as alternatives to traditional bulk culture
approaches and are extensively used in tissue engineering for three-dimensional cell cultivation [38-40]. Despite
these advances, tumor organoids frequently suffer from high variability and limited reproducibility arising from
differences in culture protocols and conditions, which hinders their standardization for chemo-immunotherapy
testing. To reliably capture tumor heterogeneity and reduce technical inconsistencies, a robust and standardized
culture platform is required. Accordingly, we present a user-friendly automated microwell platform designed for
high-throughput production of tumor organoids, allowing selective retrieval of individual organoids for further
molecular analysis. This automated system provides several distinct advantages over conventional methods.
Unlike bulk cultures, the microwell format permits accurate assessment of quantitative traits at the single-organoid
level rather than relying on population averages [41], including growth dynamics and drug sensitivity (Figure
4c). In contrast to closed microfluidic platforms that depend on costly specialized equipment such as custom chips
and peristaltic pumps [42, 43], our microwell arrays are compatible with standard commercial 48- or 96-well
plates, and the robotic microinjection system integrates smoothly into existing cell culture workflows (Scheme 1
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and Figure 1). The platform also achieves comparable throughput, supporting the simultaneous generation of 96
organoid samples in a 96-well plate, on par with other established techniques that handle roughly one hundred
organoids [44, 45]. Consequently, this automated robotic microinjection platform offers a reproducible framework
with sufficient sample volume for robust comparison of experimental data and clinical treatment responses.
Building upon our earlier direct co-culture model of breast cancer cells and TAMs that recapitulated intercellular
and cell-matrix interactions [20], the current study introduces an optimized organoid system generated entirely
within the automated microinjection platform. This enables in situ hydrogel formation and uniform cell seeding,
facilitating high-throughput screening and improved prediction of clinical outcomes in breast cancer chemo-
immunotherapy.

Although substantial progress has been made in understanding cancer biology and developing new therapies,
cancer continues to rank as the second leading cause of death worldwide [46]. A central contributor to treatment
failure is the tumor’s capacity to evade immune detection and acquire resistance to administered drugs [47].
Investigating how cancer cells modulate immune responses during the development of chemotherapy resistance
is therefore critical. In this work, we evaluated the combination of PLX3397 with the standard chemotherapeutic
drug epirubicin. We first observed that the inclusion of TAMs in the biomimetic matrix significantly enhanced
breast cancer cell resistance to epirubicin, reflected by a 4.7-fold rise in 1C50 values in TAM-containing organoids
compared with TAM-free controls (Figure 3a). While PLX3397 alone exhibited minimal direct cytotoxicity
toward breast cancer organoids, it effectively alleviated the TAM-driven immunosuppressive conditions and
markedly improved chemotherapeutic performance when used in combination (Figure 4). This synergy was
quantitatively validated through combination index (ClI) calculations across five different concentration ratios of
PLX3397 and epirubicin (Figure 3d). PLX3397 (pexidartinib), a powerful CSF1R inhibitor, has already gained
FDA approval for treating symptomatic tenosynovial giant cell tumors that express CSF1 [8, 48, 49]. Previous
research by Yan et al. [50] showed that PLX3397 inhibited glioma progression, reduced tumor cell proliferation,
and decreased tumor grade by counteracting TME-mediated resistance pathways. The compound disrupted tumor-
induced macrophage reprogramming and restored glioma cell sensitivity to tyrosine kinase inhibitors in preclinical
models. Similarly, Fujiwara et al. [51] demonstrated that PLX3397 suppressed M2 polarization, cell survival, and
migratory capacity in bone marrow-derived macrophages. Systemic treatment with PLX3397 in an orthotopic
osteosarcoma model substantially reduced primary tumor burden and lung metastases, underscoring its potent
macrophage-modulating activity with translational potential for cancer immunotherapy. As a result, TAM-
directed inhibitors are gaining prominence in anti-tumor immunity research for their ability to upregulate antigen
presentation and costimulatory molecules while altering immune cell behavior via cytokine networks [23, 52, 53].
Developing potent CSF1R inhibitors such as PLX3397 thus represents a valuable approach to interrupting pro-
tumorigenic signaling within the TME [8].

Additional analyses were conducted to elucidate the molecular mechanisms associated with immune modulation
during combination therapy. KEGG pathway enrichment of RNA sequencing data highlighted significant
alterations in several key pathways (Figure 5), notably cytokine—cytokine receptor interaction, PI3K-Akt
signaling, and EGFR tyrosine kinase inhibitor resistance. Within these pathways, IL6, CD37, and GLS2 displayed
distinct expression profiles in the combination group relative to monotherapy treatments (Figure 6). IL-6
functions as a major regulator of anti-cancer immunity and is frequently upregulated following genotoxic stress.
Liu et al. [54] reported that IL-6 enhances CSF1R expression and macrophage survival, an effect that can be
reversed by PLX3397, suggesting therapeutic relevance for conditions such as clonal hematopoiesis-associated
cardiovascular disease. Inhibiting IL-6 may also redirect cancer cell death toward immunogenic pathways,
promoting more durable anti-tumor immunity [55]. CD37, a tetraspanin family member, participates in signal
transduction cascades that trigger apoptosis through the PI3K-Akt pathway in B-cell malignancies [56]. Elevated
CD37 levels have also been linked to increased infiltration of M2 macrophages and neutrophils in gliomas, along
with higher expression of immune checkpoint molecules including CD80, CD86, CD276, and PD-L2 [29]. These
observations point to promising opportunities for combining CD37-targeted strategies with other
immunotherapeutic or kinase inhibitory agents. GLS2 plays a pivotal role in glutamine metabolism and supplies
essential carbon and nitrogen resources that drive proliferation in luminal breast cancers [57]. It is also
overexpressed in triple-negative breast cancer and metastatic lung cancer and contributes to radio-resistance in
advanced cervical cancer, potentially by lowering ROS levels through elevation of GSH, NADH, or NADPH [58-
60]. Collectively, these insights into the TME underscore the value of targeting specific metabolic and immune
pathways for treating advanced or therapy-resistant cancers [61]. Our findings align with earlier studies and
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emphasize the clinical relevance of IL6, CD37, and GLS2 in the context of PLX3397-based chemo-
immunotherapy.

Conclusion

This study established a convenient automated multi-well platform using an automated robotic microinjection
system to generate TAMs-containing breast cancer organoids embedded in hydrogels that mimic the extracellular
matrix. The methodology provided clear benefits over standard bulk culture techniques when evaluating chemo-
immunotherapy outcomes. Inclusion of TAMs within the breast cancer organoids led to markedly heightened
resistance against epirubicin, a phenotype that was effectively mitigated by the macrophage-targeting agent
PLX3397. Combination index (CI) calculations for all tested co-administration conditions demonstrated strong
synergistic interactions between epirubicin and PLX3397. The genes IL6, CD37, and GLS2, which exhibited
prominent differential expression under combination treatment, participate in the tumor necrosis factor signaling,
PI3K-Akt signaling, and EGFR tyrosine kinase inhibitor resistance pathways. These molecules represent
compelling candidate targets for advancing future chemo-immunotherapeutic strategies in clinical settings.
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