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Anticancer Treatment Influences TREMZ2in Tumor-Associated Macrophages in

Lung Cancer

Yoon Jin Cha‘®", Eun Hye Lee"~'?, Chi Young Kim?, Yong Jun Choi?, Min Kyung Park?, Sang Hoon Lee’, Eun Young Kim?, Yoon Soo Chang >’
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Purpose The triggering receptor expressed on myeloid cells 2 (TREM2) creates an immunosuppressive environment, but the effects
of anticancer treatment on TREM2 and the tumor microenvironment (TME) are not well established. This study investigates the
impact of chemotherapy on TREM2-expressing macrophages within the lung adenocarcinoma TME.

Materials and Methods Using single-cell RNA sequencing datasets of paired normal-appearing lung tissue (NL) and tumor (Tu),
human and mouse lung cancer tissue, and THP-1 cells, we observed the effects of anticancer drugs on them.

Results Myeloid cells (MY) were the second-most abundant non-epithelial component in the Tu, though less prevalent than in NL.
Specific MY subclusters abundant in Tu showed overexpression of TREM2. In lung cancer-induced Kras-G12D mice, M2 proportion
increased in Tu compared to NL; cisplatin increased TREM2+ M2 proportion in Tu. TREM2+ cells in Tu showed interactions with cell
clusters showing characteristics of interstitial macrophage such as mo-lineage, mono-Mc, and CD163/LGMN cells via FN:CD44 and
MIF:CD74+CXCR4, suggesting that they influence the recruitment of those cells to Tu and TME reshape. In MO-state THP-1 cells,
cisplatin and osimertinib treatments induced polarization towards M1 and M2 states and increased TREM2 expression. Cisplatin pro-
moted uptake of phosphatidylserine-coated latex beads by MO cells, whereas osimertinib reduced uptake by polarized macrophages.
These findings suggest anticancer treatments impact the lung immune microenvironment by altering the TREM2+ cells.

Conclusion Given TREM2’s central inhibitory role in the tumor immune environment, effects of chemotherapeutic agents should be

considered in developing TREM2-targeting therapies.
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Introduction

The pivotal role of the tumor microenvironment (TME)
in treating lung cancer is well-recognized. As the landscape
of therapeutic options evolves, monitoring how these treat-
ments influence the TME to enhance clinical outcomes is cru-
cial. Macrophages, as major cellular components in both nor-
mal-appearing lung tissue (NL) and lung TME (Tu), are of
particular interest. Within the TME, tumor-associated mac-
rophages (TAMs) play a critical role, with triggering receptor
expressed on myeloid cells 2 (TREM?2) serving as an immune
signaling hub that interacts with various ligands from dam-
aged tissues, leading to natural killer (NK) cell depletion and
an immunosuppressive environment [1,2]. Despite progress
in delineating macrophage characteristics across different
disease states, insights on how anticancer therapies modify
macrophage behavior, particularly efferocytosis, are rare.

Pioneering clinical trials such as NEJ009 [3-6] and FLAU-
RA2 [7] have demonstrated the efficacy of combination
therapies over epidermal growth factor receptor tyros-

ine kinase inhibitor (EGFR-TKI) monotherapies in treat-
ing EGFR-mutant lung cancer; therefore, their differential
impacts on macrophages within the TME should be studied.
This study aimed to identify these dynamics by examining
the macrophage distribution and functional states in NL and
TME, focusing on TREM2 expression and its modulation in
response to anticancer drugs. Our methodologies included
single-cell RNA sequencing (scRNA-seq) analysis of mac-
rophages, complemented by experimentation in cell lines
and mouse and human lung cancer tissues.

Materials and Methods

1. Datasets and analytic methods

Data were analyzed using R software ver. 4.1.0 (R Founda-
tion for Statistical Computing). Data reported by Lambrechts
etal.[8], Kimetal. [9], and Cha et al. [10] were analyzed using
Seurat package ver. 4.4.0. Differential gene expression (DEG)
was determined using the FindMarkers function, specifying
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the comparison groups for cell parameters, cells.1 and cells.2.
Alluvial plots were generated using the ggalluvial package
ver. 0.12.5, and pathway analysis was performed using the
EnrichR package. The interactions between cell clusters were
analyzed using the CellChat package ver. 1.6.1.

2. Immunohistochemistry and immunofluorescence
KrasLSL-G12D mouse lung cancer tissues treated with
vehicle or cisplatin were obtained from the residual blocks of
previous studies [10], which had been approved by the Insti-
tutional Animal Care and Use Committee, Yonsei Biomedi-
cal Research Institute, Yonsei University College of Medicine
(2015-0307), and followed the American Association for the
Assessment and Accreditation of Laboratory Animal Care
guidelines. Formalin-fixed paraffin-embedded tissue blocks
obtained from four mice per treatment group were used.
Human tissues were randomly extracted from de-identified
tissue archives of non-small cell lung cancer and institutional
approval was obtained under the following number for use
(IRB No. 3-2024-0207). Immunohistochemistry (IHC) was
performed according to the manufacturer’s instructions; the
antibodies used are listed in S1 Table. Immunofluorescence
(IF) was performed using the following methods. Cells or
tissues were fixed with 16% methanol-free formaldehyde,
blocked with 2% bovine serum albumin, and incubated
with primary and secondary antibodies for 1 hour in the
dark. Nuclei were stained, and slides were mounted with
Fluoroshield Mounting Medium with DAPI, with images
captured using a ZEISS LSM 980 confocal microscope.

3. THP-1 cell culture and polarization

THP-1 cells (human monocytic cell line) were purchased
from the Korean Cell Line Bank (KCLB). A549-GFP cells
(human lung carcinoma cell line expressing green fluores-
cent protein) were acquired from Cell Biolab Inc. (cat No.
AKR-209). THP-1 cells were polarized into M0, M1, and M2
cells as described previously [11], and a schematic diagram of

the process and confirmation of polarization were shown in
the S2 Fig. Briefly, THP-1 cells were cultured and maintained
in RPMI 1640 medium containing 10% fetal bovine serum
(FBS). They were differentiated into the MO state by treating
with 150 nM phorbol 12-myristate 13-acetate (PMA; cat No.
P8139, Sigma-Aldrich) for 24 hours, the M1 state by treating
with 20 ng/mL IFN-y (cat No. 117001, Sigma-Aldrich) and
10 pg/mL LPS (cat No. L6529, Sigma-Aldrich), and the M2
state by treating with 20 ng/mL human interleukin 4 (IL-4;
cat No. 204-IL, R&D Systems) and 20 ng/mL IL-13 (cat No.
213-ILB, R&D Systems). The RAW 264.7 cells were cultured
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS. The M1 state was induced via
treatment with 100 ng/mL LPS and 20 ng/mL mouse IFN-y,
whereas the M2 state was induced via treatment with 20 ng/
mL mouse IL-4.

4. Preparation of phosphatidylserine-coated latex beads
and drug treatment

Fluorescent yellow-green (cat No. L5155-1IML, Sigma-
Aldrich) and fluorescent red (cat No. L3030-1ML, Sigma-
Aldrich) carboxylate-modified 2 um diameter polystyrene
latex beads were used to measure the phagocytosis activity.
To coat the beads with phosphatidylserine (PdSer), 99% L-o-
phosphatidylserine (soy) was first dissolved in chloroform
to create a 5 mM stock solution, and then the chloroform was
evaporated using a rotary evaporator under reduced pres-
sure and hypoxic condition. L-o-phosphatidylserine was
then dissolved in methanol to prepare a PdSer solution, into
which 50 uL of latex bead (2.4%) was added to achieve a final
concentration of 0.12%. The mixture was thoroughly mixed
for over 30 minutes using a Mini Lab roller Rotator (model
No. H5500-230V-EU, Labnet International, Inc.), centrifuged
to remove the supernatant, and the beads were resuspended
in phosphate-buffered saline (PBS) for experimental use. Fol-
lowing drug treatment to achieve 100 nM osimertinib or 500
nM cisplatin, 20 pL/mL fluorescent red (cat No. L3030-1ML,

Table 1. Fraction of major cell population in the scRNA-seq dataset used

Lambrechts [8]

Cell type NL =
u
FB 2.2 3.7
EC 6.5 2.5
NK/T 48.5 59.6
BC 3.0 14.5
MA 1.5 1.3
MY 38.2 16.1

43
3.4
45.6
1.6
2.8
42.4

Sinjab [14] Cha and Kim [10,15]

NL Tu NL Tu

45 4.9 11.8 2.9 7.0
1.7 9.3 45 33 4.1
517 424 21.0 40.7 44.4
14.0 2.8 24.1 0.6 6.8
4.8 NAY NAY 2.7 47
23.2 40.6 38.7 49.8 Eonll

BC, B cells; EC, endothelial cells; FB, fibroblasts; MA, mast cells; MY, myeloid cells; NK/T, NK and T cells; NL, normal-appearing lung
tissue; scRNA-seq, single-cell RNA sequencing; Tu, tumor. ?In the Sinjab dataset, mast cells were included in the MY sets.
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Fig. 1. Among the myeloid cells (MY) subclusters, those increased in tumor (Tu) showed overexpression triggering receptor expressed on
myeloid cells 2 (TREM2). (A) Pie charts showing the proportions of major cell clusters in normal-appearing adjacent lung tissue (NL). (B)
Pie charts depicting the cell cluster fractions in the tumor microenvironment of lung adenocarcinoma (Tu) corresponding to dataset used in
(A). The fractions were estimated using datasets from our research team [10,15] and publicly available single-cell RNA sequencing datasets
[8,9]. Note that cancer and epithelial cells, which vary widely based on tumor invasion degree, were excluded from the fraction calcula-
tions. BC, B cells; DC, denderitic cell; EC, endothelial cells; FB, fibroblasts; LC, Langerhans cell; Mac/Mc, macrophage; MA, mast cells; Mo,
monocyte; NK/T, natural killer and T cells; pDC, plasmacytoid dendritic cell. (Continued to the next page)

Sigma-Aldrich) beads or 40 pL/mL fluorescent yellow-green
beads were selected according to the fluorescent combina-
tion, added to the media, and cultured for 24 hours before
being fixed and stained. Drug concentrations were deter-
mined based on previous studies within ranges that do not
affect cell viability [12,13].

5. Analysis of IF staining

The M1 and M2 fractions of the Tu and NL were obtained
by normalizing the number of CD86+ and CD163+ cells to
the number of CD68+ cells in the corresponding area. For
IF staining, QuPath software ver. 0.5.0 was used to measure
the co-expression of biomarkers. Briefly, the images to be
analyzed were imported into one project, and independent
annotation areas within each image were defined. We first

used the DAPI channel to detect all cells within a defined
area. Thereafter, individual markers were measured for
staining intensity, and a classifier was set up for each. The
phagocytosis of PdSer-coated or uncoated latex beads within
cells was measured using the subcellular spot detection func-
tion in QuPath. Spots showing values greater than 1.6 times
the representative value were designated as bead clusters.
The number of beads phagocytosed within cells was estimat-
ed using the “Subcellular: Channel 2: Num spots estimated”
value and analyzed.

6. Statistical analysis

The DEGs between the two clusters of interest were
determined using the Wilcoxon rank-sum test, which is the
default option in Seurat ver. 4.4, and adjusted p-values were
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Fig. 1. (Continued from the previous page) (C) Alluvial plots illustrating the distribution differences between NL and Tu after myeloid cell
subclustering and annotation. Fraction of some myeloid cell subclusters increased in Tu compared to NL. Increased subclusters were
marked with asterisks and boxes. The annotations of the subclusters were quoted from the original paper. (D) Venn diagram showing
differentially expressed genes (DEGs) identified by comparing myeloid subclusters that showed an increase in Tu with the remaining
subclusters in each of the three datasets, and the intersection of the DEG sets yielded a final set of 40 genes.

obtained using Bonferroni correction. Differences in distribu-
tion between NL and Tu in the cluster of interest were deter-
mined by dividing the number of cells belonging to individ-
ual subclusters by the total number of cells belonging to the
subcluster of the corresponding case and compared using
the unpaired Wilcoxon rank-sum test.

Results

1. Among the myeloid cells subclusters, those increased in
Tu overexpress TREM?2

We estimated the fractions of major cell populations in the
NL and Tu using scRNA-seq datasets reported by Lambre-
chts et al. [8], Kim et al. [9], Sinjab et al. [14], Kim et al. [15],
and Cha et al. [10]. Data analyses focused on the non-epithe-
lial cell population in the NL and Tu, noting that the yield
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may vary depending on cancer cell prevalence in the Tu and
sample processing during the scRNA-seq workflow. Mye-
loid cells (MY) constituted 33.8%-49.8% of the cell population
in the NL, being the second-largest fraction after NK/T cells
(Table 1, Fig. 1A). In the paired Tu-NL datasets, the myeloid
fraction consistently decreased in the Tu compared to that
in the NL across all datasets, ranging from —1.9% to —22.1%
(Fig. 1B) [8,14].

By additionally analyzing published scRNA-seq datasets,
we identified myeloid cell subclusters with a higher propor-
tion in the Tu than that in the NL, despite an overall decrease
in the myeloid fraction within the TME. Characteristically,
these myeloid cell subclusters’ fraction was relatively low in
the NL but became predominant in the Tu (Fig. 1C) [8-10].
Comparing these cells to the remaining myeloid subclusters
within each dataset generated three DEG lists, whose inter-
section resulted in 40 genes (Fig. 1D). TREM2 was selected
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Fig. 2. Triggering receptor expressed on myeloid cells 2 (TREM2)+ cells with M2 features are increased in tumor (Tu). (A) Immunofluores-
cence (IF) staining for CD68 (red), CD86 (green), and CD163 (white) in normal-appearing lung tissue (NL) (left panel) and Tu (right panel)
from a mouse lung cancer model, with corresponding hematoxylin and eosin (H&E) staining. Jittered box plots show the proportions of
CD86+ and CD163+ cells among CD68+ mononuclear cells. p-values obtained via Kruskal-Wallis rank sum test. (B) IF staining for CD86
(red), CD163 (green), and TREM2 (white) in THP-1 cells polarized to M0, M1, and M2 states. Jittered box plot quantifying TREM2+ cell

fraction among MO0, M1, and M2. (Continued to the next page)

for further investigation among the 40 genes because it plays
a role in clearing apoptotic cells via its extracellular domain
[16], potentially influencing macrophages in the TME during
anticancer therapy. In summary, although the total myeloid
cell fraction of Tu was lower than that of NL, the myeloid cells
overexpressing TREM? (hereinafter referred to as “TREM2+
cells”) were increased in Tu.

2. TREM2+ cells with M2 features are increased in Tu

To explore the characteristics of TREM2+ cells distribution
in NL and Tu, we used lung cancer tissues from mice and
humans for TREM2 IHC, and THP-1 cells for in vitro analy-

sis. First, to assess M1 and M2 distribution in the NL and Tu,
IF staining with CD68, CD86, and CD163 was performed on
Kras-G12D mouse lung cancer tissues. The results showed
a high proportion of CD86+ cells (M1) in the NL, whereas
CD163+ cells (M2) were prevalent in the Tu (Fig. 2A). Then,
in vitro THP-1 cell polarization was utilized to explore the
relationship between M2 macrophages and TREM2+ cells.
Indeed, TREM2 overexpression was induced specifically in
the M2 polarized state (Fig. 2B). IF, including TREM2 stain-
ing, revealed that a significant number of M2 macrophages
were TREM2+. Notably, the proportion of TREM2+ M2 mac-
rophages (TREM2+ CD163+) was significantly higher in Tu

VOLUME 58 NUMBER 2 APRIL 2026 469



Cancer Res Treat. 2026;58(2):465-480

H&E

Merged

NL Tu
54 54

N N ,

% 01 < 01 %
= > e
= =
-5+ 5+ .
10 5 0 5 10 5 0 5
UMAP_1 UMAP_1

C
TREM2+ (%) among CD163+
0.0043

100 4 e p
= 80- .
s .
5 604 N
o
[N ole .

40

l\iL Tlu

Fig. 2. (Continued from the previous page) (C) IF staining for CD68 (red), CD163 (green), and TREM2 (white) in NL (left panel) and Tu (right
panel) from a mouse lung cancer model, with corresponding H&E staining. Jittered box plot shows the proportion of TREM2+ cells among
CD163+ mononuclear cells by tissue type. p-value obtained via Kruskal-Wallis rank sum test. (D) Uniform Manifold Approximation and
Projection plots showing TREM2 expression in myeloid cells from normal-appearing adjacent lung tissue (NL) and tumor tissue (Tu).
TREM2+ cells constitute 1,380 out of 11,669 (11.8%) myeloid cells in the Tu and 1,231 out of 35,035 (3.5%) myeloid cells in the NL (prop.
test, p <0.001). (E) TREM2 immunohistochemistry staining in mouse (left panel) and human (right panel) lung cancer tissues, highlighting
TREM2 expression in tumor-associated macrophages (arrows) and absence in alveolar macrophages (empty arrows).

than that in NL (Fig. 2C). From the scRNA-seq dataset pre-
viously reported, we compared the distribution of TREM2+
cells with other myeloid cells in the Tu [10,15]. The TREM2+
cell proportion in the Tu (11.8%, 1,380/11,669 cells) was sig-
nificantly higher than that in the NL (3.5%, 1,231/35,035 cells;
p <0.001) (Fig. 2D). In Kras-G12D mouse lung cancer tissues,
TREM2 was expressed in TAMs. In human lung cancer tis-
sues, TREM2 was not overexpressed in cancer cells or alveo-
lar macrophages but in some interstitial mononuclear cells
(Fig. 2E). Taken together, these results suggest that TREM2+
cells, which are relatively abundant in the Tu, exhibit M2-like
traits.

470 CANCER RESEARCH AND TREATMENT

3. Characteristics of TREM2+ cells and interactions with
other MY subclusters implicates their role in immune eva-
sion within Tu

Next, we analyzed the characteristics of gene expression
in TREM2+ cells. From the scRNA-seq dataset previously
reported, we compared the characteristics of TREM2+ and
other myeloid cells in the Tu. These TREM2+ cells were
distinct from alveolar macrophages owing to low PPARG,
FABP4, and CEBPB expression. Additionally, PLA2G7, PIGR,
A2M, and LIPA, which modulate and alleviate inflammation,
and A2M, MMP9, and SPP1, which are involved in tissue
repair and remodeling were overexpressed in these cells (Fig.
3A, S3 Table).

The DEGs obtained from comparison of TREM2+ cells with
other myeloid cells in the Tu showed enrichment of genes
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Fig. 3. Characteristics of triggering receptor expressed on myeloid cells 2 (TREM2)+ cells and interactions with other myeloid cells (MY)
subclusters. (A) Volcano plot illustrating differentially expressed genes (DEGs) between TREM2+ cells and other MY subclusters in the
tumor microenvironment (TME), based on single-cell RNA sequencing (scRNA-seq) data from Cha et al. [10]. (B) Clustergram of gene sets
enriched in DEGs derived from the comparison of TREM2+ cells and other MY subclusters in the TME of lung cancer. It highlights signifi-
cant enrichment of gene sets associated with chemotaxis and cell migration. Notably, these include pathways such as positive regulation
of monocyte chemotaxis (GO:0090026) and regulation of monocyte chemotaxis (GO:0090025). For a detailed list, please refer to S3 Table.
(C) Circular plots illustrating the number (left) and weight/strength (right) of interactions in the aggregated cell-cell communication net-
work between TREM2+ cells and MY subclusters in the TME, generated using CellChat. Alv-Mc, alveolar macrophage; cDC, conventional
dendritic cell; FC, fold change; Mo, monocyte; mono-Mc, monocyte-derived macrophage; NS, not significant; Prol-Mc, proliferating mac-

rophage; pDC, plasmacytoid dendritic cell. (Continued to the next page)

associated with monocyte chemotaxis and migration (e.g.,
GO0:0090025 and GO:0090026) (Fig. 3B). To further explore
the role of TREM2+ cells in cell migration and tissue remod-
eling in the TME, we used CellChat to search for MY sub-
clusters interacting in the TME. The MY subclusters, which
was presumed to strongly interact with TREM2+ cells, were
in the order Mono-lineage, Mono-Mc, and CD163/LGMN,
which shows the characteristics of bone marrow-derived
macrophages (Fig. 3C). The interaction between TREM2+
cells and these cell clusters showed similar ligand-recep-

tor interactions. The interaction MIF:CD74 and its co-factor
CXCR4 is thought to be involved in the guiding and traffick-
ing of the associated cell population to Tu [17,18], while the
FN1:CD44 interaction is thought to be involved in the move-
ment of these cell populations to Tu through the organization
of the cytoskeleton and Tu [19] (Fig. 3D).

In summary, TREM2+ cells, enriched within the Tu, alle-
viate inflammation and contribute to its remodeling. Addi-
tionally, they interact with Mono-lineage, Mono-Mc, and
CD163/LGMN, facilitating the trafficking and migration of
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Fig. 3. (Continued from the previous page) (D) Bubble plot depicting individual interacting receptor-ligand pairs involved in cell-cell com-
munication, with color indicating communication probability and bubble size representing p-values.
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Fig. 4. Anticancer treatment promotes polarization into M1 and M2 and induces overexpression of triggering receptor expressed on
myeloid cells 2 (TREM2). (A) Immunofluorescence (IF) staining for CD68 (red), CD86 (green), CD163 (white), and DAPI (blue) in normal-
appearing adjacent lung tissue (NL) treated with vehicle (Veh) and cisplatin (Cis). Each IF image is accompanied by its corresponding
hematoxylin and eosin (H&E)-stained section. Jittered box plots display the fraction of CD86+ (M1) and CD163+ (M2) mononuclear cells
among CD68+ cells in NL tissues following treatment (Tx). p-value obtained via Kruskal-Wallis rank sum test. (B) Similar IF staining and

analysis as in (A) but for tumor (Tu) tissue. (Continued to the next page)

these cell populations into Tu. Through these interactions,
TREM2+ cells may play a pivotal role in shaping the immu-
nosuppressive environment characteristic of the TME.

4. Anticancer treatment promotes polarization and TREM2
overexpression

Then, we investigated the effect of anticancer treatment on
the accumulation of TREM2+ cells, which is reported to be
involved in the formation of an immunosuppressive TME of
the lung. First, we observed the effect of anticancer treatment
on the distribution of M1 and M2 in NL and Tu. For this,
we measured the ratios of CD86+ M1 and CD163+ M2 mac-
rophages among CD68+ macrophages in NL (Fig. 4A) and
Tu of Kras-G12D mouse lung cancer tissues (Fig. 4B) with
and without cisplatin treatment. Following treatment with

cisplatin, both M1 and M2 ratios increased, with a more pro-
nounced increase in M2 macrophages.

Treatment with cisplatin or osimertinib, a third-gener-
ation EGFR-TKI, induced macrophage polarization and
TREM2 expression in M0-state THP-1 cells. The polarized
macrophage fraction significantly increased with anticancer
treatment, becoming more pronounced over time. Further-
more, cytomorphologic metrics, specifically cell area, sig-
nificantly increased after treatment (Fig. 4C). Collectively,
these findings indicate that anticancer treatment induces the
polarization of M0 state into M1 and/or M2 states. Further-
more, we observed the phenotypic change in various states
of THP-1 cell-derived macrophages after treatment with
anticancer drugs. In addition to M2, which showed overex-
pression of TREM?2, both M0 and M1 states showed TREM2
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Fig. 4. (Continued from the previous page) (C) IF staining for CD68, CD86, and CD163 in THP-1 cells at the MO state treated with 0.5 pM Cis
and 100 nM osimertinib for indicated times. Jittered box plots depict the fractions of M1 and M2 macrophages and changes in cytomor-

phologic metrics over time. (Continued to the next page)

overexpression and cytomorphological changes after 24
hours after exposure to cisplatin and osimertinib (S4 Fig.).
We further evaluated whether anticancer treatment affects
TREM2 expression in NL and Tu cells from a Kras-G12D
mouse lung cancer model. Cisplatin treatment did increase
the fraction expressing TREM2+ cells among CD68 cells both
in NL and Tu (Fig. 4D and E). Moreover, cisplatin induced
robust expression of TREM2 (Fig. 4E). Taken together, these
findings suggest that anticancer treatment could have a pro-
found effect on macrophage polarization and change the
TME into a more immunosuppressive environment.

474 CANCER RESEARCH AND TREATMENT

5. Osimertinib inhibits the uptake of PdSer-coated latex
beads by M1 and M2

Efferocytosis of apoptotic cell debris by macrophages is
crucial in establishing an immune suppressive environment
in the Tu by releasing anti-inflammatory or immunosup-
pressive signals, with TREM2 presumed to be central in this
process [1,20]. To simulate the effects of anticancer therapy
on the efferocytosis of polarized macrophages, 2 pm diam-
eter PdSer-coated latex beads were added to the culture
medium of differentiating macrophages for 24 hours. As a
control, uncoated latex beads were added to the medium of
THP-1 cells polarized into the M0, M1, and M2 states. After
24 hours, approximately 1-2 beads per cell were observed
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Fig. 4. (Continued from the previous page) (Continued to the next page)

within the cytoplasm (S5 Fig.). Meanwhile, the uptake of
PdSer-coated latex beads differed significantly depending
on the macrophage polarization state. Without treatment,
M1 macrophages engulfed an average of 2.5 beads per
cell, whereas M2 macrophages internalized 7.5 beads per
cell, which indicates that the polarization state profoundly
affects phagocytic activity (Fig. 5A and B). Within each
polarization state, the impact of anticancer treatments on
phagocytic activity differed. Osimertinib, a third-generation
EGFR-TKI, treatment reduced bead uptake in both M1 and
M2 macrophages, while cisplatin treatment had no effect on
bead uptake in either state. To further investigate the role of
TREM2 in macrophage-mediated phagocytosis, we utilized
TREM?2 knockout (TREM2 KO) THP-1 cells generated using

CRISPR/Cas9 (S6A Fig.). The knockout of TREM?2 did not
significantly affect the uptake of PdSer-coated latex beads by
polarized M1 and M2 macrophages compared to wild-type
cells (S6B and C Fig.). These findings suggest that phagocytic
activity in polarized macrophages may be regulated through
TREM2-independent pathways or compensatory mecha-
nisms.

In summary, the anticancer agents, cisplatin and osimer-
tinib, promoted differentiation towards the M2 phenotype
and significantly upregulated TREM2 expression. However,
neither drug facilitated the uptake of PdSer-coated latex
beads in the polarized macrophages. Notably, osimertinib, a
third-generation EGFR-TKI, inhibited bead uptake.
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but for tumor tissue.

Discussion

In this study, we explored the influence of antitumor treat-
ments on macrophages, their phenotype, and TREM2 status.
Our result aligned with previous findings that the proportion
of TREM2+ M2 macrophages was higher in the Tu than that
in the NL [2,21,22]. Moreover, we observed that M2 polari-
zation can induce TREM2 expression in macrophages. Inter-
estingly, both cisplatin and osimertinib treatment induced
macrophage polarization into M1 or M2 states. Anticancer
drug-induced overexpression of TREM2 did not lead to
increased uptake of phosphatidylserine-coated latex beads.
Rather, the EGFR-TKI osimertinib inhibited uptake of PdSer-
coated latex beads in M1 and M2 polarized macrophages.

The human TREM gene family, located on chromosome
6p21.1, shares structural similarities with the mouse TREM
gene cluster on chromosome 17, which includes TREM]I,
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TREM2, TREML2, and TREML4 [23]. TREM?2 involvement
in neurodegenerative diseases, particularly Alzheimer’s
disease (AD), has been extensively studied [24,25], where
TREM2 overexpression may enhance the phagocytic activity
of microglia [26]. In tumors, TREM2 modulates macrophage
[27], efficiently clearing particles coated with TREM? ligands,
such as cellular debris displaying PdSer [1,28].
PdSer-mediated apoptotic cell uptake and clearance invol-
ve key receptors such as Cd300lb, TIMD4, and MERTK,
which are critical for maintaining tissue homeostasis and
resolving inflammation [24,29-31]. TREM2 is known to be
expressed in human microglia, osteoclasts, and tissue-resi-
dent macrophages, hypothesized to recognize phospholip-
ids and sulfides exposed on apoptotic cells [32]. In our study,
using PdSer-coated latex beads, the impact of TREM2, that
was induced by anticancer treatment, on lipid binding or
uptake was not clearly defined. In addition to the TREM2
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Fig. 5. Osimertinib inhibits the uptake of phosphatidylserine (PdSer)-coated latex beads by M1 and M2. (A) Immunofluorescence staining
showing the impact of 0.5 uM cisplatin or 100 nM osimertinib on the PdSer-coated latex beads uptake of THP-1 cells polarized to M1, and
M2 states. (B) Box plots illustrate the mean number of beads per cell, quantified using QuPath.

expression in different macrophage states, anticancer treat-
ment appeared to modulate TREM2 expression and func-
tional state of macrophages.

Interestingly, our findings from TREM?2 knockout (TREM2
KO) THP-1 cells revealed that the loss of TREM2 did not
significantly affect the phagocytic activity of polarized mac-
rophages. This suggests that other pathways or receptors
may compensate for the absence of TREM2 in mediating
PdSer uptake. As has been well-documented, the Tyro3/

Ax1/Mer (TAM) receptor complex plays a central role in the
clearance of apoptotic bodies, including those coated with
phosphatidylserine [33,34]. Therefore, it is plausible that in
the absence of TREM2, the TAM receptor complex could
mediate the observed phagocytic activity in PdSer-coated
bead uptake.

Studies on THP-1 cells have shown that M1 polarization
reduces phagocytic activity compared to M0, while M2
polarization increases it, consistent with our findings [35].
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However, contrasting results have been reported [36], like-
ly influenced by the type of phagocytosis-triggering agent,
such as apoptotic cells or specific pathogens. In the control
group, phagocytic activity was most profound in TREM2+
M2 macrophages with PdSer-coated latex beads. Cisplatin-
treated TREM2+ M2 macrophages retained their phagocytic
activity, whereas osimertinib-treated M1 and M2 polarized
macrophages lost their phagocytic activity. This discrepancy
likely stems from the distinct mechanisms of action of the
two anticancer agents. Cisplatin, a conventional cytotoxic
agent, targets proliferating cells, causing DNA damage, and
induces apoptosis [37]. In contrast, the EGFR-TKI osimerti-
nib irreversibly inhibits EGFR function and induces apop-
tosis [38]. Unlike cancer cells, macrophages are not highly
proliferative, which may explain their resilience to cisplatin.
Furthermore, because EGFR is naturally expressed in mac-
rophages and involved in modulating immune responses
[39], osimertinib treatment could have reduced both the
phagocytic activity and the effect of TREM2 in macrophages.

TREM2 expression in various solid tumors is either posi-
tively or negatively correlated with patient survival [40].
Moreover, reports on the clinical implications of TREM2
expression in non-small cell lung cancer cells themselves
are very limited. Cheng et al. [40] reported that TREM2
overexpression in lung adenocarcinoma was associated
with prolonged overall survival. In addition to the clinical
implications of TREM2 overexpression in lung cancer cells,
investigating the dynamics of TREM2 expression at both pri-
mary and metastatic sites, as well as in lung cancer cells and
TAMs before and after treatment with immune checkpoint
inhibitors (ICIs), will provide valuable insights into chang-
es in the immune activity of the tumor microenvironment.
These observations may further inform the development of
novel therapeutic strategies. We assessed the clinical impact
of TREM2 overexpression on prognosis using The Can-
cer Genome Atlas Lung Adenocarcinoma (TCGA-LUAD)
dataset. On analyzing clinicopathological parameters such
as tumor size, stage, age, smoking history, and RNA-seq
data, we found that clinicopathological factors were not sig-
nificantly related with TREM2 expression (data not shown).
When the effect of TREM2 overexpression on the prognosis
in patients from the TCGA-LUAD cohort was analyzed, this
significance was lost after propensity-matched analysis in
our study, which accounted for stage, age, sex, and smok-
ing history (S7 Fig.). Interestingly, when TCGA-LUAD cases
were categorized into quartiles based on tumor mutation
burden (TMB), cases with the highest TMB (Q4) exhibited
lower TREM2 expression than those with the lowest TMB
(Q1) (data not shown). TREM2 expression inversely correlat-
ed with TMB, which was also observed in a previous study
[40]. Because a high TMB in lung cancer is a predictive factor
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for a good response to ICIs, TREM2 overexpression might
suggest a poor response to ICls.

Our study has certain limitations. The effects of anticancer
drugs on the phagocytic activity of polarized macrophages
were assessed using in vitro experiments with a single cell line
and PdSer-coated latex beads, which do not fully replicate
the TME and the subsequent tumor-immune interactions.
Additionally, further in vivo studies using TREM2-targeting
drugs or TREM2 overexpressing or knockdown engineered
models could not be performed. Lastly, the effects of osimer-
tinib on myeloid cells in vivo remain unexplored due to its
limited use as neoadjuvant chemotherapy, restricting access
to human-derived samples.

Despite the limitations identified, this study provides
robust evidence for the impact of cytotoxic and targeted can-
cer therapies on the phenotypic state and functional activi-
ties of macrophages. As the treatment landscape for lung
cancer broadens to include immunotherapy, chemotherapy,
and targeted therapy, selecting patients who are most likely
to benefit from specific treatments has become increasingly
critical. The TME is a pivotal factor influencing the biological
behavior of tumors and may augment or mitigate the effects
of therapeutic agents, depending on their mechanisms of
action. TREM? is an immunosuppressive regulator within
the myeloid subsets of the TME; however, its role in reshap-
ing the immune environment under various treatments
remains to be elucidated. Further in vivo and clinical studies
are necessary to explore and validate the effects of TREM2
modulation.
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