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SUMMARY
Patients with EGFR mutations exhibit immunosuppressive microenvironments, limiting responsiveness to
immunotherapy. We used digital spatial profiling to analyze non-small cell lung carcinomas in 25 patients
before and after EGFR tyrosine kinase inhibitor (TKI) treatment, including 14 patients treatedwith first-line osi-
mertinib, focusingonCD45-positive immune regionsandpan-cytokeratin-positive tumor regions.Osimertinib
treatment resulted in altered angiogenic pathways and immune cell proportions, with reduced plasma cells
(22.2%–11.7%; p = 0.025) and increased macrophage infiltration (p = 0.145). The most predominant immune
subtypes before and after treatment was the interferon-g (IFN-g)-dominant C2 subtype and the lymphocyte-
depleted C4 subtype. Two patients who showed the opposite pattern, transiting from C4 to C2, had durable
responses to subsequent atezolizumab/bevacizumab/carboplatin/paclitaxel treatment.Our results shed light
on the immunomodulatory effects of osimertinib treatment and suggest that co-targeting angiogenesis and
anti-programmed death (ligand) 1 might be effective in EGFR-TKI-resistant non-small cell lung cancer.
INTRODUCTION

Lung cancer is a leading cause of death worldwide, with 85%

of cases classified as non-small cell lung cancer (NSCLC), and

adenocarcinoma representing themajor subtype.1 Approximately

40–60% of Asian patients with NSCLC exhibit classic-like EGFR

mutations.2 Osimertinib, a third-generation EGFR tyrosine kinase

inhibitor (TKI), has been shown to improve overall survival in

treatment-naı̈vepatientswithEGFR-mutantadvanced/metastatic

cancer compared with gefitinib and erlotinib, as evidenced by

the FLAURA trial.3,4 However, most patients eventually develop

intrinsic and extrinsic resistance to EGFR-TKIs, necessitating

alternative treatment options. Immunotherapies, including im-

mune checkpoint inhibitors (ICIs), have emerged as potent treat-

ment options for patients with advanced cancer.5,6

The efficacy of ICIs depends on predictive biomarkers such as

programmed death ligand 1 (PD-L1) expression and the tumor

mutational burden; however, the overall response rate, ranging

from 20% to 40%, mainly due to extrinsic factors associated

with the immunosuppressive tumor microenvironment (TME).7

Specifically, advanced/metastatic EGFR-mutant NSCLC often

presents with lower TMB and PD-L1 expression,8 and these tu-

mors are often characterized by low numbers of effector CD8+
iScience 28, 111736, Febr
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T cells and high numbers of regulatory T cells and immunosup-

pressive cells, such as tumor-associated macrophages and

myeloid-derived suppressive cells (MDSCs), which contribute

to ICI efficacy.9–11 Trials combining ICIs to overcome intrinsic

resistance have been conducted, including the IMpower150 trial,

whichusedacombination of atezolizumab, bevacizumab, carbo-

platin, and paclitaxel (ABCP) in patients with EGFR-mutant

NSCLC following EGFR-TKI failure. The ABCP regimen improved

survival outcomes compared with the BCP regimen previously

used to treat patients with classic EGFR-mutant NSCLC.12

EGFR-TKI-treated tumors display increases in effector CD8+

T cell numbers, major histocompatibility complex presentation,

and expression of CD8+ T cell recruitment-associated chemo-

kine C-C motif ligand 5 (CCL5) and chemokine C-X-C motif

ligand 10 (CXCL10), along with decreased regulatory T cell

numbers and chemokine C-C motif ligand 22 (CCL22) expres-

sion.8,9,13 Moreover, EGFR-TKI treatment can modulate M2-

polarizedmacrophages, which are associatedwith poor survival,

into an M1-like phenotype in lung adenocarcinoma.13,14 The

composition of the immune environment changes throughout

treatment stages. Before treatment and during disease progres-

sion, there is generally low T cell infiltration and a high presence

of regulatory T cells; however, when treatment is effective, there
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Patient demographics of the digital spatial profiling

samples

N (%)

All 25 (100)

Age (years), median (range) 62 (43–79)

Sex

Male 8 (32)

Female 17 (68)

ECOG performance status

0 1 (4)

1 23 (92)

2 1 (4)

Smoking history

Never-smoker 22 (88)

Smoker 3 (12)

EGFR mutation

L858R 11 (44)

E19del 14 (56)

EGFR-TKIs

Gefitiniba 2 (8)

Osimertinib 23 (92)

PD-L1 (%)

<1 11 (44)

1–49 5 (20)

R50 7 (28)

NA 2 (8)

Best response

PR 24 (96)

PD 1 (4)

Outcome

Death 17 (68)

AOD 8 (32)

PFS (months), median (range) 16.2 (2.8–35.7)

OS (months), median (range) 34.9 (7.5–127.4)

ECOG, eastern cooperative oncology group; E19del, exon 19 deletion

mutation; PR, partial response; PD, progression of disease; AOD, alive

on disease; OS, overall survival; PFS, progression-free survival; NA, not

available.
aOne patient was subsequently treated with osimertinib.
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is a notable increase in functional T cell infiltration.15 Considering

the preclinical evidence of TME changes following EGFR-TKI

treatment, it is crucial to comprehensively understand these

changes in a clinical context. In this study, we analyzed the over-

all TME changes before and after EGFR-TKI treatment using

GeoMx digital spatial profiling (DSP).

RESULTS

Patient characteristics and spatial transcriptome
profiling
The study cohort included 25 patients, 23 of whom were treated

with first-line osimertinib, with the remaining two receiving gefi-
2 iScience 28, 111736, February 21, 2025
tinib. Eleven patients had EGFR L858R mutation, and 14 had

an EGFR exon 19 deletion. Most patients demonstrated low

(<1%, 44% of patients) or moderate (1–49%, 20% of patients)

PD-L1 expression. None of the patients displayed well-known

mechanisms of acquired resistance to first-line osimertinib,

including EGFR C797X secondary mutation, MET amplification,

and transformed small cell carcinoma. Detailed clinical informa-

tion is presented in Table 1. Overall, 171 regions of interest (ROIs)

within the tumors of 25 patients were considered in the DSP

analysis. A paired analysis was also conducted using 68 ROIs

from the tumors of 14 patients who provided samples both

before and after osimertinib treatment. Paired samples without

ROIs selected for immune cell infiltration were excluded, result-

ing in a total of 51 ROIs from 12 patients that were included in the

paired analysis of immune regions (Figure 1A). Among these, pa-

tients LC14 and LC23 responded favorably to subsequent ABCP

treatment and were selected for further analysis (Figure 1B). The

selection of ROIs entailed immunostaining of tissue microarrays

(TMAs) with specific antibodies targeting CD45 for immune cell

demarcation, PanCK for tumor core delineation, and DNA for nu-

clear staining (Figure 1C). When the cell count exceeded the pre-

defined threshold, a thorough analysis was conducted for each

ROI encompassing both PanCK+ and CD45+ regions.

Whole-transcriptome sequencing was conducted using the

NanoString DSP platform, which demonstrated high sequencing

saturation and normalization (Figure S1A). A total of 12,356 genes

were identified from 173 ROIs using quality control (QC) proced-

ures (Figure S1B). Two ROIs that were obtained after ABCP

treatment were excluded from further analysis. Biological probe

QC showed sequencing saturation R90%, indicating sufficient

RNA sequencing coverage. Genes exhibiting expression levels

above the limit of quantitation in at least 5% of the analyzed

ROIs were selected. Subsequently, Whole-Transcriptome Atlas

sequencing data were normalized using third quartile (Q3)

expression values, accounting for variations in cellularity and

ROI sizes (Figure S1B). The tumor and immune regions were

segmented with high precision to ensure reliable outcomes

(Figure S1C).

Comparative analysis of differentially expressed genes
and pathway alterations
Gene expression levels and associated pathway alterations in

immune (CD45+) and tumor (PanCK+) regions were compared

between pre-treatment and post-treatment samples (Figures 2,

3, and S2). Similar patterns were observed in separate analyses

of the overall samples and the paired samples, although the

magnitudes of change varied.

In the immune regions, 29 and 40 genes were upregulated in

the overall pre- and post-treatment samples, and 47 and 72

genes were upregulated in the paired pre- and post-treatment

samples, respectively (Figures 2A, 2C, and 2D). Programmed

death 1 (PD-1) signaling, theCD28co-stimulation family, T cell re-

ceptor signaling (cytotoxic T lymphocyte-associated protein 4

[CTLA4], human leukocyte antigen DQB2 [HLA-DQB2], human

leukocyte antigen-DQ2A [HLA-DQ2A], and Enah/VASP-like

[EVL]), and the complement cascade (C3 andC4B) were downre-

gulated after EGFR-TKI treatment in both the overall samples and

the paired samples (Figures 3A and 3E). Interferon signaling



Figure 1. Sample selection and regions of interest for digital spatial profiling

(A) Patient selection scheme for paired first-line osimertinib-treated samples. n refers to the number of patients excluded from the study. PanCK+ denotes tumor

regions, and CD45+ denotes immune regions.

(legend continued on next page)
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(HLA-B,HLA-C,HLA-E,HLA-F,HLA-DAQ2, tripartite motif-con-

taining2 [TRIM2], and signal transducer andactivator of transcrip-

tion 1 [STAT1]) was also decreased after EGFR-TKI treatment

(Figures 3A and S2A), which was consistent with findings in the

tumor regions. Furthermore, antigen presentation and vascular

endothelial growth factor receptor 2 (VEGFR2)-mediated cell

proliferation were decreased after osimertinib treatment in the

paired samples (Figure 3A). Conversely, expression of genes

related to extracellular matrix (ECM) organization (cathepsin L

[CTSL], integrin beta 3 [ITGB3], and fibulin 1 [FBLN1]) and

collagen formation (collagen type V alpha 1 [COL5A1] and perox-

idasin [PXDN]) was increased in the paired samples after osimer-

tinib treatment, matching the results in the tumor regions. GSEA

revealed a decrease in interferon-gamma signaling after osimer-

tinib treatment (Figure 3B). Moreover, expression of the inflam-

matory cytokine interleukin-32 (IL32) was decreased after

EGFR-TKI treatment in the overall samples and the paired sam-

ples, and that ofCCL5, a chemoattractant related to T cell migra-

tion and interferon-gamma response, was decreased after osi-

mertinib treatment in the paired samples (Figures 2A and S2A).

In the tumor regions, 44 and 35 genes were upregulated in the

overall pre- and post-treatment samples, and 39 and 44 genes

were upregulated in the paired pre- and post-treatment samples,

respectively (Figures 2B, 2E, and 2F). Pathway analysis of the

overall and paired samples revealed that cell-cell junction

organization (Claudin 11 [CLDN11]) was downregulated after

EGFR-TKI treatment, whereas epigenetic regulatory pathways,

including DNA methylation, histone deacetylase (HDAC) deace-

tylation, and polycomb repressive complex 2 (PRC2)methylation

of histones and DNA, were upregulated (Figures 3C and 3F). In

addition, the angiogenesis and epithelial-mesenchymal transi-

tion (EMT) pathways and genes related to fibroblast and tumor

growth, such as fibroblast growth factor binding protein 1

(FGFBP1), fibroblast growth factor receptor 1 (FGFR1), and neu-

ropilin 2 (NRP2) were specifically upregulated after osimertinib

treatment in the paired samples (Figure 3D). Furthermore, path-

ways related to cell motility, promoted by the proto-oncogene

and receptor tyrosine kinase MET, and integrin cell surface inter-

actions (fibronectin 1 [FN1], matrix metalloproteinase 9 [MMP9],

and a disintegrin andmetalloproteinase 28 [ADAM28]) were upre-

gulated after osimertinib treatment in the paired samples, which

may have been related to resistance mechanisms (Figures 3C

and S2B). Expression of CCL2, which is linked to macrophage

and MDSC recruitment and humoral response, was also

increased after EGFR-TKI treatment (Figures 2B and S2B).

Conversely, expression of immunoglobulin genes known to pro-

mote tmor growth and enhance metastasis16 (Immunoglobulin

Kappa Constant [IGKG] and immunoglobulin heavy constant

gamma 3 [IGHG3]) was decreased after osimertinib treatment

in the paired samples (Figure S2B). There were no significant

changes in the kynurenine signature, which is implicated in can-
(B) Timeline indicating the time points of tissue acquisition, with white arrows on th

the timeline represent the number of months since the diagnosis of metastatic N

paclitaxel and carboplatin; CCRT/DP, concomitant chemoradiotherapy/docetaxe

(C) Representative region of interest (ROI) images of paired tissue samples from

lung (bottom). ROIs were imaged using three fluorescence channels, PanCK (gree

immune cells. Colored regions represent masked regions where RNA was obtain

4 iScience 28, 111736, February 21, 2025
cer progression, in the paired samples after osimertinib treat-

ment15 (Figure 2G). To validate our findings,weanalyzed thepub-

lic Gene Expression Omnibus (GEO): GSE25938717 dataset and

observed increased expression of genes related to angiogenesis

(ephrin B1 [EFNB1], polycystin 1 [PKD1],AKT serine/threonine ki-

nase 3 [AKT3], and APC regulator of WNT signaling pathway 2

[APC2]) and ECM (collagen type V alpha 1 chain [COL5A2],

collagen type XI alpha 2 chain [COL11A2], collagen type IX alpha

3 chain [COL9A3]) after osimertinib treatment (Figure 2H).

Changes in immune cell composition
We identified 22 immune cell subtypes in the pre- and post-treat-

ment samples using CIBERSORTx. M0, M1, and M2 macro-

phages were classified as macrophages, naive and memory B

cells were classified as B cells, resting and activated natural killer

cells were categorized as NK cells, and dendritic cells included

both the resting and the activated states (Figures 4 and S4). In

the paired samples, the proportion of plasma cells decreased

from 22.2% to 11.7% after osimertinib treatment (Figure 4A).

Although no statistically significant differences were identified in

the overall samples, there was a slight increase in M2 macro-

phagesandadecrease inM1macrophagesafter EGFR-TKI treat-

ment (Figure 4B). In the paired samples, immunohistochemistry

revealed an increase in CD3+Foxp3+ T cells (p = 0.033) and

CD68+CD163+ macrophages (p = 0.003) in 7 of 11 patients

(63.6%), indicating anoverall elevationof immunosuppressive im-

mune cells after treatment (Figures 4C and S5). Moreover, in the

paired samples, there was an inverse relationship within each pa-

tient between the changes in M2 macrophages and the changes

in CD8+ T cells following osimertinib treatment (Figure 4D).

With respect to T cells, there were no significant changes in

the proportions of CD8+ effector cells, regulatory T cells, or naive

T cells after EGFR-TKI treatment in the overall samples (data not

shown) (Figure S4); however, in the paired samples, there was an

increase in regulatory T cells (CD3+ Foxp3+) after osimertinib

treatment (Figures 4B and 4C). Additionally, both the immune

score and the microenvironment score declined in the paired

samples after osimertinib treatment (Figure 4E). Analysis of im-

mune exhaustion markers revealed a decrease in CTLA4 after

EGFR-TKI treatment in the overall samples, whereas hepatitis

A virus cellular receptor 2 (HAVRC2) and programmed cell death

1 (PDCD1) did not show significant changes (Figure 4F). In addi-

tion, indoleamine 2,3-dioxygenase 1 (IDO1), a macrophage-

associated gene related to progression state,15 was decreased,

whereas DNA topoisomerase II alpha (TOP2A) was increased, in

the post-treatment samples (Figure 4F).

Changes in immune signatures after osimertinib
treatment
According to Thorsson’s classification of immune signatures,18

the paired samples displayed several immune subtypes, including
e images indicating sites from which samples were obtained. The numbers on

SCLC. Representative tissues from patients LC14 and LC23 are shown. TC,

l plus cisplatin; GTR, gross total resection; PORT, post-operative radiotherapy.

the same patient and tissue origin. Right supraclavicular lymph node (top) and

n), DNA (blue), and CD45 (red), to select regions containing both tumor cells and

ed. ROIs 660 mm 3 785 mm in size were selected.



(legend on next page)
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C2 (interferon-g [IFN-g] dominant),C3 (inflammatory),C4 (lympho-

cyte-depleted), and C6 (transforming growth factor b [TGF-b]

dominant). SubtypesC1 (woundhealing) andC5 (immunologically

quiet) were absent fromour samples.When the different subtypes

were assigned to various ROIs within the same patient, the

average probability of each subtype was calculated, and the

subtype with the highest average probability was assigned to

the patient. When the probabilities of different subtypes were

comparable, the two most likely subtypes were represented in a

Sankey diagram. When the immune subtypes assigned to each

patient before and after osimertinib treatment were considered,

the most frequent pattern was C4 to C4 in six patients, followed

by C2 to C4 in three patients and C4 to C2 in two patients. Addi-

tionally, transitions from C2 to C3, C3 to C4, C6 to C2, and C6 to

C4 were observed in one patient each (Figures 5A and S6A). C4

statuswasconfirmedby thecombinationofEGFRoverexpression

andahigher ratioofM2macrophages,18as illustrated inFigure5B.

This analysis was performed on samples with distinct signatures,

irrespective of their pre- or post-treatment status. In instances

where subsequent ABCP treatment resulted in a favorable

response, as in patients LC14 and LC23 (Figure 1B), an increase

in the proportion of immune cells and a decrease in the ratio of

M2 macrophages were observed (Figure 5C). Moreover, patients

LC14 and LC23, who exhibited prolonged responses to subse-

quent ABCP treatment, transitioned from the C4 immune subtype

to the C2 immune subtype (Figure 5C). Although patient LC14

displayed a significant increase in CD163+ macrophages, no

such change was observed in patient LC23. In addition, notable

increases in CD163+ macrophages were observed in patients

who showed C4 to C4 transits (patients LC01, LC05, LC16,

and LC29).

The seven groups of immunomodulatory genes exhibited

different expression patterns among the immune subtypes,

with the expression levels of co-stimulatory genes increased in

C2 and decreased in C4. The expression levels of inhibitory

genes such as CD274, IL13, CCL5, and CTLA4 and genes

related to cytotoxicity, such as granzyme A (GZMA), perforin-1

(PRF1), indoleamine-2,3-dioxygenase 1 (IDO1), and CXCL9,

were also higher in C2 compared with C4. Conversely, the

expression levels of cell adhesion-related genes were higher in

C4 than in C2 (Figure S6B).

DISCUSSION

EGFR-TKIs, which are the standard treatment for classic EGFR-

mutant NSCLC, can potentially modulate the TME to create

a favorable environment for immunotherapy. We used DSP

to comprehensively examine TME changes in EGFR-mutant

NSCLC tumors that previously acquired resistance to EGFR-
Figure 2. Differentially expressed genes between pre- and post-treatm

Venn diagrams show differentially expressed genes (DEGs) in the overall and pa

(A and B) Upregulated and downregulated DEGs in the immune (A) and tumor (B) r

are listed below each plot.

(C–F) Volcano plots illustrating DEGs between pre- and post-treatment samples in

(F) regions. The dotted lines represent log2 fold change (FC) > 0.4957 or < �0.49

(G) Kynurenine pathway score in the paired tumor samples. Data are represente

(H) Volcano plot illustrating DEGs between pre- and post-treatment samples in G
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TKIs. We found that after EGFR-TKI treatment, interferon,

PD-1, and TCR signaling and the CD28 co-stimulation family

were downregulated in immune ROIs. These changes may

contribute to the development of an immunosuppressive micro-

environment that enables tumor immune evasion. Furthermore,

we observed upregulation in pathways related to ECM organiza-

tion, collagen formation, angiogenesis, and EMT, which are

known to promote tumor progression and metastasis. These re-

sults confirm that acquisition of resistance to EGFR-TKIs led to a

more conducive environment for tumor growth.

One notable finding was the significant decrease in immune

scores following treatment with first-line osimertinib, indicating

reduced infiltration of immune cells into tumor regions.19 A high

immunescore isoften linked toa favorableprognosis inNSCLC.20

Additionally, the C6 immune subtype, whichwas present in some

of the patients before osimertinib treatment, was absent in the

post-treatment samples, reflecting a decrease in immune cell

infiltration. Specifically, after EGFR-TKI treatment, the proportion

of plasma cells decreased, whereas the proportion of M2macro-

phages increased slightly. This increase in M2 macrophages is

associated with higher expression of CCL2, a key chemokine

responsible formacrophage recruitment.21Moreover,M2macro-

phages are known to promote tumor progression and resistance

by suppressing T cell function and enhancing angiogenesis and

EMT.22 CD68+CD163+ macrophages were increased in the

post-treatment samples, implying that tumors with acquired

resistance to EGFR-TKI treatment had an increased ability to

induce regulatoryT cells andangiogenesis.23,24 The negative cor-

relation between M2 macrophages and effector CD8+ T cells

observed in the paired samples suggests that macrophages

could obstruct T cell function.25 Additionally, M2 macrophages

engage in angiogenesis by degrading ECM and fostering endo-

thelial cell growth,26 a pattern which was noted in our study,

underscoring the therapeutic potential of anti-angiogenesis ther-

apy after resistance to EGFR-TKIs develops. Changes in the

angiogenesis pathway in tumor regions following treatment with

first-line osimertinib provide insight into potential combinations

of anti-angiogenesis therapies. These results are consistent

with those of a previous studyof TMEchanges that occurred after

resistance to second-line osimertinib developed.27 Conversely,

our observations in patient LC14 hint at amore favorable immune

response with fewer M2 macrophages for improved ABCP treat-

ment results. Indeed, the observed decrease in plasma cells and

concurrent increase inM2macrophagesand regulatory T cells af-

ter osimertinib treatment are indicative of an immunosuppressive

and less inflammatory TME. In two cases of good responses to

immunotherapy inour cohort, theoppositepatternwasobserved,

suggesting a more favorable immune phenotype. However,

because we did not compare the effects of ABCP according to
ent samples

ired samples.

egions, pre-treatment (left) and post-treatment (right). The specific gene names

the overall immune (C), paired immune (D), overall tumor (E), and paired tumor

57. Labels indicate the selected genes.

d as mean ± SD.

ene Expression Omnibus (GEO): GSE259387 dataset.



Figure 3. Pathway and gene set enrichment analyses of pre- and post-treatment samples

(A–F) Pathway analyses of the digital spatial profiling samples in the paired immune (A) and tumor (C) regions. Negative normalized enrichment score indicates

upregulation in pre-treatment samples, whereas a positive score indicates upregulation in post-treatment samples. These pathways represent the most

significantly differentiated pathways between pre- and post-treatment samples (adjusted p value <0.05). Gene set enrichment analysis of transcriptional profiles

of paired immune (hallmark interferon-gamma response) (B) and tumor (hallmark interferon-gamma response, hallmark angiogenesis, and hallmark epithelial-

mesenchymal transition in paired immune) (D) regions. Positive enrichment score (ES) indicates gene sets enriched in the pre-treatment samples, whereas

negative ES indicates gene sets enriched in the post-treatment samples. Normalized ESs of five selected pathways in the overall immune (E) and tumor (F) regions

are shown.
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Figure 4. Comparison of immune environments in the pre- and post-treatment samples

(A and B) Dot plots of 10 immune subtypes selected from the pre- and post-treatment CIBERSORTx results in the overall (A) and paired (B) samples. Plots above

the y = x line indicate a higher post-treatment immune population, whereas plots below indicate a higher pre-treatment immune population.

(C) Immunohistochemistry staining with CD3, CD68, Foxp3, and CD163 markers in paired samples.

(D) Scatter graph showing a negative correlation between CD8+ T cells and M2 macrophages in the paired samples. The R-squared value is 0.4836, and the p

value is 0.012.

(E) Box-and-whisker plots of the immune, stromal, and microenvironment scores obtained from xCell.

(F) Boxplot showing a comparison of the expression levels ofCTLA4,HAVRC2,PDCD1, IDO1,GBP5, and TOP2A. All data are represented asmean ±SD. n.s., not

significant; *, p < 0.05; **, p < 0.01.
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Figure 5. Changes in immune subtypes after treatment

(A) Changes in immune subtype classification in paired pre- and post-treatment samples.

(B) M2macrophages and EGFR levels in the C4 subtype compared with the C2, C3, and C6 subtypes. *, p < 0.05. **, p < 0.01. Data are represented asmean ±SD.

(C) Digital spatial profiling images of patients LC14 and LC23, and pie charts indicating the proportions of tumor cells, immune cells, and M2 macrophages.

Regions of interest (ROIs) 001 and 002 are pre-treatment samples, and ROIs 003 and 004 are post-treatment samples from patient LC14. ROIs 016 and 017 are

pre-treatment samples, and ROI 001 is a post-treatment sample for patient LC23. The proportion of each cell type was calculated based on the nuclei count per

ROI. The bar graph shows the proportion of C1 versus C6 immune subtypes. Scale bar, 500 mm.

iScience
Article

ll
OPEN ACCESS
the proportion of M2 macrophages, it is unclear if M2 macro-

phages affected the treatment efficacy.

We noted changes in the immune signature after osimertinib

treatment based on Thorsson’s classification.18 Specifically,
we observed transitions from the more inflammatory C2 subtype

to the immunosuppressive C4 subtype in three of 14 patients.

The transition to the C4 subtype was associated with an increase

in CD163+ macrophages, suggesting development of an
iScience 28, 111736, February 21, 2025 9



iScience
Article

ll
OPEN ACCESS
immunosuppressive phenotype. Although the C4 subtype was

dominant in the post-treatment samples, the specific subtype

transits were heterogeneous and unpredictable. Furthermore,

patients who exhibited good responses to subsequent ABCP

treatment showed an opposite pattern, transiting from the C4

subtype to the C2 subtype. Additionally, the expression levels

of immune checkpoint molecules (e.g., CTLA4 and PDCD1)

were decreased after osimertinib treatment, suggesting that

the TMEwas likely to be less responsive to checkpoint inhibitors.

Moreover, we observed decreases in the expression of inflam-

matory-related genes, such as IL32,28 and increases in the

expression of CD109, which is associated with drug resis-

tance.29 Tumors become more aggressive after they acquire

resistance, and the osimertinib-treated samples accordingly dis-

played increased epigenetic alterations30 and EMT. The upregu-

lation of collagen formation in the tumor and immune regions,

along with ECM reorganization, indicates aggressive tumor

behavior, TME alteration, and impeded effector cell infiltration,31

processes that are linked to the expression of genes such as

FGFBP1, FGFR1, and NRP2.32,33 Overall, the upregulation of

specific genes and pathways along with the development of a

suppressive immune signature suggests that tumor cells

become more aggressive and the TME becomes less inflamed

following treatment with osimertinib or other EGFR-TKIs.

Conclusions
This study illustrates changes in the TME following EGFR-TKI

treatment in metastatic EGFR-mutant NSCLC. Downregulation

of immune-related pathways and increases in immunosuppres-

sive cell populations indicate the formation of an immunosup-

pressive TME. These findings underscore the importance of

monitoring TME changes and considering combination thera-

pies, such as anti-angiogenesis therapy, to enhance treatment

outcomes. Despite the small sample size, positive responders

to ABCP treatment exhibited TME changes that contrasted

with those of other patients, highlighting the critical role of the

TME in subsequent immunotherapy. Further studies are needed

to evaluate immune cell interactions and changes in the tumor

compartment related to EGFR-TKI resistance, including angio-

genesis, EMT, and FGFR signaling. TME modulation by angio-

genesis inhibition and the potential for synergistic effects by

co-targeting angiogenesis and PD-(L)1 should be explored

further in EGFR-TKI-resistant NSCLC.

Limitations of the study
Because the samples were obtained from different organs, it is

important to note that the heterogeneity of our sample limits the

generalizability of our findings. In addition, small sample size

including a few patients treated with ABCP and limited regional

transcriptome without single-cell resolution may weaken the

TME remodeling of EGFR-TKI regimen. Further in vitro and in vivo

validation studies should be performed to evaluate the efficacy

andTMEchangeofco-targetingPD-(L)1andangiogenesisagainst

advanced EGFR-mutant NSCLC at resistance to EGFR-TKI.

Ethics approval and consent to participate
This study was reviewed and approved by the Institutional Re-

view Board of Seoul National University Hospital (H-2004-056-
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1116). Patients treated with first-line osimertinib were registered

on clinicaltrials.gov (NCT03969823). Three patients received the

ABCP regimen based on the KCSG-LU19-04 trial (NCT039

91403).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 Ventana Medical Systems Cat no. 790-4341;RRID: AB_2335978

CD68 DAKO Cat no. M0814;RRID: AB_2314148

CD163 Cell Marque Cat no.163M-14;RRID: AB_1159110

Foxp3 Abcam Cat no. ab20034;RRID: AB_445284

Deposited data

Nanostring GeoMx DSP data National Center for Biotechnology

Information (NCBI) (https://www.ncbi.nlm.nih.gov)

Gene Expression Omnibus (GEO): GSE285298

Software and algorithms

GeoMx Digital Spatial Profiler Nanostring RRID:SCR_021660

InteractiVenn Heberle et al.34 https://doi.org/10.1186/s12859-015-0611-3

R (v4.2.2) Rstudio https://cran.r-project.org/

Prism (v8.0.2) GraphPad RRID:SCR_002798

Tableau Desktop (v2023.2.0) Salesforce RRID:SCR_013994

CIBERSORTx Newman et al.35 https://cibersortx.stanford.edu/

xCell Aran et al. https://comphealth.ucsf.edu/

Other

Automated staining processor Ventana Medical Systems Inc. Benchmark XT

Aperio ScanScope Aperio Technologies RRID:SCR_018457
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Collection of tumor samples from patients with NSCLC
The DSP study included 25 Korean patients diagnosed with NSCLC harboring common EGFRmutations (L858R and exon 19 micro-

deletion) that received EGFR-TKI treatment. Detailed information is listed in Table S1. Sex and gender were not specifically analyzed

in this study. Due to the small sample size, data were not stratified by these factors, whichmay limit the generalizability of the findings.

Further studies with larger sample sizes are needed to assess their impact. The sites from which pre- and post-treatment samples

were obtained are listed in Table S2. Because of the small sample size, the analysis excluded patients with two ROIs who received

ABCP treatment. Among the 25 patients, 16 had paired samples taken before and after EGFR-TKI treatment, whereas 6 only had

samples taken after EGFR-TKI treatment, and three only had samples taken before EGFR-TKI treatment. One patient received

both osimertinib and ABCP treatment and was excluded from the analysis. Among the 16 sets of paired samples, two were from

patients treated with first-line gefitinib (LC23 and LC24) and were excluded from the paired first-line osimertinib group. Thus, 25 pa-

tients were analyzed overall, and 14 patients were analyzed in the paired analysis.

Samples were allocated to experimental groups based on treatment regimens and availability of paired pre- and post-treatment

samples. Patients were categorized into groups receiving first-line osimertinib or ABCP regimens, and subgroup analyses were con-

ducted separately for tumor and immune regions. Paired analyses included 14 patients for tumor regions and 12 patients for immune

regions, reflecting the availability and quality of the corresponding sample sets. The exclusion criteria were applied to ensure the con-

sistency of treatment regimens and the reliability of paired sample data.

Ethical approval and study registration
The study was reviewed and approved by the Institutional Review Board of Seoul National University Hospital (H-2004-056-1116),

and written informed consent was obtained from all participants prior to sample collection. Patients treated with first-line osimertinib

were registered on clinicaltrials.gov (NCT03969823), and three patients received the ABCP regimen based on the IMpower150

study.36
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Digital spatial profiling
TMA slides were prepared according to the GeoMx DSP slide preparation user manual (MAN-10087-04). The overall DSP workflow

followed the Nanostring Technologies protocol37 and can be summarized into five steps: standard formalin-fixed paraffin-embedded

tissue preparation, tissue incubation with visualizationmarkers andDSPprobes, imaging and ROI selection, ultraviolet exposure, and

oligo collection. Visualization markers included three-color fluorescence imaging of epithelial cells (pan-cytokeratin [PanCK, KRT8]),

immune cells (CD45 [PTPRC]), and nuclear staining (DNA). One ROI with highly infiltrated immune regions and a maximum size of

660 mm 3 785 mm was selected per TMA core based on consultation with experienced pathologists (J.K. and Y.K.J.). Next, the

ROIs were exposed to ultraviolet (UV) light to induce cleavage of the linker and to obtain unique barcode oligos from the PanCK+

and CD45+ regions. These barcode oligos were captured using microfluidics and transferred to individual wells of microtiter plates.

Gene expression was quantified by digital counting using an nCounter to generate the Whole-Transcriptome Atlas.

Immunohistochemistry (IHC)
The TMAblockwas sectioned at 4.0 mmthickness. Themonoclonal antibodies used for the IHCwereCD3 (Ventana, clone 2GV6,Rab-

bit, monoclonal, RTU), CD68 (DAKO, clone KP1, Mouse, monoclonal, concentration: 1:2,000), CD163 (Cell Marque, clone MRQ-26,

Mouse, monoclonal, concentration: 1:200), and Foxp3 (Abcam, clone 236A/E7, Mouse, monoclonal, concentration: 1:100). Immuno-

histochemistrywasperformedusing theBenchmarkXTautostainer (VentanaMedical Systems).Whole-slide imageswereobtainedby

virtual microscope scanning of immunohistochemical slides using Aperio ScanScope (Aperio Technologies, Vista, CA, USA). The

numbers of CD3�, CD68�, Foxp3-, and CD163-positive cells in each representative 2003 magnification field were calculated by a

pathologist in a blindmanner.We calculated the proportion of Foxp3-positive regulatory T cells within the total CD3+ T cell population,

and the proportion of CD163-positive macrophages within the CD68-positive macrophage population.

QUANTIFICATION AND STATISTICAL ANALYSES

For Nanostring, we strictly followed themanufacturer’s guidelines and implementedmultiple QCmeasures to maintain data integrity.

Technical QC involved flagging segments with <1,000 raw reads; <80% alignment of raw reads; sequencing saturation <50%; nega-

tive probe count geomean <10; no template control count >1,000; and minimum surface area <16,000 mm2. Biological probe QC

excluded probes from the target count calculation if the ratio of probe count geomean in all segments to geomean probe count within

the target was %0.1, and if the grubs outlier test failed in R20% of the segments. Following this process, we retained 12,070 bio-

logical probes to set amarginal threshold of target frequency >5%. Subsequently, we normalized the data using third quartile normal-

ization and conducted statistical analyses using unpaired t-tests to compare groups based on treatment state within the specified

ROIs using GeoMx DSP data analysis software. The ROIs were categorized according to each patient, tumor or immune compart-

ment, and treatment status. We selected ROIs included in each group (overall and paired) and normalized these for each group. Q3

normalization files were used for subsequent analysis.

ROIs for tumor and immune regions were delineated under normalized conditions. Statistical analysis compared DEGs in tumor

and immune regions based on treatment state using non-paired t-tests. Samples from each treatment group were analyzed as a sin-

gle group to allow an overview of the overall trends. Venn diagrams were generated to compare DEGs between groups using Inter-

actiVenn.34 Volcano plots were created using the Labeled Volcano Plot DSP DA script (v1.2) with the criteria of |log2FC| > 1.41 and

p < 0.05 based on data obtained from the NanoString platform. Pathway analysis was conducted using the NanoString platform, and

data were selected based on an adjusted p-value <0.05. The gene expression dataset GSE259387 was obtained from the Gene

Expression Omnibus repository, and additional analyses were performed using this dataset. Data visualization was performed using

R (v4.2.2), GraphPad Prism (v8.0.2), and Tableau Desktop (v2023.2.0). Immune signatures were calculated based on a previous

study.18 C4 (lymphocyte-depleted) and C6 (TGF-b dominant) subtypes were characterized by a macrophage-dominated and immu-

nosuppressive microenvironment. C2 (IFN-g dominant) and C3 (inflammatory) subtypes were associated with a dominant type I im-

mune response. An algorithm available as an open-source package on GitHub (https://github.com/CRI-iAtlas) was used to classify

each immune subtype. The proportions of each immune subtype for each ROI were obtained using this algorithm. By analyzing the

average values of pre- and post-treatment samples from a single patient, the most dominant subtype was determined. The

CIBERSORTx tool, which utilizes a validated leukocyte gene signature matrix (LM22),35 was used to deconvolute the expression ma-

trix into 22 distinct immune cell subtypes. xCell (https://comphealth.ucsf.edu/), a reliable gene signature-based method for distin-

guishing each cell subtype, was used to calculate the estimated infiltration scores of 64 immune and stroma cell types in the RNA

data using theGSEA algorithm.19 GSEA (v4.3.2) was used to define the specifically enriched pathways. A Sankey diagramwas gener-

ated using the networkD3 package (v0.4) in R (v4.2.2). A heatmap was drawn using the R package ComplexHeatmap (v2.14.0), and

k-means clustering was performed to classify the samples according to their similarities. All data are presented as the mean ± stan-

dard deviation.
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