'.) Check for updates

Thoracic Cancer WI LEY

| ORIGINAL ARTICLE EEIEEED

Blood Based Biomarkers for Predicting Treatment Response
to Immune Checkpoint Inhibitors After EGFR-TKI
Resistance in Non-Small Cell Lung Cancer

Min Seok Park! | Jun Hyeok Lim?3 @ | Nuri Park’? | Eunji Park! | Ayoung Lim! | Suji Lee! | Yejin Cho! | Sehan Kwak! |
Minseo Lee* | Donghyun Seo* | Lucia Kim® | Woo Kyung Ryu? | Jeong-Seon Ryu? | Eun Young Kim® | Soon-Sun Hong! |
Kyung Hee Jung!

!Department of Biomedical Sciences, College of Medicine, Inha University, Incheon, Republic of Korea | 2Division of Pulmonology, Department of
Internal Medicine, Inha University Hospital, Inha University College of Medicine, Incheon, Republic of Korea | *Yonsei University College of Medicine,
Seoul, Republic of Korea | “Department of Medicine, Inha University College of Medicine, Incheon, Republic of Korea | *Department of Pathology, Inha
University Hospital, Inha University College of Medicine, Incheon, Republic of Korea | ®Division of Pulmonary and Critical Care Medicine, Department of
Internal Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea

Correspondence: Kyung Hee Jung (jkh2261@inha.ac.kr)
Received: 12 November 2025 | Revised: 27 January 2026 | Accepted: 16 February 2026

Keywords: epidermal growth factor receptor | immune checkpoint inhibitor | liquid biopsy | non-small cell lung cancer | predictive biomarker |
treatment response | tyrosine kinase inhibitor

ABSTRACT

Background: Immune checkpoint inhibitors (ICIs) have limited benefit in epidermal growth factor receptor (EGFR)-mutant
non-small cell lung cancer (NSCLC). However, they are often tried after tumors develop resistance to EGFR tyrosine kinase
inhibitors (TKIs). Because EGFR-TKI treatment alters the tumor microenvironment, biomarkers predictive of ICI response are
ideally identified post-EGFR-TKI resistance, but obtaining repeat biopsies at this time can be challenging. The purpose of this
study was to explore predictive biomarkers for ICI response using plasma samples collected after EGFR-TKI therapy.

Methods: This retrospective analysis included 28 patients with EGFR-mutant NSCLC treated with an ICI after developing resist-
ance to EGFR-TKI. Plasma samples collected at TKI progression were profiled using an Olink Target 96 immune protein panel
to identify differential protein expression. Candidate protein biomarkers were validated by immunohistochemistry in tumor
tissue. Durable clinical response (DCB) was defined as patients achieving progression-free survival (PFS) > 6 months during ICI
therapy.

Results: Of the 28 patients, 6 (21.4%) achieved durable clinical benefit, with PFS > 6 months. Proteomic analysis identified four
plasma proteins that differed significantly between DCB and NCB. Gal-9 and GZMH levels were elevated in NCB, whereas IL-4
and IL-6 were elevated in DCB. Notably, PFS was significantly longer in patients with lower Gal-9 and higher IL-4 levels.
Conclusions: Plasma-based immune markers measured at the time of TKI resistance may help predict which patients with
EGFR-mutant NSCLC will respond to subsequent ICI therapy. Such biomarkers could guide immunotherapy decision-making in
this clinically challenging population.
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1 | Introduction

Epidermal growth factor receptor (EGFR)-mutant non-small
cell lung cancer (NSCLC) typically responds well to first-line
EGFR tyrosine kinase inhibitors (TKIs), but acquired resistance
to TKI therapy inevitably develops [1]. After TKI failure, treat-
ment options are limited, and immune checkpoint inhibitors
(ICIs) are often used, despite historically poor efficacy in this
subset of tumors. This lack of ICI benefit is mainly attributed to
an “immunologically cold” tumor microenvironment in EGFR-
driven tumors, characterized by low tumor mutational burden,
low programmed cell death ligand 1 (PD-L1) expression, and
sparse T-cell infiltration [2, 3]. Adding ICIs after the develop-
ment of TKI resistance in EGFR-mutant tumors failed to im-
prove outcomes in recent phase III trials [4, 5]. Nevertheless,
occasional responses to ICIs are observed in EGFR-mutant
NSCLC, and identifying predictors of these beneficial effects re-
mains an important clinical issue [6].

Because ICIs are typically administered after TKI failure, any
predictive biomarker should ideally be assessed on samples
obtained at the time of acquired TKI resistance. Emerging ev-
idence suggests that the tumor immune microenvironment can
undergo dynamic changes under the selective pressure of EGFR-
TKI therapy [2, 7]. For example, studies have observed shifts in
PD-L1 expression and T-cell infiltration between pre-TKI biop-
sies and post-TKI resistant tumors, reflecting an evolving im-
mune landscape during treatment. In clinical practice, however,
obtaining repeat tumor biopsies at the time of progression is
often impractical because of inaccessible tumor sites or potential
patient morbidity. This challenge highlights the need for alter-
native, noninvasive approaches, such as blood-based profiling,
to capture relevant biomarker information at the time of TKI
resistance.

Peripheral blood provides a convenient, minimally invasive
source for tumor biomarker discovery, and there is growing
interest in the use of blood-based multi-omics analyses to ex-
plore tumor immune status. In particular, plasma proteomic
profiling has become increasingly used to characterize sys-
temic immune factors and identify predictors of immunother-
apy response. For example, Christopoulos et al. showed that
high-throughput plasma proteomic profiling at baseline can
stratify patients with advanced NSCLC into groups with high
versus low probability of durable benefit from programmed
cell death 1 (PD-1)/PD-L1 inhibitor-based therapy [8]. Their
multi-protein classifier outperformed tumor PD-L1 expres-
sion as a predictor of immunotherapy response. Additionally,
elevated blood levels of inflammatory cytokines, such as in-
terleukin (IL)-6 and hepatocyte growth factor, have been asso-
ciated with resistance to ICIs and poorer survival in patients
with melanoma [9]. These findings underscore the potential
of blood-based proteomic biomarkers to noninvasively mirror
the tumor immune microenvironment and improve patient
selection for ICISs.

To address this unmet need, we conducted the present study to
identify plasma-based protein biomarkers at the time of EGFR-
TKI resistance that may predict response to subsequent ICI ther-
apy in patients with EGFR-mutant NSCLC.

2 | Methods
2.1 | Study Population and Response Classification

We conducted a retrospective study of 28 patients with advanced
EGFR-mutant NSCLC who were treated at Inha University
Hospital between November 2013 and September 2024 and
received an ICT after developing resistance to EGFR-TKI ther-
apy (Figure 1). All patients had a confirmed activating EGFR
mutation and experienced disease progression on first-line
or subsequent EGFR-TKI therapy. After TKI failure, each pa-
tient received an anti-PD-1 or anti-PD-L1 ICI as the next line of
therapy.

In this study, treatment benefit was assessed using durable clin-
ical benefit (DCB) rather than RECIST-based best overall re-
sponse. Patients were categorized as having DCB if they achieved
a progression-free survival (PFS) of >6months during ICI ther-
apy, whereas those with PFS < 6 months were classified as having
no clinical benefit (NCB). PFS was calculated from the date of
the first ICI dose until radiographic or clinical disease progres-
sion or death. Patients alive without progression were censored at
their last follow-up visit. Baseline clinical data (age, sex, smoking
history, histology, EGFR mutation subtype, PD-L1 expression,
and treatment) were collected for all patients. The protocol for
this study was approved by the Institutional Review Board (IRB)
committee of Inha University Hospital (IRB No. 2023-03-032),
and informed consent was obtained from all patients.

2.2 | Plasma Sample Collection and Proteomic
Profiling

Peripheral blood samples were obtained from each patient at
the time of acquired resistance to EGFR-TKI therapy, prior
to initiating ICI treatment. Blood was collected in ethylenedi-
aminetetraacetic acid tubes and processed within 1h to isolate
plasma, which was aliquoted and stored at —80°C until analysis.
Proteomic profiling of plasma was performed using the Olink
Target 96 Immuno-Oncology panel. All samples were run in
one batch according to the manufacturer’s protocol to minimize
inter-assay variability. The results were expressed as normalized
protein expression (NPX) values, which are log base-2 trans-
formed. Internal and external controls included in the Olink
panel were used to assess data quality, and proteins with NPX
values below the limit of detection in >20% of samples were ex-
cluded from analysis. Differential expression analysis was then
performed to compare plasma protein levels between DCB and
NCB. A volcano plot was generated to visualize the magnitude
and significance of differences in protein levels between DCB
and NCB. Proteins meeting predefined significance criteria
(p<0.1) were considered candidates for further validation.

Given the limited sample size, plasma proteomic analyses were
conducted in an exploratory, hypothesis-generating manner.
Nominal p-values were used to identify signals of potential in-
terest, and no formal multiple-testing correction was applied.

Candidate proteins were prioritized using an exploratory,
multidimensional selection framework, which incorporated
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FIGURE1 | Overall schematic of the study workflow. Plasma samples were collected at the time of EGFR-TKI progression, prior to ICI initiation.

nominal statistical differences between the DCB and NCB
groups, biological plausibility based on prior immunological
literature, concordant expression patterns observed in both
plasma and post EGFR-TKI tumor tissue, and context spec-
ificity at the time of EGFR-TKI resistance. This approach
was intended to identify candidate biomarkers for subse-
quent validation rather than to establish definitive statistical
associations.

2.3 | Immunohistochemistry of Tumor Tissue

Formalin-fixed paraffin-embedded tumor tissue samples ob-
tained after the development of EGFR-TKI resistance were
available for a subset of patients and were used for immuno-
histochemistry (IHC) analysis of the four candidate biomark-
ers. Tissue sections (4 um) were cut from representative tumor
blocks and mounted on charged slides. After deparaffinization
and dehydration, antigen retrieval was performed by heating
sections in citrate buffer (pH6.0) for 20min. The slides were
then incubated with primary antibodies specific for galectin-9
(Gal-9), granzyme H (GZMH), IL-4, and IL-6 (1:50 dilution) for
1h at room temperature. Horseradish peroxidase-conjugated
secondary antibody (1:100 dilution) and 3,3’-diaminobenzidine
chromogen were used for visualization of antibody binding, fol-
lowed by counterstaining with hematoxylin. Negative control
slides (omitting the primary antibody) were included in each
run to confirm staining specificity.

Expression of each marker was evaluated independently by a
board-certified pathologist who was blinded to the clinical out-
comes. Staining intensity and proportion of positively stained

cells were evaluated, and THC scores were assigned as follows:
score 1, weak staining in <50% of cells or moderate staining in
<20% of cells; score 2, weak staining in > 50% of cells, moderate
staining in 20%-50% of cells, or strong staining in <20% of cells;
or score 3, moderate staining in > 50% of cells or strong staining
in >20% of cells. This scoring system is a composite assessment
of staining intensity and the percentage of positive cells in the
tumor tissue. For each marker, tumors with an IHC score > the
median value for the cohort were classified as “high” expression,
whereas tumors with a score below the median were categorized
as “low” expression.

Plasma IL-6 levels were interpreted as reflecting systemic in-
flammatory and immune status, whereas IL-6 immunohisto-
chemistry was used to assess local cytokine expression within
the tumor microenvironment, including tumor and stromal
cells. For IL-6 immunohistochemistry, a rabbit polyclonal anti-
IL-6 antibody (Abcam, ab6672) was used at a dilution of 1:30.
Antigen retrieval conditions and antibody dilution were op-
timized empirically, and tissues with inflammatory features
known to express IL-6 were used as an internal reference to
assess staining specificity. Antibody specificity was further con-
firmed in a lung cancer xenograft model (A549), which is known
to express IL-6. Negative controls were prepared by omitting the
primary antibody. Based on prior immunohistochemical litera-
ture, IL-6 expression has been reported to show weak to mod-
erate diffuse cytoplasmic staining rather than strong, sharply
localized tumor-specific signals [10].

Immunohistochemical evaluation was performed by a board-
certified pathologist (L.K.), who was blinded to all clinical
information.
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2.4 | Statistical Analysis

Patient characteristics and clinical outcomes were compared
between DCB and NCB using descriptive statistics. Categorical
variables were analyzed with Fisher's exact test, and continuous
variables were analyzed using the Mann-Whitney U test. The
association between plasma protein levels and DCB/NCB status
was evaluated by performing differential expression analysis,
as described above. PFS was estimated using the Kaplan-Meier
method, and survival curves were compared using the log-rank
test. For biomarker analyses, patients were stratified into high
versus low groups based on the median plasma level or IHC
score of each candidate protein. All statistical tests were two-
sided, and p values <0.05 were considered statistically signifi-
cant. Data analyses were performed using SPSS (version 23.0;
SPSS Inc., Chicago, IL, USA).

3 | Results
3.1 | Patient Characteristics

Key baseline characteristics of the 28 patients included in
this study are summarized in Table 1. Their median age was
59.5years (interquartile range, 55.0-67.3years), and 16 patients
(57.1%) were male. The tumors of all patients contained an
EGFR sensitizing mutation: 14 (50.0%) had an exon 19 deletion
and 10 (35.7%) had an L858R point mutation. Before ICI ther-
apy, all patients received a first- or second-generation EGFR-
TKI (gefitinib, erlotinib, or afatinib), and 7 patients (25.0%) were
subsequently treated with osimertinib (Figure 2). Following pro-
gression on a first- or second-generation EGFR-TKI, the T790M
resistance mutation was detected in 11 patients (39.3%). After
acquisition of EGFR-TKI resistance, all patients received ICI

TABLE1 | Baseline patient and tumor characteristics.

Characteristic

No. of patients (%)

Age (year), median (IQR)

Sex

Smoking history

Histology

EGFR mutation

T790M mutation

PD-L1 expression by SP263

PD-L1 expression by 22C3

59.5 (55.0-67.3)

Male 16 (57.1)
Female 12 (42.9)
Never 11 (39.3)
Current or past 17 (60.7)
Adenocarcinoma 25(89.3)
Squamous cell carcinoma 1(3.6)
Adenosquamous carcinoma 1(3.6)
NSCLC-NOS 1(3.6)
Exon 19 del 14 (50.0)
L858R 10 (35.7)
Exon 20 ins 1(3.6)
L861Q 2(7.1)
G719S 1(3.6)
Acquired T790M 11 (39.3)
Not detected 17 (60.7)
De novo 0(0.0)
>50% 3(10.7)
1%-49% 15 (53.6)
<1% 5(17.9)
Not tested 5(17.9)
>50% 7(25.0)
1%-49% 11 (39.3)
<1% 4(14.3)
Not tested 6(21.4)

Abbreviations: EGFR, epidermal growth factor receptor; IQR, interquartile range; NSCLC-NOS, non-small cell lung cancer-not otherwise specified.
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FIGURE2 | Clinical profiles of patients with EGFR-TKI-resistant NSCLC treated with an immune checkpoint inhibitor. Patients are ordered ac-
cording to progression-free survival following initiation of immune checkpoint inhibitor therapy.

monotherapy as the next line of therapy: 13 (46.4%) were treated
with an anti-PD-1 antibody (pembrolizumab or nivolumab) and
15 (53.6%) received an anti-PD-L1 antibody (atezolizumab). ICIs
were administered predominantly as later-line therapy follow-
ing EGFR-TKI failure. Specifically, ICIs were given as third-line
treatment in 21 patients, fourth-line in 4 patients, and fifth-line
or later in 3 patients. The median duration of prior EGFR-TKI
therapy was 13.2months (range, 2.5-43.2months). As summa-
rized in Table 1, patients in this cohort exhibited heterogeneity
with respect to EGFR-TKI regimens, ICI agents, EGFR mutation
subtypes, and PD-L1 expression levels.

Median PFS for the entire cohort was 2.4 months (95% confi-
dence interval [CI], 1.5-3.3). Six patients (21.4%) were classified
as DCB. Among these DCB, 2 achieved a partial response and
4 experienced durable stable disease. Of the 22 NCB, 15 exhib-
ited progressive disease at the first assessment. Median PFS was
9.2months for DCB (95% CI, 6.7-11.7 months) and 1.8 months for
NCB (95% CI, 1.6-2.0months) (p <0.001). Most baseline charac-
teristics (age, sex, smoking status, and PD-L1 tumor expression)
did not differ significantly between the two groups. However,
uncommon EGFR mutations (L861Q, G719S, or exon 20 inser-
tion) were significantly more frequent in NCB than in DCB.

3.2 | Plasma Proteomic Differences Between DCB
and NCB

Exploratory proteomic analysis of plasma samples obtained at the
time of EGFR-TKI resistance identified several immune-related
proteins that showed differential expression patterns between
the DCB and NCB groups among the 92 proteins tested. Based
on nominal statistical differences and biological relevance, four
proteins with potential association with ICI outcomes, namely
Gal-9, GZMH, IL-4, and IL-6, were prioritized for further anal-
ysis. A volcano plot summarizing these exploratory findings is
shown in Figure 3. Proteins highlighted in the volcano plot were
prioritized based on the exploratory, multidimensional selection

framework described above rather than on predefined fold-change
or multiple-testing adjusted significance thresholds.

In quantitative analyses, IL-4 and IL-6 levels tended to be higher
in the DCB group, whereas Gal-9 and GZMH levels tended to
be higher in the NCB group. By contrast, these four candidate
proteins did not demonstrate differential expression between
groups when assessed in pre-TKI baseline plasma samples.
These patterns are further illustrated in Figure 4, which shows
the distribution of plasma expression levels of the four candidate
markers in DCB versus NCB.

Patients with durable clinical benefit represented a heteroge-
neous clinical subset with respect to EGFR mutation subtype,
EGFR-TKI regimen, ICI agent, and PD-L1 expression, preclud-
ing meaningful stratified statistical analyses.

3.3 | Tumor Tissue Expression of Candidate
Biomarkers

To validate and further explore the identified potential bio-
markers, we performed ITHC analysis to examine the expres-
sion of Gal-9, GZMH, IL-4, and IL-6 in tumor tissue obtained
after the development of EGFR-TKI resistance. Tumor samples
from 9 patients (3 DCB and 6 NCB) were available for analysis.
Representative immunostaining images for each marker are
shown in Figure 5A. The distribution of IHC scores was gener-
ally consistent with the plasma results (Figure 5B). IHC scores
for Gal-9 and GZMH were significantly higher in the NCB group,
whereas scores for IL-4 and IL-6 were significantly higher in
the DCB group. Tissue immunohistochemistry was performed
to provide contextual information regarding local expression
patterns of the candidate proteins. These findings were not in-
tended to indicate direct equivalence with circulating plasma
levels, but rather to offer complementary insight into the tumor
microenvironment. Given the secreted nature of IL-6 and the
potential for background staining, IL-6 immunohistochemistry

Thoracic Cancer, 2026
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findings should be interpreted cautiously and were not intended
to serve as definitive validation of plasma IL-6 levels.

3.4 | Association Between Biomarker Expression
and Clinical Outcomes

Kaplan-Meier analysis showed that the association between bio-
marker expression and PFS after ICI therapy differed between
the four proteins (Figure 6). Patients with high Gal-9 levels had

a significantly shorter PFS than those with low Gal-9 levels
(median, 1.7 months [95% CI, 1.5-1.9 months] versus 3.0 months
[95% CI, 2.7-3.7months]; log-rank p=0.045). In univariable
Cox proportional hazards analysis, high Gal-9 expression was
associated with an increased risk of progression. However, this
association did not reach conventional statistical significance,
with a wide confidence interval (hazard ratio =2.16, 95% confi-
dence interval =0.98-4.74), reflecting limited statistical power.
GZMH exhibited a similar trend, although the difference be-
tween expression groups did not reach statistical significance
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(1.8 months [95% CI, 1.6-1.9months]| versus 2.8 months [95%
CI, 2.1-3.5months]; log-rank p=0.221). Conversely, high IL-4
expression was associated with longer PFS (2.8 months [95%
CI, 2.4-3.2months] versus 1.8 months [95% CI, 1.6-2.0 months];
log-rank p=0.006). The same directional trend was observed for
high versus low IL-6 expression, albeit without statistical signif-
icance (2.7months [95% CI, 0.9-4.5months]| versus 1.9 months
[95% CT, 0.8-3.0 months]; log-rank p=0.118).

4 | Discussion

In this study, we identified several plasma protein biomark-
ers that distinguish patients with EGFR-mutant NSCLC who
benefit from ICI therapy after developing TKI resistance.
Specifically, we found that Gal-9, GZMH, IL-4, and IL-6 were
differentially expressed between DCB and NCB at the time of
development of EGFR-TKI resistance, whereas no such differ-
ences were observed in pre-TKI baseline samples. Importantly,
treatment benefit in this study was evaluated using durable
clinical benefit rather than RECIST-based objective response.
This approach was chosen because objective responses to ICIs
are rare in EGFR-mutant NSCLC after EGFR-TKI resistance,
and prolonged disease stabilization is more clinically meaning-
ful in this setting. IHC analysis of post-TKI tumor specimens
corroborated these findings, confirming higher Gal-9 and
GZMH expression in NCB and greater IL-4 and IL-6 in DCB.
Furthermore, lower Gal-9 and higher IL-4 levels at the time of
TKI resistance were significantly associated with longer PFS

during subsequent immunotherapy, highlighting their poten-
tial as predictive biomarkers of treatment response. Collectively,
these findings suggest that the tumor immune microenviron-
ment of EGFR-mutant NSCLC undergoes notable changes upon
the development of TKI resistance, and measuring key immuno-
modulatory proteins at this time can help identify patients most
likely to respond to ICI therapy.

Our results address an important gap in the management of
EGFR-mutant lung cancer. Patients with EGFR-mutant NSCLC
have historically responded poorly to PD-1/PD-L1 inhibitors,
likely secondary to their “cold” tumor immune profile [1].
Currently, there are no reliable biomarkers to guide immuno-
therapy use when TKIs fail in this subset of patients. Our study
is one of the first to focus on this TKI-refractory setting and
to use unbiased proteomic profiling for biomarker discovery.
The identification of Gal-9, GZMH, IL-4, and IL-6 as response-
associated factors is novel and reveals that the selective pressure
of EGFR-TKI therapy can create immunologic divergence be-
tween patients that was not apparent at baseline. This dynamic
insight—that predictive immune biomarkers may emerge over
the course of targeted treatment—is a key contribution to the
field. It suggests that timing and disease context are of critical
importance when evaluating immunotherapy biomarkers in
oncogene-driven cancers.

Gal-9 emerged as a compelling candidate biomarker, and its
higher levels in nonresponders point to a biologically plausi-
ble mechanism of immune escape [11]. Gal-9 is a lectin and
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FIGURE 6 | Comparison of progression-free survival for high and low expression levels of (A) Gal-9, (B) GZMH, (C) IL-4, and (D) IL-6. Green
line, high expression (> median value); blue line, low expression (< median value). Hazard ratios with 95% confidence intervals were estimated using

univariable Cox proportional hazards models, and log-rank p-values are shown. Numbers at risk are displayed below each curve. Gal-9, galectin-9;

GZMH, granzyme H; IL, interleukin.

known ligand for T-cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3), a T-cell inhibitory receptor.
Gal-9 binding to TIM-3 induces apoptosis of effector T cells,
thereby suppressing anti-tumor immunity [12]. Tumors often
exploit this pathway, and Gal-9 is frequently upregulated in
cancer cells, where it contributes to T-cell exhaustion and
immune evasion. Yang et al. reported that high Gal-9 expres-
sion in the tumor microenvironment correlates with poor
prognosis in multiple cancers [12]. Our finding that NCB had
increased Gal-9 aligns with these observations, and an immu-
nosuppressive, Gal-9-rich milieu likely hinders the efficacy of
PD-1 inhibitors. Taken together, our results and those of prior
studies support the biologic plausibility of Gal-9 as a predictive
biomarker of ICI resistance in EGFR-mutant NSCLC. It may
be worthwhile exploring therapies targeting the Gal-9/TIM-3

axis in this patient population, as blocking Gal-9 can enhance
T-cell survival and has shown promise when combined with
other immunomodulators.

Our findings are supported by several clinical studies report-
ing that elevated IL-4 levels are associated with superior out-
comes during immunotherapy. In their study of 26 patients
with NSCLC, Boutsikou et al. found that responders to PD-1
inhibitors exhibited higher baseline levels of several cyto-
kines, including IL-4, and that these elevations were associ-
ated with longer overall survival [13]. Similarly, a recent study
by Su et al. reported that pretreatment serum IL-4 was signifi-
cantly higher in responders than in progressors, and patients
with high IL-4 levels experienced superior PFS during anti-
PD-1 therapy [14].
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These clinical correlations suggest that IL-4 may mark an
immune-active state conducive to immunotherapy, despite its
“Th2” label. Mechanistically, IL-4 may contribute to anti-tumor
immunity in specific contexts. Ruggiu et al. demonstrated a
novel role for IL-4 in anti-PD-1 therapy: in a mouse model, PD-1
inhibitor induced a surge of IL-4 from T follicular helper cells in
tumor-draining lymph nodes, and this surge was required for
optimal CD8* T-cell proliferation and function during therapy
[15]. Blocking IL-4 in these experiments abrogated the CD8*
T-cell expansion normally driven by PD-1 antibodies, whereas
providing exogenous IL-4 could rescue and mimic the pro-
immunogenic effects of PD-1 inhibitors. These findings align
with our observation that patients with higher IL-4 levels re-
sponded better to ICI therapy than those with lower IL-4 levels,
suggesting that IL-4 may act as a supportive cytokine for T-cell
priming or survival during checkpoint inhibition. The higher
IL-4 levels observed in DCB may reflect greater activity of IL-
4-producing immune cells (e.g., T helper 2 cells, certain den-
dritic cell subsets) that help orchestrate an effective anti-tumor
response. Alternatively, the higher IL-4 levels could represent
a more general state of immune responsiveness or lymph node
activation in these patients. In summary, while IL-4 is tradi-
tionally associated with humoral immunity and tissue repair,
emerging evidence suggests it plays a facilitative role in anti-
PD-1 immune responses in vivo. Our data add clinical relevance
to this concept, identifying IL-4 as a potential biomarker of a
tumor microenvironment that is permissive to ICI therapy, even
in EGFR-mutant NSCLC.

Our finding that GZMH expression was elevated in patients
with EGFR-mutant NSCLC who failed to respond to PD-1/PD-
L1 inhibitor therapy is somewhat unexpected, based on the re-
sults of previous studies. GZMH is a cytotoxic serine protease
predominantly expressed by natural killer (NK) cells and cyto-
toxic T lymphocytes. It is capable of inducing caspase-dependent
apoptosis in target cells [16], and robust GZMH expression is
usually a hallmark of active anti-tumor immunity. For example,
loss-of-function alterations in granzyme genes have been linked
to poor immunotherapy outcomes. In a cohort of patients with
nasopharyngeal carcinoma treated with anti-PD-1, individuals
with GZMH gene deletions had significantly shorter PFS and
overall survival on ICI therapy [17]. Similarly, low intratumoral
GZMH expression was associated with worse prognosis, and
high combined granzyme family expression correlated with bet-
ter survival in a cohort of patients with melanoma [18]. These
observations suggest that higher GZMH levels typically reflect
a more effective cytotoxic immune infiltrate, which is usually
associated with a better response to ICI therapy.

Thus, the higher GZMH expression observed in NCB contrasts
with the prevailing trend seen in other settings. One possible
explanation is that GZMH may reflect an inefficient or dysregu-
lated immune response in EGFR-driven tumors. EGFR-mutant
NSCLCs often exhibit an immune milieu skewed away from
productive T-cell immunity, such as low MHC-I expression and
high levels of immunosuppressive factors, which favor tumor
evasion. In this context, an abundance of GZMH-positive cyto-
toxic cells may represent a compensatory innate response that is
inadequate to produce tumor regression. Indeed, NX cells can
infiltrate EGFR-mutant tumors when adaptive responses are
blunted, but these NK cells may become functionally exhausted

or inhibited in the tumor microenvironment, rendering their
GZMH release ineffective [19]. That is, elevated GZMH lev-
els in NCB may be a sign of an attempted immune attack that
fails, perhaps reflecting high intratumoral NK/T-cell activity
that is being counteracted by tumor-associated inhibitory sig-
nals. Increased GZMH expression may reflect dysfunctional
cytotoxicity or compensatory NK/T-cell infiltration in immuno-
suppressive tumors. This interpretation aligns with the concept
that prominent immune cell infiltration is not necessarily syn-
onymous with effective anti-tumor immunity in EGFR-mutant
NSCLC but may instead reflect an ineffective or exhausted im-
mune response. Thus, while the literature supports high gran-
zyme expression as generally beneficial for immunotherapy,
our findings suggest that in EGFR-mutant NSCLC, the location,
source, and context of GZMH expression determine whether it
translates into effective tumor immunity.

Importantly, circulating IL-6 levels measured in plasma and
IL-6 expression assessed by tissue immunohistochemistry rep-
resent biologically distinct measurements. Plasma IL-6 primar-
ily reflects systemic inflammatory or immune activity, whereas
tissue IL-6 immunohistochemistry captures local cytokine
production within the tumor microenvironment. These two as-
sessments should not be interpreted as representing the same
biological process. Our study also revealed that patients with
EGFR-mutant NSCLC who responded to ICIs exhibited elevated
plasma and tissue levels of IL-6 at the time of developing EGFR-
TKI resistance. This observation appears paradoxical, as IL-6 is
widely regarded as a pro-inflammatory cytokine implicated in
tumor progression, immune evasion, and poor prognosis in var-
ious cancers, including NSCLC [9, 20]. Elevated IL-6 levels are
commonly associated with resistance to immunotherapy. For
example, Kang et al. found that high baseline IL-6 levels were
associated with significantly lower response rates and shorter
survival during anti-PD-1 therapy in patients with NSCLC [21].
IL-6 can activate signal transducer and activator of transcription
3 signaling in the tumor microenvironment, driving immuno-
suppressive effects, such as impaired dendritic cell antigen pre-
sentation and blunted Th1 T-cell responses. Preclinical studies
demonstrated that IL-6 fosters ICI resistance in various mod-
els and combining an IL-6 inhibitor with PD-1/PD-L1 inhibi-
tors enhances anti-tumor efficacy. In addition, interpretation
of tissue IL-6 immunohistochemistry is inherently limited by
the secreted nature of IL-6, low intracellular retention, and the
possibility of nonspecific background staining, and these tech-
nical considerations further support a cautious interpretation of
tissue-based findings.

Recent literature has strongly supported IL-6 as a mediator of
immunotherapy resistance, particularly through activation of
the IL-6/IL-6R/gpl130-JAK/STAT3 signaling axis, which pro-
motes the development of an immunosuppressive tumor mi-
croenvironment. This signaling cascade has been implicated in
multiple mechanisms that impair effective antitumor immunity,
including suppression of antigen presentation and attenuation of
cytotoxic T-cell-mediated immune responses [22, 23]. In paral-
lel, IL-6 is a central cytokine in the biology of cancer cachexia,
and cachexia has consistently been associated with inferior
clinical outcomes in patients treated with ICIs, including those
with NSCLC (24, 25]. Therefore, our observation that higher
post-TKI IL-6 levels were enriched in the DCB group should
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be interpreted with caution and explicitly contrasted with this
prevailing paradigm. In addition, IL-6 signaling requires en-
gagement of the IL-6 receptor and downstream activation of the
gpl30-STAT3 pathway. Therefore, measurement of the IL-6 li-
gand alone may not fully capture pathway activity within the
tumor microenvironment. Assessment of IL-6 receptor expres-
sion or downstream signaling markers, such as phosphorylated
STAT3, may provide more biologically informative insight and
should be considered in future studies.

One possible reconciliation is that the clinical significance of
circulating IL-6 depends on timing and host context. In the pres-
ent study, plasma samples were obtained at the time of EGFR-
TKI progression immediately prior to ICI initiation, rather than
in an ICI-naive setting. In this post-TKI context, elevated IL-6
levels may reflect a systemic immune-reactive inflammatory
state associated with tumor evolution or tissue injury, which
may coexist with effective immune priming during subsequent
checkpoint blockade, rather than chronic tumor-driven IL-6 sig-
naling that sustains immune escape [22, 26]. Importantly, we
do not interpret IL-6 as a direct mechanistic driver of immuno-
therapy sensitivity. Instead, IL-6 is proposed as an exploratory,
context-dependent surrogate marker that may capture host in-
flammatory or immune readiness in a subset of patients with
EGFR-mutant NSCLC after the development of TKI resistance.

However, evidence also exists indicating that the role of IL-6 in
immunity is context-dependent. Notably, a clinical study in ad-
vanced melanoma found that pretreatment IL-6 and interferon-y
levels were higher in patients who responded to nivolumab than
in individuals who were nonresponders [26]. In a small cohort of
patients with NSCLC, anti-PD-1 responders had higher baseline
IL-6 levels than nonresponders [13], and in a recent analysis of
88 patients with NSCLC, high IL-6 levels at baseline were as-
sociated with significantly longer PFS during anti-PD-1 therapy
[14]. These results, therefore, support IL-6 as a marker of ICI
treatment response and improved outcomes in certain settings,
despite its traditional reputation. Taken together, it appears that
IL-6 can function at both ends of the spectrum: while chronic
tumor-derived IL-6 signaling promotes immune evasion, an
acute increase in IL-6 during immune activation may simply
reflect vigorous inflammation accompanying tumor control.
IL-6 is integral to initiating immune responses, as it helps drive
T-cell proliferation and differentiation. Therefore, the elevated
IL-6 levels observed in DCB may be a byproduct of a highly in-
flamed, immune-reactive tumor microenvironment. Elevated
IL-6 levels in DCB may reflect acute-phase immune activation
associated with vigorous T-cell priming and proliferation during
effective immune responses. In this context, IL-6 may act as a
marker of immune system engagement, rather than a driver of
immune evasion.

Despite our encouraging findings, this study has limitations.
First, this was a retrospective, single-center analysis with a
modest sample size, and all patients were derived from a single-
center cohort. The inherently small number of DCB in the
EGFR-mutant, post-TKI setting limits the statistical power of our
analyses. In addition, the evaluation of a large number of plasma
proteins without formal multiple-testing correction increases
the risk of false-positive findings. Therefore, our findings should

be regarded as exploratory and hypothesis-generating, and ex-
ternal validation in independent, prospective cohorts is required
before any clinical application. Larger multicenter studies are
necessary to confirm Gal-9, GZMH, IL-4, and IL-6 as predictive
biomarkers. Second, we did not stratify the tumors according to
TKI resistance mechanisms. EGFR-mutant tumors can acquire
TKI resistance through diverse biologic processes, which may
differentially reshape the tumor immune microenvironment.
Thus, the predictive value of our plasma biomarkers may vary
across different subgroups. For instance, patients with small-cell
transformation may display a profoundly different cytokine pro-
file than patients with persistent T790M-mediated resistance.
Future studies should evaluate whether the identified biomark-
ers retain prognostic relevance within distinct resistance mech-
anism strata. In addition, clinical heterogeneity with respect to
EGFR-TKI regimens, ICI agents, EGFR mutation subtypes, and
PD-L1 expression may have confounded associations between
plasma cytokine levels and clinical outcomes. Although com-
prehensive multivariable adjustment was not feasible due to
sample size constraints, this limitation further underscores the
exploratory nature of our findings. Third, we can only report
associations, not causal relationships, given the observational
design of our study. Although we interpreted higher IL-4 and
lower Gal-9 levels as potentially facilitating better response to
ICI therapy, it remains possible that these protein changes are
simply downstream effects, reflecting effective immune acti-
vation rather than directly contributing to it. We attempted to
strengthen the evidence by performing tissue IHC analysis, but
functional experiments were beyond the scope of this study.
Thus, the mechanistic roles of the identified biomarkers remain
to be validated experimentally. Fourth, we lacked systematic
cachexia- and inflammation-related clinical covariates, which
limits our ability to distinguish chronic cachexia-associated
IL-6 elevation from immune-reactive IL-6 signaling. Given
the established association between IL-6, cancer cachexia, and
resistance to immune checkpoint inhibition, our findings re-
garding IL-6 should be considered hypothesis-generating and
require external validation in independent cohorts incorporat-
ing integrated clinical and mechanistic correlates. Furthermore,
methodological limitations inherent to IL-6 immunohistochem-
istry restrict definitive interpretation of tissue IL-6 expression,
and additional validation using alternative approaches would be
required to assess IL-6 signaling activity in the tumor microen-
vironment. Fifth, plasma proteomic measurements can be in-
fluenced by systemic factors unrelated to the tumor itself, such
as infections or comorbid inflammatory conditions. While we
mitigated potential confounding by analyzing matched tumor
tissues and standardizing the timing of plasma collection, we
cannot completely exclude systemic influences on biomarker
levels. Finally, our focus on EGFR-mutant NSCLC, while clin-
ically important, means that our findings may not generalize
to broader NSCLC populations or other oncogene-driven can-
cers. This specificity is both a strength and a limitation, as it
addresses a niche need but calls for cautious interpretation if
extrapolated to other settings.

This study accomplished the objective of identifying a novel set
of plasma biomarkers that may predict response to ICI follow-
ing TKI resistance in patients with EGFR-mutant NSCLC. The
main implication is that even tumors traditionally considered
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less immunogenic can harbor or develop immunologic dif-
ferences that impact immunotherapy outcomes. Measuring
circulating protein levels at the time of TKI failure may help
oncologists personalize subsequent treatment. A possible future
direction of research would involve validating these biomarkers
prospectively and optimizing predictive accuracy by generating
a composite score or algorithm that integrates the biomarkers
with other factors.

In summary, our study contributes to the evolving understand-
ing that the immune landscape in oncogene-driven NSCLC is
not static and can be leveraged for guiding therapy. By iden-
tifying immune biomarkers unique to the post-TKI resistant
state, our results are a step toward more rational and tailored
use of immunotherapy in EGFR-mutant lung cancer, with the
ultimate goal of improving outcomes in this challenging clini-
cal setting.
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